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Figure 2.5. Comparison of the UV-Vis spectra of 1, 0.12 mM in DMF (black), and of 1 after
deprotonation by excess organic base, either triethylamine (TEA, red) or 1,8-
diazabicyclo[5.4.0Jundec-7-ene (DBU, blue). Excess DBU likely destabilizes the complex, with
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Figure 2.6. Co/Co!" redox couple of deprotonated 1 in DMF at different scan rates, 0.01 V/s
through 5 V/s. a) Each scan was conducted twice with the second scan shown, and the inset shows
an overlay of the 0.01 V/s first scan and the last scan at 0.01 V/s, after the 5.00 V/s scan. b) Peak
current plotted as a function of the square root of the scan rate. The data were fit with a straight
line to show the expected scan rate dependence of a redox-active species in solution, with R > 0.99
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Electrochemical measurements were carried out in a one compartment cell with 0.1 M [TBA](PFe)
as the electrolyte. The reference electrode was a silver wire pseudo reference, which was then
referenced to Fc'/Fc after the above scans; the counter electrode was Pt wire; and the working
electrode Was glassy CAIDOMN. ......ccuiiiiiiieiii ettt e e e saaeeenree s 30

Figure 2.7. a) Covalent attachment of 1 to GO to form GO-1 by heating in dimethylformamide
(DMF) at 65 °C; b) schematic of drop-casting of the aqueous suspension of GO-1 onto a surface
(usually a glassy carbon electrode); ¢) schematic of electrochemical GO reduction to RGO. Note
that the GO sheets shown here are not to scale but serve as a visualization of part of a GO
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Figure 2.8. Representative AFM images of a GO-1 film drop-cast on silicon. The images were
analyzed using NanoScope Analysis 2.0, and shown here are the 2D data, with a 3D light cast for
better visualization. a) A representative AFM image of the middle of a GO-1 film drop-cast on
silicon. b) A representative AFM image of a GO-1 film drop-cast on silicon where a needle was
used to score the film, exposing flat silicon underneath the film (low flat portion shown here on
the right). The height was calculated using the section tool, the resulting lines were fit in Origin
with the baseline corrected to the flat silicon background.............ccccoeeeviiiiiiiienciiieeeeee 32

Figure 2.9. Electrochemical reduction by CV of (a) a GO film, (b) a GO-1 film with 0.1 M KPFs
as the supporting electrolyte. Scans were carried out with 15 CV loops between 0 and -1.2 V vs
Ag|AgCl at 200 mV/s in 0.1 M KPFg; the working electrode was a GO (a) or GO-1 (b) film on
glassy carbon; carbon felt was used as the counter electrode; Ag|AgCl in saturated KCI was used
as the reference. A two compartment cell with half cells separated by a Nafion membrane was
used, under Na. The first CV scan is shown in red and the last in purple. Note that the later CV
scans overlay, indicating that GO reduction is COMPIEte.........ceevveriiierirriiiiiieieeieeee e, 33

Figure 2.10. Raman spectra of GO films before reduction, and the resulting RGO films after
electrochemical reduction with or without catalyst, as indicated. Electrochemical reduction was
conducted with 15 CV scans between 0 and -1.2 V vs Ag|AgCl at 200 mV/s in 0.1 M KPFg
solution; the working electrode was a GO or GO-1 film on glassy carbon; carbon felt was used as
the counter electrode; Ag|AgCl in saturated KCl was used as the reference electrode. A two
compartment cell with half cells separated by Nafion was used, under N». The standard deviation
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is shown for N = 3 sites on each film. For easy comparison between data, the spectra were
normalized and then averaged. A 785 nm laser was used for data collection. ........c..cccceeevereenene 34

Figure 2.11. SEM image of an RGO-1 film, prepared by drop-casting a GO-1 film on a GC
electrode, followed by reduction, as described in the Experimental Section 2.4.4 (see also Figure
2.9). The film is shown here at 6500x magnification, with a 1 um scale bar. The image was taken
using a 15.0 kV electron beam and a working distance of 12 mm. .......c.cccccevvevieiiniencnieenennns 35

Figure 2.12. XPS spectra of a GO-1 film, a) Carbon 1s peak, b) N 1s peak, c) S 2p peak, and d)
Co 2 p peak. Each spectrum is referenced to C 1s at 284.6 eV and counts are normalized to the C
|3 0TS 1O USRS 37

Figure 2.13. Select SEM-EDS data of an RGO-1 film. Interestingly, sulfur is measured along a
thicker ridge of the RGO-1 film. Note that no significant Co is observed, as Co is likely just below
the limit of detection, and is expected to be ¥ the atomic percent of S. The potassium signal is due
to minor amounts of potassium remaining after reduction of the film in 0.1 M KPF¢ buffer, see
Figure 2.11 for further experimental details. ...........ccoecieriiiiiiiiiiiiieeee e 38

Figure 2.14. CV of RGO-1 in neutral solution, showing the Co™" couple of 1 at -0.71 V vs
Ag|AgCl, left, compared with the CV of RGO without any catalyst, right. The data were collected
with a scan rate of 50 mV/s, using the following electrodes: 3 mm diameter GC working electrode
with an RGO-1 or RGO film, carbon felt counter electrode, and Ag|AgCl in saturated KCl
reference electrode. In the experimental setup, half cell compartments are separated by a Nafion
membrane, with an aqueous electrolyte solution of 0.1 M KPFe. ...ccccoueviiviiniiniiiiiniiienieeee, 39

Figure 2.15. Left: scan rate dependence of the Co'//Co" couple of an RGO-1 film at different scan
rates, 0.01 V/s through 2 V/s. This experiment was carried out in a two compartment cell with half
cells separated by a Nafion membrane, in 0.1 M KPFg¢ solution under N», with the working
electrode being an RGO-1 film on glassy carbon; carbon felt was used as the counter electrode;
and Ag|AgCl in saturated KCl as the reference electrode. Each scan was conducted twice with the
second scan shown. The inset shows an overlay of the 0.01 V/s first scan (black) and the last scan
(red) at 0.01 V/s, measured after the fastest scan rate. As the peaks are small with respect to the
RGO film charging current, the oxidative and reductive peak currents were determined in Origin
using a straight-line background subtraction. Right: the peak heights at different scan rates were
fit with a straight line with respect to the scan rate, with R of >0.99 for both the reduction and
oxidation signals, indicating a surface-bound, electrochemically active species. ...........ccuueen.e... 40

Figure 2.16. CVs monitoring HER activity during an acid titration of RGO-1 films; here, H>2SO4
was used to obtain the listed pH values. A comparison to a plain RGO film (without catalyst) is
also included. Experimental conditions: 0.1 M PKFs, working electrode: RGO-1 or RGO film (as
indicated) on glassy carbon, counter electrode: graphitic carbon felt, reference electrode: Ag|AgCl
in saturated KCl. Half-cell compartments are separated by a Nafion membrane. For measurements
on RGO-1 films, the standard deviation is shown (N = 3 or 4) as well. The back scans were
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Figure 2.17. CV scans of an RGO-1 film at the indicated pH values, which were adjusted using
H2SO4. CV scans were taken with the two compartment cell and the solution stirred (except where
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indicated otherwise). Left: the full range; right: zoomed in plot to show the data for the higher pH
CVs; the legend is the same for both graphs. The setup is the same as the acid titration shown in
Figure 2.16, except that the solution was stirred. A CV was taken without stirring after the acid
titration (gray), which is within error of those shown in Figure 2.16. The neutral scan (black) is
also shown without stirring, as stirring caused the noise to be very large. Experimental conditions:
0.1 M PKFs solution; working electrode: RGO-1 film on glassy carbon; counter electrode:
graphitic carbon felt; reference electrode: Ag|AgCl in saturated KCI. The back scans were removed
0T CLATIEY . ..ttt ettt e et e et e e s bt e esbe e b e e s abeenbeeseeenseenbeennneeasean 42

Figure 2.18. Maximum current with respect to the concentration of acid. The data shown here are
from the averaged acid titration data of an RGO-1 film, as shown in Figure 2.16. The inset shows
the linear region, pH 4 through pH 1, which is fit with the line: i, = (0.01 £ 0.04) + (54 = 1)[H"],
WIth R = 0.907. ettt ettt sttt sttt et s aesaeens 43

Figure 2.19. The onset potential of the catalytic wave shifts with addition of acid. Here, the
standard deviation for three or four trials is shown. The data are taken from the individual acid
titrations that were averaged to give the data shown in Figure 2.16. The reference potential is
converted from Ag|AgCl in saturated KCI to SHE by the addition of 0.199 V. The slope for the
blue line is -0.033 + 0.002 V/dec, and R? = 0.96. The slope for the red line is -0.040 £ 0.004 V/dec,
ANA R2 = 10.93. ..ottt 44

Figure 2.20. Comparison of the onset potentials for the forward (acid) and reverse (adding base)
titrations of RGO-1 films. The blue points show the average (N = 4) and standard deviation for
the onset potential, where the current first rises above 0.01 mA, the same as shown in Figure 2.19.
The green points show three different trials (square, triangle, circle) for addition of base (KOH),
to shift the solution pH back to the marked pH. The data from the trials are fit, together, to give
the green line, with a slope of -0.055 + 0.002 V/dec and an RZ 0f 0.98. ..........cccoevevvvereveveeennnn. 45

Figure 2.21. TOFs of RGO-1 at different pHs. Left, selected TOFs at the indicated potentials,
plotted vs the acid concentration [M]. Right, further data on TOF [s™'] vs potential at the different
pHs tested. The same acid titration data is shown in Figure 2.16, but here the current for each of
the individual acid titrations is normalized to the amount of catalyst on the surface of that RGO-1
film, then the results are averaged, converted to TOF and plotted versus the acid concentration for
select potentials (-0.75, -0.80, and -0.90 V vs Ag|AgCl). Standard deviation is shown for N = 3 or
B ettt ettt ettt a et ea et e ea e e st enteeaeen bt e ne e bt enteeReenteen e e bt enteeneenteenteteentenneentens 46

Figure 2.22. Linear increase of plateau current with concentration of acid, see Figure 2.17 for the
full data set. The linear fit gives a line with the equation Current [mA] = -0.003 + 0.234*(Acid
Concentration [MM]) With R =0.9997. .........ooiiiiieeee et 48

Figure 2.23. Tafel plots of acid titration data for RGO-1 using electrolyte solutions with different
pH, as indicated. The data used to construct the Tafel plots are the same as presented in Figure
2.16, and have been truncated to show the linear parts of the Tafel plots only. Tafel slopes are
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Figure 2.24. Comparison of electrocatalysis under inert (Ar) atmosphere and under ambient air
atmosphere, compare to Figure 2.25. Left: 2 hour controlled potential electrolysis at -0.8 V vs
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Ag|AgCl. Right: comparison of the CVs stirring at 0 and 2 hrs under inert or air atmosphere.
Experimental conditions: 0.1 M PKFs, working electrode: RGO-1 on glassy carbon, counter
electrode: graphitic carbon felt, reference electrode: Ag|AgCl in saturated KCl. Half-cell
compartments are separated by a Nafion membrane. First, GO-1 is reduced to RGO-1 in 0.1 M
KPF¢ under dinitrogen, with the usual conditions, then the electrolyte is made acidic to pH 2 with
addition of TFA. The system is then sparged with Ar or air, and electrocatalysis is performed. *
Indicates where the electrolysis in air was paused to run CVs (not shown), and then CPE was
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Figure 2.25. Controlled potential electrolysis shows catalytic current over time. Left: current as a
function of time when a potential of -0.8 V vs Ag|AgCl is applied to the working electrode. Right:
CVs at the marked time points for the RGO-1 working electrode. For these CVs, stirring of the
solution and hydrogen bubbles give slightly noisy data. Experimental conditions: electrolyte: 200
mL of pH 2 (TFA) 0.1 M KPFg circulating through the working electrode compartment; working
electrode: RGO, RGO-1 or RGO/2 films on a 3 mm diameter glassy carbon electrode; counter
electrode: graphitic carbon felt; reference electrode: Ag|AgCl in saturated KCI. A three component
cell with compartments separated by a Nafion membrane was used. See the Experimental Section
(2.4) for further description of the setup. A photo is shown in Figure 2.35. ........cccooviieiiiennnen. 52

Figure 2.26. Controlled potential electrolysis (-0.9 V vs Ag|AgCl, pH 2) of an RGO-1 film. This
is an example for a data set where the film dissociated off the electrode after about 900 s, which
sometimes happens if the film is not dried under vacuum before testing. As a result of the film
lifting off the electrode, the current decreased t0 0 MA/CMNZ. .........ovoviviveveeeeeeeeeeeeeeeee e, 54

Figure 2.27. XPS spectra of a RGO-1 film after 16 hrs of electrolysis with the same experimental
set up as described in Figure 10, except with a 5 mm diameter glassy carbon disk electrode, a)
Carbon 1s peak, b) N 1Is peak, c) S 2p peak, and d) Co 2 p peak. Each spectrum is referenced to C
Is at 284.6 eV and counts are normalized to the C 1s peak. Similar scaling is used for easy
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Figure 2.28. SEM image of a RGO-1 film after 16 hrs of electrolysis with the same experimental
set up as described in Figure 2.25, except with a 5 mm diameter glassy carbon disk electrode. The
film is shown here at 150x magnification, with a 100 um scale bar. The image was taken using a
15.0 kV electron beam and a working distance of 10 mm............cccecveviiiiienieniiieieieeeeeeee, 56

Figure 2.29. 'TH-NMR spectrum of boc-protected 3,4-difluorobenzylamine. 'H-NMR (500 MHz,
CDCl): 6 7.09 (m, 2H), 7.00 (m, 1H), 4.87 (s, 1H), 4.26 (d, 2H), 1.46 (s, 9H). ..cccuvvverrrinne 63

Figure 2.30. "’F-NMR spectra of intermediates and byproducts of the synthetic procedure, and of
1, as indicated by the structures. R is diphenylmethyl, as shown in Figure 2.1. Residual TFA from
the deprotection reaction is also observed in the SPECtra. ........cccveevveeeiieerciie e 64

Figure 2.31. "TH-NMR spectrum of N-boc-3,4-bis(diphenylmethylthio)-benzylamine, impure. Both
monothioether impurities have been characterized, see Figure 2.32, and contribute to an increase
in the integrated area of the phenyl protons “F”. 'H-NMR (500 MHz, CDCl3): § 7.20-7.45 (m,
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Figure 2.32. '"H-NMR spectral characterization of the monosubstituted byproducts of the
nucleophilic aromatic substitution reaction. Panel a: the top spectrum shows the mostly pure N-
Boc-3-diphenylmethylthio-4-fluoro-benzylamine, while the lower spectrum shows a ~1:1 mixture
of this isomer with N-Boc-3-fluoro-4-diphenylmethylthio-benzylamine. Panel b: a closer look at
the aromatic region of the spectra from panel a. Aromatic proton peaks Di, D2, and D3 were
assigned with guidance from MestReNova NMR prediction and show the expected integrations.
The gray circles mark peaks that originate from N-Boc-3-diphenylmethylthio-4-fluoro-
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Figure 2.33. 'H-NMR spectra of the crude products from the deprotection reaction. Top: crude
deprotection reaction mixture containing 3,4-dithiolbenzylammonium trifluoroacetate. Note that
these products are not purified or characterized further, but the solution containing 3,4-
dithiolbenzylammonium trifluoroacetate is moved directly forward to metalation. See further
discussion in the Experimental Section 2.4.3. Bottom: diphenylmethane is the main product from
the deprotection reaction, which is removed in the hexanes wash, showing deprotection of the thiol
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Figure 2.34. Controlled potential electrolysis used for determining Faradaic efficiency. A potential
of -1 V vs Ag|AgCl at pH 1 was held for 20 minutes. The working electrode was a 5 mm diameter
GC disk with an RGO-1 film. Gas chromatography of the gas head space after CPE showed a
Faradaic efficiency for H> production of 97+ 4 % of the expected H> gas detected (N=2 gas
aliquots). See Experimental Section 2.4.4 for further experimental details. ..........cccccceveeiennnnne 71

Figure 2.35. Photos of the electrochemical setup used for the CPE experiments. Left: top view.
Right: the full setup, including the pump and the reservoir........c..coccevieririiereenenieeeieneeens 73

Figure 3.1. Structures of complexes discussed in this chapter. Ligand abbreviations are as follows,
bdt = benzene-1,2-dithiolate, Clobdt = 3,6-dichorobenzene-1,2-dithiolate, tb-bdt = 3,5-di-tert-
butylbenzene-1,2-dithiolate, and tdt = toluene-3,4-dithiolate...........ccceevvvverciriiiieiiieee e, 76

Figure 3.2. Proposed mechanism from Solis and Hammes-Schiffer.®> This mechanism was
calculated to be preferred by [Co(bdt)2]", [Co(Clobdt):]", and [Co(tdt):]". Here, the parent
[Co(bdt)>]~ complex is used for illustration. See Figure 3.1 for structures of the other species. . 77

Figure 3.3. Comparison of the UV-Vis spectra of the complexes [Co(III)(Clobdt).]- and
[Co(IT)(Clabdt)2]*, each one 0.1 mM in THF at room temperature (RT). The data for the Co(II)
species were taken under an inert atmosphere, while those for the Co(IIl) complex were obtained
UNAET AMDICIE AIT. ..eeutiiiiiiieieeiieie ettt ettt et e bt e st e s bt et e sbe e besate s bt e sbesbeenbeeseenaeennenaeens 79

Figure 3.4. Comparison of the UV-Vis spectra of the product of Co(II) oxidation by ambient air
and the true [Co(IIT)(bdt)>]~ starting complex. Both species are 0.1 mM in acetonitrile in the
presence of 0.01 M [TBA](PFs). The black spectrum, the oxidized Co(II) complex, was taken by
mixing 0.1 mL anaerobic 1 mM [TBA]2[Co(II)(bdt).] formed by electrochemical reduction with
0.9 mL acetonitrile under ambient CONAITIONS. ........cecueeriiieiiieriieiieeieeiie et 80

Figure 3.5. X-ray crystal structure of (CoCp2)2[Co(II)(bdt)2] This crystal structure was obtained
and solved by Dr. Jeff Kampf, see Experimental Section 3.6.4 for further details and Table 3.1 for
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select bond lengths. One equivalent of butyronitrile is also present in the crystal but here is omitted
0T CLATIEY . ..ttt ettt e st e et e e s bt e e st e et e e sabeenbeeseeenseenseensneensean 81

Figure 3.6. EPR spectrum of [TBA][CoCp2][Co(II)(Clzbdt)2], 1 mM in THF, measured at 10 K.
The experimental spectrum is given in black, and the fit is shown in red. The fit parameters are g
=(1.95, 2.07, 2.95), gstrain = (0.06, 0.014, 0.04), A = (not fit, 180, 280). ...cceoererereririrerennne. 82

Figure 3.7. Comparison of the MCD standard run data of [Co(II)(Cl2bdt)2]* compared to its UV-
Vis absorption spectrum (top) and the MCD standard run data of [Co(III)(Clzbdt)2]~ compared to
its UV-Vis absorption spectrum (bottom). Co(I) MCD samples were prepared in butyronitrile at
0.5 mM, and a standard run was conducted, at +7, +5, +3, +1, 0, -1, -3, -5, -7 T and 2, 5, 10, and
20 K, shown here are the 7T data for each temperature. The UV-Vis spectrum shown is of
[TBA][CoCp2][Co(II)(Cl2bdt)z] at 0.5 mM in butyronitrile and is the same sample as the MCD
data. The Co(III) data were measured on a polystyrene film sample, similarly a standard run was
conducted, with 50 K data also included, shown here are the 7T data for each temperature. Here,
the UV-Vis spectrum is of [TBA][Co(III)(Cl2bdt)2], 0.1 mM in acetonitrile. Data for the Co(III)
complex were also obtained in butyronitrile at 0.5 mM (not shown). For each, only data with
voltage below 750 V are SNHOWI. .......cooiiiiiiieciie et 83

Figure 3.8. Saturation behavior of the two main bands of [Co(II)(Cl2bdt)2]>~. Left, the saturation
behavior of the positive band at 439 nm, or 22779 cm™!. Right, the saturation behavior of the
negative band at 353 nm, or 28328 cm!. Fits of standard run MCD data are shown with color
coordinated lines, fit with St = 1/2 and resulting in the polarizations shown in the panels. Note,
standard runs have less data points than full VTVH runs. The lack of nesting of the saturation
curves together with the excellent agreement of the fits provides strong evidence that the complex
has an St = 1/2 ground state, as further supported by the EPR data............cccccccvvvviiinieennnnnen. 84

Figure 3.9. UV-Vis data show 2 equivalents of acid are necessary to fully return
[Co(Clobdt),]- when CoCp. is used as a reductant. Left, UV-Vis spectra of 0.2 mM
[Co(I)(Clabdt)2]*~, 0.2 mM [Co(IT)(Clabdt),]*>~ with 1 equivalent of TFA added, and then the same
fully oxidized by air exposure. These spectra were acquired in THF. The dashed green line shows
an overlay of the average of the [Co(II)(Cl2bdt)2]*~ and the [Co(II)(Clabdt)z]~ spectra. Right, data
from a separate experiment where TFA was titrated to a solution of 0.1 mM [Co(II)(Clzbdt)2]*~ in
dichloromethane and the [Co(II)(Cl2bdt)2]~ fully reappeared after 2 equivalents of TFA. This
titration experiment was performed at room temperature using a dip probe UV-Vis set up in a
NITOZEN ZLOVEDOX. ..ottt ettt ettt et et ste e bt e e abeeseesaeeenseennes 85

Figure 3.10. EPR spectrum of [TBA][CoCp2][Co(IT)(Clz2bdt)2], 1 mM in THF at 10 K compared
to the EPR spectrum of the same sample with one equivalent TFA added. ............ccceveriinnnnens 86

Figure 3.11. Electrochemical reduction of [TBA][Co(III)(Clzbdt)z] to [TBA]2[Co(II)(Cl2bdt),].
Here, the experimental conditions are 1 mM [TBA][Co(III)(Cl;bdt).], 0.1 M [TBA](PFs), MeCN,
under Ar on the Schlenk line (working electrode/reference electrode half-cell), 10 mM Fc (counter
electrode half-cell), glass wool salt bridge, Ag wire pseudo-reference electrode, graphitic carbon
felt for the working and counter electrodes. ..........oovuiririieeiiiiiiie e 87
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Figure 3.12. UV-Vis spectrum of electrochemically reduced [TBA]2[Co(II)(Cl2bdt)2], 0.1 mM in

Figure 3.13. UV-Vis monitored titration of the Co(II) complex with acid. The UV-Vis spectrum
of the starting solution of the Co(II) complex is shown in purple at 0.1 mM concentration, with
additions of 0.1 mL 0.75 mM TFA in acetonitrile. The inset graph shows the absorption at 667
nm, which is attributed to the Co(IIl) form, with respect to the additions of equivalents of TFA.
This UV-Vis titration was performed at RT under Ar.........cccooovveeiiieeiiieeiieeeieeeee e 89

Figure 3.14. Combination of four UV-Vis monitored titration trials of the Co(II) complex with
TFA, showing the percent conversion of Co(II) to Co(III) upon addition of acid. Trial 1 is shown
TN FIGUIE 313 ettt ettt e et e bt e st e e sbe e seeeabeenbeeesbeenbeeaeeenaeenseas 90

Figure 3.15. Two possible mechanisms to explain the homogenous HER data obtained here. Blue,
coupling of two Co(H-Syva) protonated species to give H> and Red, use of 42 equivalent of the
Co(II) to reduce the doubly protonated SPECIES. ......c.eeervieeriieriiieeeiieeeiee e eee e e e e e s 91

Figure 3.16. Reaction of 0.1 mM [TBA]2[Co(II)(Clxbdt);] in acetone with 0.1 M [TBA](PFs) at -
75 °C with TFA, 0 through 5.3 equivalents. The left panel shows the changes observed in the UV-
Vis spectra at -75 °C. The upper right panel shows the spectra upon warming, which matches well
with [TBA][Co(IIT)(Cl2bdt):], included for comparison. The lower right panel shows the increase
of [TBA][Co(IIT)(Cl2bdt),] with time after the first addition of TFA, the number of equivalents of
B SN T T 0T o) (01115 USSP 92

Figure 3.17. Comparison of the reactivity of [TBA][Co(Clzbdt)2] and [TBA]2[Co(IT)(Clbdt):]
with Mel. The Co(III) species shows no reactivity, left, as the black and red spectra overlay. The
Co(II) species shows formation of a new species with the marked shifts in bands, in 200 s, right.
....................................................................................................................................................... 94

Figure 4.1. Scheme of electronic structure of Ni-oxo complexes in different spin states and the
resulting formal Ni—O bond order, illustrating the instability of metal-oxo species past the ‘oxo
WAL L bbbt h e et h et e h e b e et e sh e e beehte bt et e sae et 99

Figure 4.2. Previously reported Ni—O complexes (A — F) and [Ni(TAML)(O)(OH)]* (G) presented
in this chapter. HoL = 6-methyl-3,6,9-triaza-1(2,6)-pyridinacyclodecaphane-2,10-dione. ........ 100

Figure 4.3. UV-Vis and MS of 3. (a) UV—Vis spectral changes showing the formation of 3 in the
reaction of 2 (0.20 mM) with CAN (0-0.20 mM) in MeCN at —40 °C. The inset shows titration
data of [Ni"/(TAML)]™ (0.20 mM) with CAN (0-0.28 mM). (b) CSI-MS spectra of 3 in positive
ion mode. The peaks at m/z = 445.2 correspond to {H" + [Ni(O)(TAML)]} (calcd. m/z = 445.1).
Inset shows the observed isotope distribution pattern for 3-'°O (left panel) and 3-'%0 (right panel).
The peaks marked with an asterisk (*) originate from zinc triflate, Zn(OTf)?, {Na'+
[Zn(OTf)(CF3CH20H)]}, (m/z =336.0) and {Na" + [Zn(OTf)(CF;CH,OH)(H20)]}, m/z = 354.0).
This figure was made by Deepika Karmalkar in the Nam group, who also collected and analyzed

the data shown in the fIGUIe. 10 ..o 104

Figure 4.4. MCD data of 3 obtained at 3 mM concentration at 2-50 K, in a frozen glass prepared
by reacting Li>[Ni'(TAML)] (3.0 mM) with CAN (2.0 equivalents) in the presence of H>O (5 pL)
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in acetonitrile/butyronitrile (1:2) at —60 °C. (a) Shown is the 7 T averaged baseline corrected data
at each temperature. The MCD intensity in mdeg is converted to Ae as previously described.?? (b)
Shown is the averaged baseline corrected data for each field at 2 K........c.ccoooveveiiiiniiiniinnnen. 106

Figure 4.5 UV-Vis and MCD data for intermediate 3, along with a correlated Gaussian fit of these
data (see Table 4.1). Top: UV-Vis spectrum of 3 obtained at 0.20 mM concentration in MeCN at
—40 °C. Bottom: MCD data of 3 obtained at 3 mM concentration at 2 K 7 T, in a frozen glass
prepared by reacting Liz[Ni'(TAML)] (3.0 mM) with CAN (2.0 equivalents) in the presence of
H>O (5 pL) in acetonitrile/butyronitrile (1:2) at —60 °C. Temperature and field-dependent MCD
data are shown in Figure 4.4 a and b, respectively. Further details on the Gaussian fits of these
spectra can be found in FIGUIE 4.6. .....cc.oooiiiiiiiiiiiiciee et 107

Figure 4.6. Details of the Gaussian fitting of the UV-Vis (left) and MCD 2 K 7 T (right)
experimental data shown in Figure 4.5; the resulting Gaussians are listed in Table 4.1. The

residuals are shown on the top, and the deconvoluted peaks on the bottom. The X? values are
0.9993 for the UV-Vis Gaussian fit, and 0.9988 for the MCD Gaussian fit. ........ccccocvvveeeeeinnn. 108

Figure 4.7. MCD VTVH data of 3 obtained at temperatures of 2 - 50 K and magnetic fields of 0 -
7 T, for the two main signals in the MCD spectra, bands 2 (VTVH data obtained at 14265 cm™!,
701 nm, right) and 7 (VTVH data obtained at 28570 cm™!, 350 nm, left). Top panels: the data fit
very well with an S; = 1 ground state, using D = 4.0 cm™, E/D = 0.24, and g = 2.013, 2.070, 2.078.
Bottom panels: all attempt to fit the data with S; = 2 failed. The dots are the experimental data
while the lines correspond to the fits. .......cccuiiiiieiiiiiici e 109

Figure 4.8. X? goodness of fit as a function of D. The 701 nm VTVH saturation data are fit with
the ZFS parameters obtained for structure B3LYP (3), with the D value varied and the polarizations
allowed to optimize. The E/D ratio remains unchanged at 0.24. The X? is plotted to illustrate the
change in goodness of fit with different D values. The line serves to guide the eye.................. 110

Figure 4.9. Details of the Gaussian fitting of the experimental 2 K 1 T MCD spectrum: residuals,
top, and fit, bottom. The X? value for this fit is 0.9981. The 2 K 1 T MCD spectrum was used to
calculate the band intensities listed in Table 4.1.........ccociiiiiiiiiiieeieeee e 112

Figure 4.10. Images of select optimized structural models for 3, optimized in Gaussian with
B3LYP/TZVP. See Table 4.2 for details and structural parameters. ..........ccceeecveeeeveeecreeeeveenne. 113

Figure 4.11. Six-coordinate structures for two different valence tautomers of
[Ni(TAML)(O)(OH)]*- were optimized for the S; = 1 ground state, using BSLYP/TZVP. Left: the
valence tautomer (1) has the d,» orbital singly occupied, and the LUMO corresponds to the dx>—y2
orbital (contour plot shown on the bottom). Right: the valence tautomer (2) has the dx>y> orbital
singly occupied, and the LUMO corresponds to the d,» orbital (contour plot shown on the bottom).
The calculated bond lengths are also included. The colors used in the ligand field diagrams on the
top correspond to the bonding properties of these d-orbitals with respect to the oxo ligand (as in
Figure 4.1): blue is c-antibonding, black non-bonding, and red n-antibonding. ........................ 116

Figure 4.12 (a) To see the effect of stretching the Ni-OH bond, the Ni-OH bond was locked at the
distance shown on the x-axis, and the Ni-O bond was locked at 1.84 A. The rest of the structure
was allowed to optimize, using B3LYP/TZVP. The relative energy is plotted versus the Ni-OH
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bond distance and shows a slight increase in energy. (b) MO plots of the LUMOs of
[Ni(TAML)(O)(OH)]*, obtained at different Ni-OH distances, using the structures with energies
plotted in (a). As the Ni-OH bond length is increased (value given next to each image) the d»»
LUMO gradually mixes with and changes to the dxa.y2 orbital........c.ccceviiniiiininiiii, 117

Figure 4.13. Orientation of the D-tensor, as calculated for B3LYP (3) using ORCA. Note how the
z axis aligns with the Ni-O DONd..........ccciiiiiiiiiiiiiiiieee e 118

Figure 4.14. Scheme of MO diagram of [Ni(O)(OH)(TAML)]*. These molecular orbitals were
calculated using TPSSh/TZVP for the B3LYP (3) optimized structure and visualized in Avogadro.
Shown are the corresponding B-Spin MOS..........coeuiieriiieiiieeiie et sveeeeeaee s 119

Figure 4.15. Molecular orbital image of the d.2 O(p,) o-antibonding LUMO, obtained with
TPSSh/TZVP for the structure B3LYP (2) (shown is the corresponding -MO). This orbital has
16% O(pz) and 54% Ni(d) CharaCter. .......cooeeiiiiiiiieiieee et 120

Figure 4.16. Molecular orbital image of the SOMO for a TPSSh/TZVP calculation on structure
B3LYP (3) (shown is the unoccupied B-MO). The electron hole is located in the oxygen (px)
orbital, with 82% O(px) and only 9% Ni(d) character. ...........cccceevveerieriiienienieeieeece e 122

Figure 4.17. TD-DFT calculations on structure B3LYP (3), where the Ni-O and Ni—~OH bond
lengths were fixed at the experimental values (from EXAFS; see Table 4.2 and text). All TD-DFT
calculations were performed with the program ORCA, using the indicated functionals and the
TZVP DASIS SEL. ..ttt ettt et at e bt et b et a e bt e a e s bt et s et e bt et e bt et e e it eneas 123

Figure 4.18. TD-DFT calculations using fully optimized structures of the two valence tautomers
of 3, performed with the indicated functionals and the basis set TZVP. Top: for structure B3LYP
(1), and bottom: for structure B3LYP (2). Compare to Figure 4.17 for the TD-DFT results for
structure B3LYP (3). All TD-DFT calculations were performed using ORCA.. ........................ 126

Figure 5.1. Oz activation at [Fe'(TMC)(CH3CN)](OTf): and [Fe''(TMCO)(CH3CN)(OTf)](OTf)
(1) centers in the presence of NaB(’"®Ph)s and H' ions yielding [Fe!V(O)(TMC)(CH3CN)]](OTf)2
and 2, respectively, as well as the alternative synthesis of 2 by (electro)chemical oxidation of 1 in
presence of RPhO" anions. This figure was made by Dustin Kass in the Ray group.'!........... 140

Figure 5.2. A) UV-Vis spectral changes associated with the formation of 2 (blue) starting from 1
(black) by addition of excess Oz, NaBPh4 (1.3 eq) and HCIO4 (0.5 eq) in CH3CN at 0 °C. Inset:
Time traces for the formation of 2 with different amounts of Fc showing a sigmoidal feature with
an increase of the induction time with increasing amount of Fc (straight no Fc, dashed 0.01 eq Fc,
dotted 0.02 eq Fc, dashed and dotted 0.05 eq Fc). B) Comparison of the UV-Vis spectra of 2, 2a
and 2b Inset: time traces of the decay of the characteristic ~700 nm band associated with 2, 2a and
2b at 10 °C. This figure was made by Dustin Kass in the Ray group, who also collected and
analyzed the data shown in the figure. 3!, ..o 143

Figure 5.3. H" and O, promoted electron-transfer chain reactions for formation of 2 in reaction of
1 with O, and BPhs . The proposed mechanism is based on previous proposals>**?7” for the
decomposition mechanism of BPhs™ and the Sc**-promoted electron-transfer chain reactions for
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formation of [Fe!V(O)(TMC)(CH3CN)J**. This figure was made by Dustin Kass in the Ray
GEOUP. 13T ettt ettt ettt 144

Figure 5.4 Resonance Raman spectra (90 K, Aexe = 647 nm) of 2 prepared at -10 °C in CH3CN,
generated by using '°O» (black) and 'Oz (red). The blue traces refer to 2 prepared using 2HCIO..
A, overview spectra; peaks due to non-lasing plasma lines or solvent are marked by “s”. The insets
show a zoomed in portion of the spectra. The spectra are referenced and normalized to the

acetonitrile peak at 920 CM ™. .. ... ..ot 146

Figure 5.5. rRaman spectra of 2 generated by the alternative preparation (oxidation of the Fe'-
phenolate precursor with NO™, '°0, (blue) and '80: (green)) compared with the usual preparation
of 2 (%02 (black) and 802 (T8d)). .....ovovverieeeeeeeeeeeeeeeeeeeeeeeee ettt 147

Figure 5.6. rRaman spectra of 2a (1°0O; (purple) and '80» (cyan)) compared with 2 (1°0; (black)
and '80; (red)), both generated by the regular preparation. .............coceceveveveveveveverereveveeeseeeenns 148

Figure 5.7. Comparison of the UV-Vis (top) and MCD (bottom) spectra of 2. UV-Vis and MCD
samples were prepared at 8§ mM in butyronitrile with O2, 2 eq NaBPhs, and 0.25 eq HCIOy4 at -
5 °C. The UV-Vis spectrum was measured at -5 °C with 8§ mM concentration. The MCD spectra
were measured at temperatures of 2-50 K and magnetic fields of 0-7 T; here we show the 7 T data
fOr €aCh LEMPETATUTLE. ...eeuiiiiieiiecii ettt ettt ettt e et e e b e et e enbeenbeessseenseenseeenns 149

Figure 5.8. Magnetic field-dependent MCD data of 2, at 2 K and 0-7 T. The MCD samples were
prepared at 8 mM concentration in butyronitrile with Oz, 2 eq NaBPhy, and 0.25 eq HClO4 at -5
ettt h e h e a e bbbt bt bt bt eh e bt st ea et et ettt ebe st 150

Figure 5.9. VTVH saturation curves for the two main features at 583 nm (17153 cm, left) and
355 nm (28169 cm™!, right), with data obtained at 2-50 K, 0-7 T. The data are fit for an S = 5/2
ground state with ZFS parameters from the EPR fit: D=+3 cm™', E/D = 0.07, g = (1.90, 1.95,
2.10). The colored symbols represent the experimental data while the lines correspond to the fits.
..................................................................................................................................................... 150

Figure 5.10. Comparison of VTVH saturation curves obtained at 583 and 335 nm, fit with EPR
parameters derived from using an S; = 5/2 or 3/2 spin state. Note how the X? is better using the S;
= 5/2 state and corresponding fit parameters. The MCD samples of 2 were prepared at § mM
concentration in butyronitrile with Oz, 2 eq NaBPha, and 0.25 eq HCIO4 at -5 °C, as in Figure 5.7
and Figure 5.8. Data were obtained at 2-50 K, 0-7 T. .....cooviiiriiiieieeeeeeeeee e 151

Figure 5.11. Comparison of the MCD data of 2 and of the same complex but prepared through an
alternative method using NO™" oxidation of the Fe''-phenolate precursor. Data were obtained at 2-
50 K, 0-7 T; shown here are the 7 T spectra for each temperature. The MCD sample of 2 was
prepared at 8§ mM concentration in butyronitrile with Oz, 2 eq NaBPhs, and 0.25 eq HCIO4 at -
5 °C, as shown in Figure 5.7 and Figure 5.8. The MCD sample from the alternative preparation of
2 was prepared at 2.5 mM, with 5 eq of phenol and 1 eq of NOSbF¢s in MeCN : butyronitrile 1:3
at -25 °C. * marks probable impurities that are only present in the sample from the alternative
preparation MEthOd. ........oooiiiiiiiecie et etae e e e e e e e e e e enree e e 152
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Figure 5.12. Comparison of VTVH Saturation Curves for 2 and for the alternative preparation of
2, obtained at 355 nm for each. Left, saturation curves of the alternate preparation of 2. Right,
comparison of these data (alternate preparation) to saturation data of 2 prepared in the regular way
(with 2 eq NaBPhy, and 0.25 eq HC1O4 at -5 °C in the presence of O2). See Figure 5.11 for further
details 0N MCD SAMPIES. ...cccvrieiiieeeiie ettt ettt et e e e s e e e sbeeessseeesaeeenseeesnseeennes 153

Figure 5.13. Left: arrow diagram of the Fe-O stretch, calculated at 539 cm!. Right: arrow diagram
of the O-Ph vibration, calculated at 1286 CIN™. ......oveeeeeeeeeeeeeeeeeeeee ettt eeeene 159

Figure 5.14. Occupied a-spin orbital, showing the unpaired electron of the phenoxy radical,
coordinated to the hs-Fe'! center. Calculated for the 6C structure with MeCN bound in trans
position to the phenoxy radical group, with S; = 5/2 spin. Calculated with B3LYP/TZVP. ...... 160

Figure 5.15. Images of the HOMO and LUMO, showing bonding and antibonding combinations
between the iron dy, and the phenoxyl radical O-Ph(n*) orbitals, respectively. A) the molecular
orbitals as calculated by DFT, left: the occupied B-dy, Cen(py)/O(py) MO, which corresponds to
the single B-d orbital of a hs-Fe' center. Note that this MO has ~40% phenoxyl radical character.
Right: the unoccupied, antibonding B-Cpn(py)/O(py) dy. MO, which corresponds to the “hole” on
the phenoxyl radical ligand. B) the molecular orbitals as calculated by CASSCF(25,17), here, the
predominately Fe(dy,) orbital (left) is mostly doubly occupied and the Cpn(py)/O(py) (right) is
mostly singly occupied illustrating the phenoxy radical, see discussion in text. The percent
contribution of each component is listed. Calculated for the 6C hs-Fe"-OPh’ structure with MeCN
bound trans to the phenoxyl radical (see Table 5.1). ...cccoviieiiieiiiiiieiieieceeee e 162

Figure 5.16. OCpp, Ph, OPh, dy,, dxy, and OCpp* MO from CASSCF(25,17). Energies (hartrees)
are as follows: OCpn, -0.75; Ph, -0.54; OPh, -0.47; dy,, -0.45; dxy, -0.41; and OCpp*, +0.13. See
Table 5.4 for electron configuration contributions to the ground state and further description of
orbital abbreviations USEd NETe. ..........cccuiviiiiiiiiiiiieiieieeeeeee e e 163

Figure 5.17. OCpp, Ph, OPh, dy,, dxy, and OCpp* MO from CASSCF(17,13). Energies (hartrees)
are as follows: OCpp, -0.73; Ph, -0.52; OPh, -0.47; dy,, -0.39; dxy, -0.40; and OCpp*, -0.31. See
Table 5.4 for electron configuration contributions to the ground state and further description of
orbital abbreviations USEd NETe. ..........cccueiiiiiiiiiiiiieiieeee e e 163

Figure 5.18. OCpp, Ph, OPh, dy,, dxy, and OCpp* MO from CASSCF(13,11). Energies (hartrees)
are as follows: OCpy, -0.76; Ph, -0.56; OPh, -0.51; dy,, -0.43; dxy, -0.43; and OCpp*, -0.00. See
Table 5.4 for electron configuration contributions to the ground state and further description of
orbital abbreviations USEd NETe. ..........cccuiviiiiiiiiiiieiieieeee e e 163

Figure 5.19. OCpp, Ph, OPh, dy,, dxy, and OCpp* MO from CASSCF(13,10). Energies (hartrees)
are as follows: OCpy, -0.75; Ph, -0.56; OPh, -0.51; dy, -0.43; dxy, -0.43; and OCpp*, -0.01. See
Table 5.4 for electron configuration contributions to the ground state and further description of
orbital abbreviations USEd NETe. ..........cccveviiiiiiiiiiieiieie e 164

Figure 5.20. Relevant orbitals of the CASSCF(7,7): dxy, OPh_dy,, and dy, OPh. Note Fe/OPh mix
is nearly 50/50. Energies (hartrees) are as follows: dxy, -0.54; OPh_dy,, -0.48; and dy, OPh, -0.44.
This calculation predicted 77% (dxy)'(OPh_dy,)*(dy,_OPh)', 20% (dxy)!(OPh_dy,)'(dy, OPh)?, and
3% (dxy)?(OPh_dy2) (dyz OPh)L. .o 164
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Figure 6.1. (a) n-TMC Ligands, (b) Side-on vs End-on Metal-O, Complexes, and (c) Synthetic
Procedure for Iron(Ill)-Peroxo n-TMC Complexes. Figure made by Wenjuan Zhu in the Nam
BIOUD. 132 ettt ettt ettt ennas 180

Figure 6.2. UV—-Vis spectra of 1 — 3 obtained in the reaction of [Fe''(n-TMC)]*" (1.0 mM) and
H>0: (5.0 mM) in the presence of TEA (5.0 mM) in CF3CH>,OH:CH30H (1:1 v/v) at —60 °C; Amax
= 670 nm for 1 (blue), Amax = 695 nm for 2 (red), and Amax = 735 nm for 3 (green). Figure by
Wenjuan Zhu in the Nam group, who also collected and analyzed the data shown in the figure. !>
..................................................................................................................................................... 183

Figure 6.3. rRaman spectra of 1 (green line), 2 (red line), and 3 (blue line) in MeOH at 77 K (Aex
= 785 nm). Gray line shows the spectrum for solvent only. The peak marked with asterisk (*) is
from solvent. Data acquired and figure made by the Nam group.'>...........ccocovvivivieiiennn, 184

Figure 6.4. Comparison of MCD and UV—Vis spectra for intermediates 1 — 3. UV—Vis data were
acquired in CH3OH:CH3CH>OH (4:1 v/v). MCD VTVH data were acquired for2 -50 K, 0—-7T
on frozen glass samples of intermediates 1 — 3 in CH3OH:CH3CH>OH (4:1 v/v). (a) 2 K7 T MCD
data are shown here for intermediates 1 — 3, see Figure 6.6 for further temperatures and higher
energy data. Each of the samples shows MCD bands at higher energy, >25,000 cm™', as well, some
of which are also present in decay samples as shown in Figure 6.7. Intermediates 2 and 3 were 4.0
mM and intermediate 1 was 2.0 mM, for both UV—-Vis and MCD measurements. (b) Correlated fit
of the UV—Vis absorption and 2 K 7 T MCD spectra for complex 3, which is by far the most stable
complex in the series. See Figure 6.5 for further details on this Gaussian fit. Note that band 9 may
be due to the decay product; s€€ FIQUIC 6.7.......ccccuiieiiiiiiiiiciiecee ettt 185

Figure 6.5. Further details of the Gaussian fit of the UV-Vis absorption spectrum and 2 K 7 T
MCD spectrum for 3, left and right, respectively. Top left: the individual Gaussians sum up to give
a fit of the UV-Vis spectrum with R?=0.997. Bottom left: the residuals of the fit of the UV-Vis
spectrum. Top right: the individual Gaussians sum up to give a fit of the 2 K 7 T MCD data with
R?=0.9995. Bottom right: the residuals of the fit of the MCD spectrum..............c..cc.cccevrrrunnenn. 186

Figure 6.6. VTVH MCD data for complexes 1 — 3. Shown here are the 7 T data for each
temperature 2 — 50 K. The full spectra are shown on the left, and the low energy region is shown

on the right. For each data set, MCD spectra are cut when the voltage curve raises above 750 V.
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and 83% z. For 3, bottom, this fit gave a X? of 0.93, and polarizations of 7% x, 9% vy, and 84% z.
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Abstract

Further development and understanding of the chemistry of earth-abundant transition-
metal molecular catalysts for water splitting will aid development of a sustainable hydrogen
economy. If dihydrogen can be produced sustainably, such as by water splitting, dihydrogen can
assist in our transition to a sustainable society, as it is a promising as a clean fuel, for energy
storage, and for ammonia and other chemical syntheses.

On the reductive side of water splitting, Chapters 2 and 3 of this thesis study cobalt
bis(benzenedithiolate) type catalysts for the hydrogen evolution reaction (HER). This family of
catalysts is highly active for HER and our group has previously studied their immobilization
through physisorption to graphitic electrode surfaces. However, in these studies the catalytic
activity declined over time, and this was thought to be due to the catalyst dissociating from the
electrode surface. Chapter 2 describes the synthesis and characterization of a new amine modified
cobalt bis(benzenedithiolate) catalyst, which is then covalently attached to graphene oxide. The
drop-cast thin films of this material are shown to be highly active for HER and more durable than
the physisorbed analog, confirming that dephysisorption is a decay method for the physisorbed
systems. Detailed electrocatalysis investigations expand our understanding of thin film
electrocatalysis. Controlled potential electrolysis experiments show slow decline in catalytic
activity over 8 hours, primarily due to demetallation. To further understand how this highly active
catalyst family performs HER and how they decay, their mechanism was further investigated in
Chapter 3. It was previously proposed that the starting Co(III) catalyst, when reduced by one
electron distorted from square planar to tetrahedral which would promote de-physisorption during
catalysis. Instead, this Co(Il) complex is shown to be a S; = 1/2 square planar complex. This
suggests that dephysisorption of this intermediate is not the primary reason for deactivation of the
physisorbed catalyst systems. Reactivity studies suggest that Co(II) bis(benzenedichlorodithiolate)
reacts with acid, but under the explored conditions does not make hydrogen, suggesting Co

bis(benzenedithiolate)s could be useful catalysts beyond HER.
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On the oxidative side of water splitting, in collaborative studies, Chapters 4, 5, and 6
spectroscopically and theoretically investigate transition metal complexes with reactive metal-
oxygen moieties. First, with the Nam Group in Seoul Korea, in Chapter 4, a reactive formal Ni(IV)-
oxo species is shown to be best described as a St = 1 Ni(Ill)-oxyl species. The radical nature of this
species may contribute to its high reactivity, while simultaneously avoiding the infamous “oxo-
wall”. Second, in Chapter 5, with the Ray Group in Berlin Germany, a Fe(Il)-phenoxyl radical
species is characterized with in-depth spectroscopy and theoretical calculations. Interestingly, this
unusual species maintains an Fe(II) oxidation state in the presence of an oxidizing phenoxy radical
ligand, due to electronically tuning of its co-ligand. This shows that careful ligand tuning can
temporarily stabilize reactive radicals at low-valent metal centers for further reactivity. Finally, in
Chapter 6, with the Nam group, a series of Fe(Ill)-peroxide complexes with drastically different
reactivity are characterized spectroscopically and theoretically. Electronic structure calculations
allow the assignment of the main characteristic electronic transition, which shows the smaller co-
ligand ring size correlates to a stronger Fe-peroxide bond. These investigations on reactive
intermediates provide spectroscopic markers and chemical information for future studies and
inform our understanding of the oxidative side of water splitting, hydrogen fuel cell reactions, and

oxidative reactions in bioinorganic chemistry.
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Chapter 1 Introduction

This introduction is partially adapted from a review article and research paper referenced

here.!?

1.1 Catalytic Water Splitting and Introduction to Sustainability

The negative impacts of climate change are already being seen around our planet and
necessitate stepping away from fossil fuels as the primary energy source to make our lives and
industries more sustainable.>* The Intergovernmental Panel on Climate Change (IPCC) reports a
1.1 °C increase in global surface temperature from the 1850-1900 baseline. This causes harm to
our human civilization and to the natural world we inhabit, increasing natural disaster rate,>S

7% and decreasing biodiversity.” Together, we must reduce our

stressing our food supply,
environmental harm and instead work for a sustainable society. A more sustainable future is
possible, when industries move towards sustainable and even regenerative practices.® Major
sustainability efforts include closed cycle consumerism, replacing carbon-based energy sources
with renewable energy, decreasing pollution, and regenerative agriculture.®® Chemists can
participate the shift to a sustainable in using more abundant and ethically sourced chemicals,
optimizing reactions to create less waste, and developing the chemistry needed to provide
renewable energy and sustainable medicine and materials.!®!! There are many subfields in

chemistry that are contributing to the advancement of green science. Here, the use and storage of

clean energy, specifically where hydrogen gas can contribute is discussed.

1.1.1 Solar Energy Conversion and Storage

The sun is the ultimate source of energy on earth, through photosynthesis in ages past
providing energy stored in fossil fuels, and through solar panels today. If enough of the sun’s
energy could be captured, we could sustainably meet the growing demands of our civilization.
This can occur in a few methods; first solar energy can generate electricity through photovoltaic

solar panels. Second, solar rays can be directed into architectures to warm and cool buildings



appropriately to the local climate. Third, the sun can be used in agriculture to grow raw plant
materials for biofuels and sustainable chemical feedstocks.!? Fourth, solar energy capture can be
coupled directly (photochemical and photoelectrochemical, see Figure 1.1) or indirectly
(electrochemical with sustainably sourced electricity) to power chemical reactions that produce
desired commodity and specialty chemicals for industrial use. Fifth, similar
photo(electro)chemical processes can be used to drive endothermic chemical reactions to generate
solar “fuels” that store solar energy.

Storing clean energy is necessary for a society that will hopefully thrive on only renewable
energy. There are times when the production of renewable energy outpaces its use, as has already
been seen for solar energy on sunny days in California.!> Storing this excess energy during peak
production is helpful in meeting later energy demands, for example at times of the day when
renewable energy is not available as a primary energy source, such as days of low solar energy
flux.'* One set of chemical reactions that are driven uphill are flow batteries where a redox reaction
(electrolysis) takes place and the high energy products are stored in solutions where then they can
come together at a later time and release energy. Other options are the synthesis of a chemical fuel.
Fuel synthesis creates a high energy chemical that is later burned with oxygen to release useful
energy. The type of fuel dictates how it can be burned, if synthetic hydrocarbon fuels mimicking
gasoline could be made, those could be burned in a traditional combustion engine. Hydrogen is
the simplest chemical fuel with high energy density and can be burned cleanly in a hydrogen fuel

cell, only producing water.

1.1.2 Hydrogen’s Role in a Sustainable Society

Hydrogen is a promising aid for our transition to a sustainable society as a promising clean
fuel for transportation and as a temporary storage mechanism for excess renewable energy.
Hydrogen is already a high demand commodity chemical, as it is needed in the Haber-Bosch
process for ammonia production for fertilizers, in the Fisher-Tropsch process where CO and H»
are reacted to yield hydrocarbons, in refining oil, and in the synthesis of fine chemicals.!>!® In
addition, it is a promising clean fuel for transportation as it burns cleanly (producing only water
vapor as a product), is energy dense, and able to be sourced renewably.!”!® Hydrogen could join
chemical redox flow batteries and mechanical energy storage as proposed solutions to renewable

energy storage, but only if it can be produced cheaply and effectively via water splitting.!” In all,



hydrogen can fill many niches in the energy ecosystem, lowering our reliance on fossil fuels.!*?°

Yan and co-workers suggest that hydrogen could replace carbon-based energy sources for 18% of
our energy needs.?! The US Department of Energy (DOE) recognizes the need for sustainable
hydrogen and has published a goal of “$1 per 1 kilogram in 1 decade” to spur development of
clean hydrogen production technology.?? Japan, the UK, India, and France also have plans in place

to scale up hydrogen use as a power source in their transitions to a more sustainable society.'®

1.1.3 Types of and Reactions in Water Splitting

Producing hydrogen by the hydrogen evolution reaction (HER, see Equation 1, and Figure

1.1) is a promising way to cleanly make hydrogen. Water splitting uses an applied potential to split
water into dioxygen and (di)hydrogen gas.

2H" +2e¢ > H» Equation 1

HO2>2H +% 0, +2 e Equation 2

Reducing protons from water gives hydrogen gas, this is known as the hydrogen evolution

reaction (HER), Eq. 1. On the other side of water splitting, water is oxidized to make oxygen gas,

as shown in Eq. 2. Research on HER is extensive, but hydrogen is still not able to be sustainably

and commercially produced from water. Water oxidation, or oxygen evolution (OER), involves

the transfer of 4 ¢ and 4 H' and so is often more challenging than HER. OER and the reverse

reaction, O> reduction, needed to “burn” hydrogen in fuel cells, involves several intermediates with

metal ions interacting with oxygen-based species. The electronic structures and reactivities of these

intermediates are discussed further in Section 1.3.
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Figure 1.1. Three types of solar-powered water splitting: (left) electrocatalytic, powered by solar
electricity, (center) photoelectrochemical, using light-absorbing semiconductor electrodes, (right)
photocatalytic, shown here with a catalyst (schematically shown as a blue dot) on a light-absorbing
quantum dot.

There are three main variations of water splitting catalytic systems, see Figure 1.1. In the
first, electrocatalytic water splitting, the necessary high energy electrons for water splitting can
come from electricity, ideally renewable sourced electricity. In this case, HER occurs at the
cathode and OER at the anode. The sun’s energy can also be used more directly to excite electrons
in a photovoltaic semiconductor, as is the case for photoelectrocatalytic water splitting, or a
photosensitizer in solution, as is the case for photocatalytic water splitting. In Figure 1.1 and the
discussion so far, HER is coupled to OER; however, HER could also be coupled with a different,
more useful oxidation reaction, such as methanol reforming, the oxidation of small molecules, or

biomass conversion to value added chemicals.?> >

1.1.4 Hydrogen Evolution Reaction: Catalysts and Catalysis
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Figure 1.2. General chemical structures of common molecular catalysts for hydrogen evolution,
from left to right: cobaloxime type catalysts, DuBois type catalysts, metalloporphyrins, cobalt
bis(benzenedithiolate) complexes, and FeFe hydrogenase models.

A catalyst is useful to lower the overpotential and allow more efficient use of the applied
electric energy. An ideal catalyst is efficient, cheap, and durable. Using earth abundant molecular
catalysts immobilized on electrode surfaces is an approach that has the potential to fulfill these
goals. Molecular catalysts have the benefits of easy and precise characterization by established
spectroscopic methods, rational synthesis, and rational modification/tuning of the catalyst
properties.”®?” Using earth abundant metals allows for the catalysts to be cheaper and more easily
scaled than catalysts based on rare earth metals.?® Fe, Co, and Ni are popular abundant metals for
HER catalysts.?®?°3% These metal ions are then paired with suitable ligands to tune their catalytic

properties, and many corresponding catalyst systems have been reported.?® Important families of

37-40 41,42

HER catalysts include cobaloximes,*!*® Dubois-type catalysts,>’*° metalloporphyrins,*'*> metal

4348 and FeFe and NiFe hydrogenase models (See Figure

complexes with dithiolene type ligands,
1.2).49°5 The structures of these synthetic catalysts are partially inspired by the design of nature’s
HER catalysts: hydrogenases.!'®° The hydrogenase models are clearly the closest mimics of the
enzyme, but other catalysts take inspiration from these enzymes as well, by the inclusion of sulfur
based ligands, other non-innocent ligands, and the incorporation of second coordination sphere

groups.

1.2 Cobalt Bis(benzenedithiolate) Type Catalysts for Hydrogen Production

Cobalt bis(benzenedithiolate) type catalysts are an ideal catalyst family for the
development of hydrogen evolution systems as they are highly active and can be easily

immobilized onto graphitic electrode surfaces.

1.2.1 History

Benzenedithiolate (bdt) transition metal complexes were first used for the quantification of

metals in solution as they easily form colored metal complexes.>® For instance in the 1930,



tolyldithiolate was used to quantify Sn'! in solution, as it reacts to form a pink complex.>”*® In the
1960’s bis(bdt) type complexes and other dithiolene transition metal complexes were studied by
Gray and Billig, among others, for their interesting electronic properties, with the
benzenedithiolates serving as non-innocent ligands.’*®! The non-innocent nature of these
complexes has been further studied in the mid-2000s. Detailed studies on Co(bdt)> derivatives
have shown that the ground states of these complexes are best described as being composed of 50-
70% Co™(L), and 50-30% Co'(L")(L) character, showing partial oxidation of the bdt ligand.%>%
This is due to the close energy match of the Co d and dithiolate © orbitals, causing good orbital
overlap and very covalent bonding. See also Section 1.3.4 for discussion on bonding inversion in
first row transition metals. The non-innocent property of the benzenedithiolate-type ligands may
contribute to their ability to function as redox active catalysts, allowing reactivity at the sulfurs
and storage of electron density through-out the complex.*® Notably some of the complexes
dimerize, forming metal sulfur bonds between two metal bis(dithiolene) monomers such that each
of the metals are five coordinate. However, dimerization is not observed for the Co
bis(tolyldithiolate) and Co bis(benzenedichlorodithiolate) complexes discussed here-in. 4”0
These Co(bdt), and derivatives were first shown to be active for HER by the Eisenberg
group in the early 2010’s. Co(bdt)> was first studied for homogeneous electrocatalytic HER and
homogeneous photocatalytic HER with Ru(bpy);*" as a photosensitizer.*® The effects of
modification of the ligand on the catalytic activity of the complexes was also investigated.*’
Further, when paired with CdSe nanocrystals as the photosensitizer, these were shown to be
durable photocatalytic systems, active for 300,000 turn over numbers (TON) over 60 hr.®* Our
group then showed these catalysts could be immobilized on electrode surfaces by physisorption,
see Section 1.2.4. Benzenedithiolate and dithiolene type catalysts with various metals are still

being actively developed and explored as HER catalysts.*6°

1.2.2 Mechanism

The HER mechanism involves four nominal steps, two protonation (chemical steps, or “C”)
and two electron transfer steps (“E”). For Co bis(benzenedithiolate) types of catalysts, the first
mechanistic step is known to be reduction, as these catalysts are not observed to be protonated at
reasonable acid concentrations, and the catalytic wave is observed at more negative potentials than

the Co'/Co!! couple. The second step is known to be protonation, as the Co'/Co! couple is not



observed in the absence of acid within a reasonable potential window. This shows that the first
two steps are EC, and so the full mechanism is then ECCE or ECEC. The following steps have not
yet been observed experimentally, but have been investigated computationally in support of an
ECCE mechanism.® According to calculations by Solis and Hammes-Schiffer, after reduction, the
complex is protonated at Spat. Then a second protonation occurs at another Spq:. Finally, reduction

11T

occurs, one of the H-Spq is transferred to the Co' to give a Co'-hydride, and then dihydrogen is

eliminated intramolecularly.

1.2.3 Immobilization of Molecular Catalysis on Electrode Surfaces

There is great interest in immobilizing earth abundant transition metal molecular catalysts

on electrode surfaces,®*¢’

as catalyst immobilization onto electrode surfaces adds the benefits of
heterogenous catalysis to those of molecular catalysts. The application of heterogenized molecular
catalysts allows for (a) the use of less catalyst compared to homogenous solution, (b) easy
separation of the catalyst from the electrolyte solution, and (c) it also limits cross contamination
between half-cell reactions, while maintaining most of the benefits of the molecular catalyst
systems. While attaching molecular catalysts to electrode surfaces has many benefits, potential
issues include the identification of the active species on the surface and possible degradation
pathways upon attachment to the surface or under catalytic conditions.®® To develop molecular

catalysts into HER active films on electrode surfaces, researchers have explored different

immobilization approaches including physisorption to carbon nanotubes and other graphitic

69-76 77,78

materials, incorporation into reduced graphene oxide thin films and into polymer

72,80,81 ) 55,82,83
b

matrices,”’ covalent attachment to carbon nanotubes and edge plane graphite (EPG

chemical modification of glassy carbon (GC),3%

and incorporation into metal organic
frameworks (MOFs)**? and into MOFs embedded with carbon nanotubes.®”* Similar to the
immobilization of molecular catalysts onto electrode surfaces, many groups have integrated single
metal ions into (often graphitic) electrode surfaces, which often yields effective catalysts but also
comes with a number of challenges, including the control and full characterization of the metal

coordination sites.”’

1.2.4 Cobalt Bis(Benzenedithiolate) Type Catalysts Physisorbed to Graphitic Electrode

Surfaces.



Previous studies from our group took advantage of the fact that Co bis(benzenedithiolate)
type catalysts have planar structures, which allows them to m-stack well with graphitic materials.
Physisorption allows heterogenization of these catalysts in a straightforward way, and the
resulting, functionalized electrodes show high HER activity when the catalysts are physisorbed to
reduced graphene oxide (RGO)’® or a variety of other graphitic surfaces.”® The effects of ligand
modification on the adsorption, retention, and HER activity of the physisorbed catalysts was also
studied.”” Remarkably, these cobalt bis(benzenedithiolate) type catalysts have been shown to have
higher turnover frequencies (TOFs) in the surface-bound state than in solution.”®

Physisorption to graphitic surfaces allows simple preparation of HER active electrodes, by
simply soaking the electrode in a solution of the catalyst.”® Cobalt bis(benzenedithiolate) type
catalysts have been physisorbed to a wide variety of graphitic electrode surfaces, including well
defined Highly Ordered Pyrolytic Graphite (HOPG), and inexpensive graphite, but also thin films
of graphitic materials, like graphene and RGO, that have been deposited on other (benign)
electrodes.”>¢ Additionally, these catalysts can be embedded inside of a (multilayer) graphitic
film, such as RGO films.”® These RGO films are made from graphene oxide (GO). GO is an
oxidized, exfoliated form of graphite and has the benefit of being solution processable. GO can be
reduced to RGO, which then returns many of the structural and chemical properties of graphene,
including the conductivity. Drop-casting GO films with embedded catalysts and then reducing the
GO in situ to RGO films is another convenient method to prepare HER active thin films on benign
electrodes.”®®

There have been additional notable examples of heterogeneous catalysts derived from
cobalt bis(benzenedithiolate)s. In particular, Marinescu and co-workers have developed 1D and
2D MOFs with active sites of cobalt bis(benzenedithiolate)s.®®°! Additionally, a cobalt dithiolene
complex has been recently reported as HER active catalyst when physisorbed to carbon nanotubes

on carbon paper.’®

1.2.5 State of the Art

Making direct comparisons to other examples from the literature is challenging due to
variations in film thickness in these systems, but by comparing catalyst loading on the surface
broadly, one can roughly compare activities between these systems (see Table 1.1). A 2019 review

nicely summarizes electrocatalytic HER abilities of 3™ row transition metal molecular catalysts



immobilized on surfaces.?® A full review is not attempted here, but relevant and top examples in
the field are highlighted.

Physisorbing molecular catalysts to graphitic thin films, such as multiwalled carbon
nanotubes, can give catalyst loadings on the order of 1-10 nmol/cm?. If the catalysts are not prone
to physisorption on their own, covalent attachment to pyrene can help catalysts to physisorb on the
surface.®717274-7680 Unfortunately, in many examples from the literature the film thickness is not
reported, and so the density of the catalyst in the film is unknown, and a further, detailed
comparison with these systems is not suitable. Yet, with these systems, current densities ranging
from 0.5 to 4 mA/cm? are typical, and these current densities allow TONs on the order of 10°-10°
for the best performing systems. Coordination polymers, such as those reported by Marinescu and
co-workers, allow much higher metal ion density on the electrode surface, on the order of
pmol/cm?. But despite the higher density of electrochemically active Co on the surface, similar
current densities for HER are observed, likely due to the fact that the catalysts deeper in the film
cannot participate in HER.%%%° Further afield, immobilization of hydrogenase enzymes allows for
a quite high TON (7-10% in 16 hr), and with a specially designed highly porous electrode surface,

0.2 nmol/cm? in a 12 um thick film has been accomplished. %



Table 1.1. Comparison of various earth abundant HER catalysts immobilized on electrode surfaces. Note: here “/” is used to indicate
physisorption, and “-” is used to note chemisorption/covalent bonding to the electrode surface.

System* Thickness  Surface Density of TON Initial Conditions Ref

of film electrochemically current

active species density

(nm) nmol/cm? (% of total (CPE time) mA/cm?

catalyst on surface)
Graphite/Co(bdtCl)2 14.1 2.18E5 (8h) 78 pH03,-05VvsSHE 7
HOPG/Co(bdtCl2): 0.260 9.10E6 (8h) 65 pH 0.3, -0.5 V vs SHE 7
MWCNT-NiP 15405 1E5 (10h) 4 pHO0.3,-03VvsNHE %
MWCNT/pyrene-NiP 2+0.5 8.5E4 (6hr) 4 pH 0.3, -0.3 V vs NHE "
MWCNT-(Co diimine-dioxime) 45+0.2 5.5E4 (7hr) 2 pH 4.5, -0.59 V vs RHE 2
MWCNTs/pyrene-Co(glyoxime) 150 420 (24 hr) 0.34 pH 6.5,-0.7 V vs SHE &
SWNH (horns)/pyrene-CoTPA 20+04 9180 (12 hr) 0.33 pH 7.4, at-0.96 V vs g
NHE
MWCNTs/FeFe hydrogenase mimic-pyrene 7.6 +£0.9 (80%) 4+2E3(20 -0.71+0.2  pH7,at-0.49 V vs RHE 0
hr)
MWCNT/dimeric cobalt dithiolene 12.1 (23%) 5.1ES5 (16hr) pH 7, at-0.6 V vs RHE e
carbon cloth/C60-(Co diimine-dioxime) 260 190 (1 hr) 2.7 pH 4.5, at-0.8 VNHE o1
RGO/CoPorph no couple observed tested by repeat CV, at pH 14, currents >30 mA/cm2 n
observed over 1000 cycles
GCox-CoPorph n.r. (95 £ 6%) 85
EPG/FeFe hydrogenase 0.039 49+£0.1E5(0 0.42 pH 4, -0.8 V vs SHE £2
hr)
P(VP-St)/Co(Pc) 1,000 nr. 2E5 (1hr) pH 1.0,-0.90 V vs 102
Ag|AgCl

PTTB/CoSalen 223 0.169 (10%) 1.1E5 (2 hr) 1 pH4.5,-0.75 VyvsRHE 7
Co dithiolene 2D coordination polymer 360440 3700400 6-7 pH 2.6, -0.65 V vs SHE 88
Ni dithiolene coordination polymer 680 3 pH 1.3, at -0.8 V vs SHE 2
Co porphyrin MOF-MWCNT/Nafion 5 (32%) 3.2E4 (1/2 hr) 3 pH 1,-0.715 V vs RHE 93
Cobaloxime MOF 1,000 70 (54%) 2.1 E4 (18 hr) 1.7 pH 4, at -0.45 V vs RHE e
hydrogenase-mesoporous ITO 12,000 0.2 1.5 pH 6, -0.6 V vs NHE 100

* Abbreviations: MWCNT = multiwalled carbon nanotubes, SWNH = single walled carbon nanohorns, Porph = porphyrin, GCox = oxidized glassy carbon, EPG =
edge plane graphite, P(VP-St) = Poly(4-Vinylpyridine-Co-Styrene), PTTB = polythiophene analogue, MOF = metal organic framework, and ITO = indium—tin

oxide.
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As mentioned above, the US DOE would like to have the cost of H> gas at $1/kg. This will
require durable and cheap catalysts that can produce H> with a high current density. As an exercise,
if one had a 100 cm? electrode that could run consistently with a current density of 100 mA/cm?,
it would take 111 days of constant electrolysis to produce 1 kg of Ho. While the catalysts listed in
Table 1.1 are promising, there are quite a lot of improvements necessary before earth abundant
transition metal molecular catalysts in thin films will meet our goals for industrial hydrogen
production. To improve molecular earth abundant HER catalysis it is not only crucial to develop
new catalysts and new immobilization methods but to understand these catalysts’ mechanisms,
and thermodynamic and kinetic catalytic parameters to better learn their chemistry and apply

lessons learned in the design of new, high-performing catalysts.

1.3 Metal-Oxygen species

Transition metals are used as catalysts not only for reductive reactions, like hydrogen
evolution, see above, but also for a variety oxidative reactions in nature’s catalysts, enzymes, and
chemistry’s synthetic catalysts; many of these reactions are relevant to renewable energy
processes, |03 106113-1I8.105-112 1y the catalytic reduction of dioxygen, the oxidation of water to
dioxygen, and the use of oxygen related species in C-H activation and other oxidation reactions,
the transition metal mediates O—O bond formation and cleavage.!!>!!71!8 Several of the reaction
intermediates are oxygen derived ligands bound to a transition metal ion: metal-oxo, -peroxo, -
superoxo, species. Under carefully chosen conditions, such intermediates can sometimes be
isolated and further characterized. Relevant reactions and their mechanisms for water splitting and
common enzymatic reactions are described in more detail in Sections 1.3.1 and 1.3.2, respectively.

Table 1.2 shows a summary of such species, especially those discussed in this thesis, and
their charge, spin, and common vibrational spectroscopic markers. Upon binding and one electron
reduction of dioxygen gas, an end-on bound metal-superoxo moiety can be formed. Further
reduction (here assumed to be from the metal) can form a side-on bound peroxo moiety.
Protonation of one of the oxygen atoms can then form a hydroperoxo type moiety. Further
protonation and removal of water can give a terminal metal-oxygen species. Valence
tautomerization of this species can yield a metal-oxyl species, which weakens the M-O bond, and
which is a key intermediate proposed for water oxidation. High-valent metal(IV)-O species can

also be obtained in the laboratory by reacting an O-atom donor with a metal(II) species, specifically
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yielding a M'V=0 or M"'-O". These terminal metal-O species are crucial reactive intermediates in
oxidation reactions. The electronic structure of such M-O species is discussed in further detail

below (Section 1.3.3).

Table 1.2. Summary of oxygen derived species and select properties.

Species dioxygen superoxo peroxo hydroperoxo 0X0 oxyl
O 00 LOH 0O 0
Structure O//O O \ /n+ 1 (I) | | | |
I v
M n M M n+1 M M 1]
Charge on oxygen 0 1 9 1 9 1
moiety
Spin on oxygen 1 v, 0 0 0 v,
moiety
Vibrational Deuterium M-O
spectrosconic 0-0 0O-O stretch sensitive stretch, Relatively
pmarker (Sl;l stretch near near 800 vibrations, around weaker M-
1100 cm! cm’! 0-O stretch 500-900 O stretch
near 800 cm’! cm’!

1.3.1 Relevance to Water Splitting and Renewable Energy Reactions

On the anodic side of water splitting, water is oxidized to make (di)oxygen gas. Catalyzing
the four electron, four proton transformation of OER is a challenge that often limits the activity of
overall water splitting systems.'!” This reaction is challenging for earth abundant transition metal
molecular catalysts, yet chemists have designed several such catalysts most of which feature
multidentate or macrocyclic ligands with nitrogen coordination to the metal.''” Many molecular
OER catalysts take design inspiration from nature’s enzymes, especially photosystem II (PSII),
the function and mechanism of which is described further below.!'®!"” The reverse reaction,
oxygen reduction reaction (ORR), is needed to “burn” hydrogen in fuel cells. As in water splitting,
the ORR involves transferring four electrons and four protons and limits the overall efficiency of
the cell.!'"® The proposed catalytic cycles for both these reactions often involve several
intermediates with metal ions interacting with oxygen-based species. Especially relevant are the
high-valent metal-oxo intermediates that are often proposed as key intermediates in catalytic
cycles, yet they are rarely observed and characterized.!"!'”-!!8 Understanding how oxygen related
species, such as -oxo, -peroxo, and -superoxo moieties, interact with such metal complexes in

further detail could enable chemists to design catalysts with higher reactivity and durability.
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1.3.2 Relevance in Biology

In biology, O—O bond formation and cleavage transformations mainly occur at Fe and Mn
sites because these metals are abundantly available, readily bind oxygenic species and exhibit rich
redox chemistry.!!*!2° As described above, dioxygen activation and the reverse O-O coupling
reaction often involve proposed metal-superoxo, -peroxo, -oxo and/or -oxyl intermediates as
described in Section 1.3.!'> High-valent metal-oxo complexes are especially common reactive
intermediates. Collectively, these findings inspired the synthesis of Mn—O and Fe-O systems,
which have recently been joined by similar systems featuring late transition metals. For example,
the O—O bond-formation step preceding O> evolution at the oxygen-evolving complex in PSII is
proposed to occur via a putative Mn—O intermediate.'?!"!'%> In the case of PSII, detailed
experimental and theoretical studies that aimed to discern between these two mechanisms have

126.127 a]though recent work favors a coupling mechanism: 212 this

yielded controversial results,
mechanism requires the oxygenic ligands to have distinct radical oxyl (O™") character instead of
being oxo (O%") groups. In the context of high-valent metal complexes, this is possible by the
valence tautomerism M™'=0%«> M"-O"". Nevertheless, the major flaw in our understanding of
PSII remains the lack of data on the intermediates directly preceding O—O bond formation, which
means that unambiguous assignment of the mechanism is not possible.

The microscopic reverse of O—O bond formation is O; activation, wherein a M—O>(H)
complex converts into a high-valent metal-O intermediate through homolytic or heterolytic O-O

dl 13-116

bond cleavage. This activation process is better understoo on account of trapping and in-

depth spectroscopic characterization of high-valent Fe—O cores in heme and non-heme
oxygenases, which perform hydroxylations, O-atom transfers and other reactions!''*!2-13! Yet
there are still uncertainties in specific mechanisms, for instance, a dinuclear Fe'v,0> species is
believed to be the active oxidant in the hydroxylation of CH4 by soluble methane monooxygenase
(SMMO),!3%133 but the exact identity of this active species has been the subject of much
controversy.

The uncertainty related to the O—O bond formation mechanism in PSII and the nature of
the reactive intermediates in many Fe- and Cu-containing oxygenases have inspired bioinorganic
chemists to synthesize and characterize model complexes as an indirect means to probe the

structures of reactive intermediates and the plausible mechanisms. By studying how molecular

complexes perform O—O bond formation and cleavage, we can perhaps better understand the way
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in which the reactions proceed in biology. These synthetic molecular complexes need not be
restricted to those featuring nature’s choice of metals, namely, Mn, Fe and Cu. Thus, a wide variety

of bioinspired and biomimetic Cr, Mn, Fe, Co, Ni and Cu complexes have been prepared,'!!-!14

16.130.134-137 gome of which have proven to be valuable spectroscopic models for the enzyme active

sites.

1.3.3 Terminal Metal-Oxygen Species and the ‘Oxo Wall’

Specifically, terminal high-valent metal-oxos, such as Mn—O, Fe—O, Co—0O, Ni-O and Cu—
O cores, are known to have high reactivity towards O—O bond formation, H-atom transfer (HAT)
and oxygen-atom transfer (OAT) reactions. In the case of Ni and Cu, evidence for such high-valent
intermediates is more speculative.

We can obtain information regarding the reactivity and stability of terminal metal-O cores
directly from ligand-field theory. To understand the bonding between a metal center and an oxo
ligand, we first need to consider which metal and ligand frontier orbitals are involved in bonding.
For the oxo dianion (O?"), the occupied O(2p) orbitals can participate in o-donor and m-donor
bonding to the metal center. For a first-row transition-metal ion M"", it is the 3d orbitals that are
the most relevant for bonding, especially for highly oxidized metal centers. These d orbitals
become nondegenerate when M"" experiences a ligand field. In the case of an octahedral (On)
ligand field, the d-2 and dxz.y2 orbitals that overlap directly with the ligands are raised in energy
relative to the dxy, dx; and dy; orbitals. This On symmetry is lowered if one of the M—ligand bonds
is significantly stronger than the other ones, as is the case when the M—O fragment is present. Loss
of an xy mirror plane results in effective Cy4y (tetragonal) symmetry, wherein the M—O bond is
collinear with the z-axis. Relative to the dxy orbital, the dx, and dy, orbitals are higher in energy
owing to their m-antibonding interactions with the oxo group. Likewise, the d,» energy is raised
owing to a strong M—O o-antibonding interaction (Figure 1.3a). In most cases, the dxy orbital is
essentially non-bonding with respect to all ligands. By contrast, the dx2-y2 orbital participates in ¢
bonding with ligands in the xy plane, whose electron-donating or electron-withdrawing abilities
affect the properties of the M—O complex, such that altering these ligands can tune spin states and

reactivity.
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Figure 1.3. Coordination geometry, d-electron counts, and spin state govern M—O bond order. a)
Molecular orbitals calculated for [V(O)(H20)s]*" in tetragonal (Cay) symmetry, indicating o-
bonding and n-bonding interactions involved in the V-O linkage. The V-O c-antibonding and n-
antibonding interactions are highlighted. Here, the M—O bond coincides with the z-axis. b) The
relative energies of valence d orbitals of a M—O complex depend on its symmetry. ¢) The spin state
of a complex, here a tetragonal Co'V—O (3d°) species, affects the formal M—O bond order. With
respect to the M—O interaction, the black orbitals are non-bonding, the blue ones 6* and the red
ones T*.

The average energy of the d orbitals, which depends on the effective nuclear charge of the
transition-metal cation, decreases on moving left to right across the first row and with increasing
metal oxidation state. This means that, for an early metal M—O complex, the filled O(2p) orbitals
are much lower in energy than the M(3d) orbitals. In terms of the orbitals associated with the M—

O fragment, the bonding combinations are mostly localized on the O center and the antibonding
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combinations have dominant M(3d) character (see Figure 1.3a and Figure 1.4). As one moves left-
to-right across the periodic table, the d-orbital energies decrease to values more comparable with
the O(2p) orbitals, resulting in more covalent M—O bonding, and eventually bonding inversion,
discussed below.

In the frontier molecular orbital diagram for a M—O complex in C4y symmetry (Figure
1.3b, left) a pair of electrons of the oxo group formally occupies each one of the 6-bonding and =-
bonding M—O orbitals (at lower energy and not shown). The number of electrons in the d orbitals
then depends entirely on the nature and oxidation state of the metal. Using [V(O)(H20)s5]*" as an
example, a complex initially studied by Ballhausen and Gray in 1962,'® the V!V center has a single
d electron in the non-bonding dxy orbital. This gives a formal V=0 triple bond, with the six bonding
electrons coming exclusively from the oxo ligand. Advancing across the first row increases the 3d
electron count for a given oxidation state. In a tetragonal Cr'™VO (d?) complex, the dxy orbital would
be doubly occupied, giving an unchanged M—O bond order of 3. For Mn'VO (d?), one electron now
populates the M—O antibonding n* orbitals (dx./dy-), decreasing the formal M—O bond order to 2.5
and causing a Jahn—Teller distortion. In the case of Fe'VO (d*), which is a key intermediate in C—
H bond activation by high-valent heme and non-heme Fe-O intermediates, the famous Fe'V=0
double bond results. Then, one arrives at group 9. Indeed, by advancing from Fe!¥ to Co'V (d°),
another electron populates an M—O 7* antibonding orbital, decreasing the bond order to 1.5, which
destabilizes the oxo ligand and makes it more basic and nucleophilic. The M—O unit becomes
much more reactive, such that it can undergo protonation and/or afford bridged M—-O-M
complexes. When suitable substrates are available, this likely increases reactivity for OAT and
HAT. The effect of decreasing bond order becomes more drastic when one adds additional M—O
n* antibonding electrons for Ni'¥ and Cu!V. See Section 4.1.2 for literature examples of proposed
high-valent terminal Ni-O complexes. This growing instability of the M—O group and the
corresponding increased reactivity was first noted by Ballhausen and Gray and is now widely
known as the ‘oxo wall’.!%>13% This term was coined by Harry Gray in the 1990s and first used in
his advanced inorganic chemistry course. '

Our discussion has, so far, focused on low-spin complexes. There is, however, a possibility
to break the oxo wall if higher spin states are considered, at least in the case of Co'". Let us illustrate

this concept with simplified molecular orbital diagrams of formally tetragonal Co'V—O complexes

in different spin states (Figure 1.3¢c). A Co'Y center in an intermediate spin state (S; = 3/2) can form

16



a Co=0 double bond — a direct violation of the oxo wall. One example for such a complex is
[Co(13-TMC)(O)]** (13-TMC= 1,4,7,10-tetramethyl-1,4,7, 10-tetraazacyclotridecane).'*! In the
case of a Ni'V—oxo complex in a high-spin state (S; = 2), a maximum Ni—O bond order of 1.5 could
still be achieved, see Figure 4.1. However, whether this latter type of complex can be accessed
experimentally is unclear. Aside from perturbing the spin state, another strategy to circumvent the
oxo wall is to change the symmetry of the complex. The oxo wall declares the instability of late-
transition-metal-oxo species of tetragonal symmetry but does not refer to other symmetries,
despite erroneous literature claiming so. For example, a trigonal-bipyramidal (TBP) complex with
an apical M—O moiety has C3y symmetry and a different splitting pattern of the d orbitals (Figure
1.3b, middle). Here, the lowest-energy d orbitals are dx2-y2 and dxy, both of which are orthogonal
to the M—O bond. Hence, a low-spin complex can store four electrons in these d orbitals without
affecting the (formal) M—O bond order. In the case of Co'Y and Ni'V complexes, one and two
additional electrons are added to the m-antibonding dx, and dy, orbitals, which leads to formal M—
O bond orders of 2.5 and 2, respectively. With Cu'V, a third electron is added to these orbitals,
destabilizing the M—O interaction such that the maximum formal bond order is 1.5.

If one begins with TBP symmetry featuring an apical oxo group and removes the other
apical ligand, this allows the three remaining co-ligands to bend down, giving rise to pseudo-
tetrahedral (PTD) Csy symmetry (Figure 1.3b, right). A complex with PTD geometry has a similar
orbital ordering as TBP, but the d,» orbital may mix with the M(4s) and M(4p) orbitals, as proposed
for an Fe—nitrido complex, such that the d,» level drops in energy between the dx2-y2/dxy and dx./dy,
pairs.!*> However, density functional theory (DFT) calculations on PTD V-0 and Cr—O complexes
predict d,» to be the highest-energy 3d orbital in PTD symmetry,'* so this point requires further
study. If the d,2 energy does indeed fall between the dx2-y2/dxy and dx./dy, pairs, then low-spin Co'V—
O and Ni'V-O complexes would have electron density in the 6-antibonding d,» orbital and not in
the m-antibonding dx,/dy, orbitals, which would be a truly unique bonding situation for a metal—
oxo complex (weak o-bonding and strong m-bonding). The synthesis and characterization of
[Ir¥(O)(mesityl)s], a heavy late-transition-metal complex in this symmetry, was reported in
1993 144

Importantly, the electronic structures of such complexes play important roles in their
reactivities. These complexes are often unstable, as predicted using ligand field diagrams, but have

long been claimed as intermediates in reactions and catalytic cycles. Recently, chemists have
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stabilized and characterized a few putative late-transition-metal-oxo complexes past the oxo wall.
The syntheses of these complexes typically involve low-coordinate, non-tetragonal species and/or
complexes with bulky ligands that may prevent bimolecular-decay pathways involving the highly
basic oxo ligands of two M—O cores. If the M—O core is taken to be apical, then the equatorial
donation of the supporting ligands can be tuned to stabilize this core, even if the metal element M

is beyond the oxo wall in group 9 or higher.

1.3.4 Bonding Inversion

e o . & e

Fe: 56% Co: 47%
0:29% 0:44%
Y Y N £
Ni: 23% Cu: 6%
0:69% 0: 85%

Figure 1.4. Inversion in a m-antibonding MO for a series of metal-oxo complexes from Fe through
Cu for a series of M(O)[TBA]"" complexes. The percentage of metal and oxygen character of the
MO shown is listed for each. The MOs were calculated in ORCA with PBEO/TZVP and visualized
in Avogadro after optimization with PBEO/TZVP in Gaussian.

Another factor that can contribute to the instability of the late-transition-metal-oxo
complexes is valence tautomerization. Thus, an oxo complex Mn"'=0% can exist as the
corresponding oxyl species Mn—O"", which is expected to be much more reactive.!*>!%® This is
particularly likely for late transition M—O complexes, in which the d orbitals are already very low
in energy. If the d-orbital energies drop below those of occupied O(2p) orbitals, an inversion in

bonding results, which means that the M—O bonding orbital combinations now have more
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dominant M(d) character, and the antibonding orbital combinations have more O(2p)
contributions.**!47 In such an inverted ligand field, the oxo ligand acquires distinct radical (oxyl)
character, weakening M—O bonding and likely activating the M—O group for reactions with
substrates. This is illustrated by the metal decreasing and oxygen character increasing in a m-
antibonding molecular orbital (MO) from Fe to Cu as calculated and visualized in Figure 1.4. The
n-antibonding MO for Fe, top left, shows majority Fe character, as expected in traditional ligand
field theory. However, this m-antibonding MO for Cu shows hardly any Cu character and nearly
all O character, showing that the bond is fully inverted. The bonding MO is not shown but would

have nearly all Cu character.

1.4 Scope of Thesis

The research described herein brings us closer to sustainable hydrogen production by
investigating the chemical species involved in the catalytic processes used to split water. Hydrogen
is a useful chemical feedstock!> and clean fuel,'®*! and to understanding metal-oxygen
intermediates in water oxidation, fuel cell reactions, and enzymes.'*®!*° Specifically, in this
process of hydrogen and oxygen cycling between water and gases, this dissertation describes
research I have conducted on cobalt bis(benzenedithiolate)s as (electro)catalysts for hydrogen
production and spectroscopic and density functional theory studies characterizing iron- and nickel-
oxygen intermediates with relevance to water oxidation.

Chapter 2 describes a molecular catalyst, [cobalt bis(benzylammoniumdithiolate)]",
covalently attached to graphene oxide as a thin film catalyst for HER. This new member of the
acclaimed cobalt dithiolene family of HER catalysts was characterized by UV-Vis and
paramagnetic 'H-NMR spectroscopy, cyclic voltammetry, and mass spectrometry, showing
similar properties as known cobalt bis(benzenedithiolate) type complexes. The amine-modified
complex is then covalently attached to graphene oxide through reaction with epoxide groups, and
the resulting GO-Co suspension is drop-cast onto glassy carbon electrodes to give thin films. These
films were characterized by atomic force and scanning electron microscopy, which show wrinkled
films with a thickness of 330 =+ 120 nm. When reduced, the RGO-[cobalt
bis(benzylammoniumdithiolate)]" films (RGO-1) show high activity for electrocatalytic hydrogen
production in acidic aqueous conditions with turnover frequencies up to 1000 s at pH 0, an

overpotential of 273 £ 5 mV at pH 3, and a Faradaic efficiency of 97 + 4 %. With atmospheric
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levels of dioxygen, RGO-1 remains completely stable and delivers 79 + 3 % Faradaic efficiency
for HER. Kinetic and thermodynamic electrocatalysis parameters are further provided, including
analysis of the onset potentials, foot-of-the-wave analysis, Tafel slopes, and plateau currents. The
latter gives a rate constant of 1.5-10* M!s™! for HER for RGO-1. Controlled potential electrolysis
for multiple hours shows improved activity and durability over the analogous physisorbed systems.
This chapter has been adapted from Larson, Virginia; Lehnert, Nicolai*; “Covalent Attachment
of Cobalt Bis(Benzylaminedithiolate) to Reduced Graphene Oxide as a Thin Film Electrocatalyst
for Hydrogen Production with Remarkable Dioxygen Tolerance”, ACS Catal. 2024, 14 (1), 192—
210.2

Chapter 3 investigates the individual steps in the HER mechanism of cobalt
bis(benzenedichlorodithiolate). The first step in HER for this family of catalysts is reduction.
Accordingly, the Co' form of the complex is prepared by chemical and electrochemical reduction
and characterized. X-ray crystallography shows that this species has square planar geometry, with
a Co centered reduction. Further magnetic circular dichroism (MCD), electron paramagnetic
resonance (EPR), and UV-Vis spectroscopy on this species support it is a low spin S; = %> Co™!
species. The species is reactive towards protons, as expected, but instead of isolating a singly

protonated species the reaction proceeds to return the Co™

starting complex. These results are
being prepared to be published in a paper.

In Chapter 4, the identity and electronic structure of a formally Ni'V-oxo species, prepared
with the TAML*" co-ligand (TAML* = tetraamido macrocyclic ligand), is shown to be best
described as an intermediate spin Ni-oxyl species through in-depth spectroscopic
characterization and density functional theory (DFT) calculations. The temperature sensitive and
reactive species was characterized by MCD spectroscopy which revealed its spin state as an
intermediate spin St = 1. The DFT studies, with experimental input from extended X-ray absorption
fine structure (EXAFS), showed the best agreement with the experimental data to be a 6-coordinate
[Ni(O)(OH)(TAML)]*. Due to the low energy of the Ni d-orbitals, the species shows a high degree
of bond inversion, giving the SOMO mostly oxygen character. Therefore, the species is best

described as a low spin Ni'l

ferromagnetically coupled with an oxyl radical. This research was
performed in collaboration with Professor Wonwoo Nam’s group at Ewha Womans University in
Seoul, Korea, who synthesized the complex and studied its reactivity, and Professor Jason

Shearer’s group at Trinity University in Texas, USA, who performed and analyzed the X-ray
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absorption spectroscopic data. Adapted from Karmalkar, Deepika’; Larson, Virginia'; Malik,
Deesha; Lee, Yong-Min; Seo, Mi Sook; Kim, Jin; Vasiliauskas, Dovydas; Shearer, Jason*;
Lehnert, Nicolai*; Nam, Wonwoo*; “Preparation and Characterization of a Formally Ni'V—Oxo
Complex with a Triplet Ground State and Application in Oxidation Reactions”, J. Am. Chem. Soc.
2022, 144, 49, 22698-22712.1%° The double dagger indicates Deepika Karmalkar and Virginia
Larson are co-first authors on this manuscript.

In Chapter 5, a reactive Fe'! species with the TMCO (TMCO = 4,8,12-trimethyl-1-oxa-
4,8,12-triazacyclotetradecane) co-ligand is investigated and through thorough spectroscopic and
theoretical investigations, the species is shown to be a Fe''(OPh") complex. The elusive, reactive
blue species was shown through careful synthetic work, by my collaborator Dustin Kass, to include
a phenyl group that originated from NaBPh4, and that could be synthesized in an alternative manner
by one-electron oxidation of the corresponding Fe'-phenolate complex. Resonance Raman
(rRaman) and MCD spectroscopies were able to confirm that the alternative preparation is the
same blue species, Fe''(OPh"). Additionally, vibrational frequencies calculated by DFT matched
the rRaman data well, especially matching the experimental change in the rRaman spectra when
NaB(p-methylphenyl)s is used in place of NaBPhs. MCD spectroscopy and DFT, in agreement
with electron paramagnetic resonance (EPR) and Mdssbauer, support the identification of the
species as a high-spin, S; = 2 Fe'! ferromagnetically coupled with a phenoxy radical for an overall
St = 5/2 species. This research was performed in collaboration with Professor Kallol Ray’s group
at Humboldt University in Berlin, who synthesized the title complex and its variations, and
performed the initial spectroscopic characterization and reactivity studies. Ray’s collaborators in
the Bill group performed the Mdssbauer and EPR spectroscopies and related analysis. This chapter
is adapted from Kass, Dustin’; Larson, Virginia’; Corona, Teresa; Kuhlmann, Uwe; Hildebrandt,
Peter; Lohmiller, Thomas; Schnegg, Alexander; Eckhard, Bill; Lehnert, Nicolai*; Ray, Kallol*;
“Trapping of a Phenoxyl Radical at a Non-Heme High-Spin Iron(II) Center”, Nat. Chem. 2024.'%!
This manuscript has been published but has not yet been assigned volume, issue, and page
numbers. The double dagger indicates Dustin Kass and Virginia Larson are co-first authors on this
manuscript.

In Chapter 6, the electronic structures of a series of Fe!!

-peroxide complexes with tetra-
amine co-ligands of different ring sizes are investigated via spectroscopic characterization and

density functional theory calculations, to explain the drastically different reactivities across the
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series. DFT analysis shows that the Fe-peroxo bond primarily consists of a 6 and pseudo-c bond.
MCD spectra of these complexes show an interesting derivative type signal that is preserved across
the series, the lower energy signal of which is shown to correspond to the 6 to 6* ligand to metal
charge transfer (LMCT) by variable temperature variable field MCD and time dependent-DFT.
This & to 6* electronic transition is also the main electronic transition observed by UV-Vis and
gradually increases in energy from 14- to 13- to 12-TMC (TMC = N-tetramethylated cyclam ).
This change in energy reflects a stronger Fe-O2 bond as the co-ligand ring contracts. Additionally,
the complexes show sensitivity of their vibrational properties and electronic transitions to the H-
bonding ability of the solvent, which is explained by the 6 bond formed between the Fe dxy and the
O =©*, the latter of which is sensitive to H-bonding. This research was performed in collaboration
Professor Wonwoo Nam’s group at Ewha Womans University in Seoul, Korea, who synthesized
the complexes, studied their reactivity, and performed the rRaman spectroscopy, and Professor
Binju Wang’s group at Xiamen University, in Xiamen, China who performed the DFT geometry
optimizations and DFT reaction coordinate analysis. Adapted from Zhu, Wenjuan; * Wu, Peng;
Larson, Virginia;' Kumar, Akhilesh;‘Li, Xiao-Xi; Seo, Mi Sook; Lee, Yong-Min; Wang, Binju;*
Lehnert, Nicolai;* and Nam, Wonwoo;* “Electronic Structure and Reactivity of Mononuclear
Nonheme Iron-Peroxo Complexes as a Biomimetic Model of Rieske Oxygenases: Ring Size
Effects of Macrocyclic Ligands”, J. Am. Chem. Soc. 2024, 146 (1), 250-262.'>2 The double dagger
indicates Wenjuan Zhu, Peng Wu, Virginia Larson, and Akhilesh Kumar contributed equally to
this manuscript.

Chapter 7 concludes this thesis, discusses preliminary work, especially on
photo(electro)catalytic HER with Co bis(benzenedithiolate) type catalysts, and possible future

directions.
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Chapter 2 Covalent Attachment of Cobalt Bis(Benzylaminedithiolate) to Reduced
Graphene Oxide as a Thin Film Electrocatalyst for Hydrogen Production

In this chapter, a new amine functionalized member of the Co bis(benzenedithiolate) family
of HER catalysts is synthesized and covalently attached to RGO. The modified RGO-catalyst is
drop-cast to make thin films which are shown to be highly active for electrocatalytic hydrogen
evolution. The chapter is adapted from: Larson, Virginia; Lehnert, Nicolai*; “Covalent
Attachment of Cobalt Bis(Benzylaminedithiolate) to Reduced Graphene Oxide as a Thin Film
Electrocatalyst for Hydrogen Production with Remarkable Dioxygen Tolerance” ACS Catal. 2024,
14 (1),192-210.2

2.1 Introduction

Hydrogen (H2) can be produced in the water splitting reaction, specifically on the cathodic
side through the hydrogen evolution reaction (HER), where two protons and two electrons are
combined to make H». This study of a HER molecular catalyst immobilized in thin RGO films
continues to develop our understanding of thin film electrocatalysis for the advancement of both
clean hydrogen production as well as for other electrocatalytic reactions related to clean energy
and chemical syntheses. Please see the Introduction Section 1.1 for further discussion on the
benefits of clean hydrogen production from water splitting.

Our group has researched cobalt bis(benzenedithiolate) type catalysts for hydrogen
evolution when physisorbed on graphitic electrode surfaces. Please see the Introduction Section
1.2.4 for further discussion on this research. The drawbacks of physisorption as a heterogenization
method are that it necessitates a graphitic electrode surface and a catalyst that can n-stack to the
surface. Our group has noted that in such systems, catalytic activity is shown to decrease over
time; for example, for cobalt bis(benzenedithiolate) complexes adsorbed on HOPG, HER activity
decreases to ~10% of the initial current within 8 hrs.”” As the amount of cobalt on the electrode
surface was shown to decrease as well, it was proposed that the catalyst slowly dissociates from

the electrode surface, leading to loss of activity. Dissociation is a reasonable deactivation
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mechanism, as a physisorbed catalyst is only held to the surface by relatively weak intermolecular
forces. Therefore, an analogous system where the catalyst binds more strongly to the electrode
surface, by forming a covalent bond between the RGO film on the electrode surface and the cobalt

bis(benzenedithiolate) type catalyst was designed.

2.1.1 Scope of This Chapter

In this chapter, a new amine-modified cobalt bis(benzenedithiolate) complex is synthesized
and then characterized by UV-Vis and paramagnetic nuclear magnetic resonance spectroscopy,
mass spectrometry, and cyclic voltammetry, showing that this complex is similar to other cobalt
bis(benzenedithiolate) catalysts reported before. The amine functionality allows the catalyst to
form a covalent bond with GO by reacting with epoxide groups on the GO sheets in solution. !
The modified GO can be drop-cast onto a benign electrode to form a thin film, and can then be
reduced in situ to form RGO. The RGO-Co thin films obtained in this way were characterized by
scanning electron and atomic force microscopy. The thin film catalyst is shown to be highly active
for electrocatalytic hydrogen production in acidic (pH 0-4) aqueous solutions, giving an observed
TOF of up to 1000 s™! by cyclic voltammetry. In inert atmosphere, quantitative Faradaic efficiency
is observed, while under air, the catalyst maintains 79% Faradaic efficiency for hydrogen
evolution. Further, detailed electrochemical discussion is provided in this chapter, including the
analysis of catalytic onset potentials, Tafel slopes and plateau currents, and the application of the
foot-of-the-wave method. Controlled potential electrolysis reveals a TON of 1.3 * 10° before loss

of electrocatalytic activity is observed.

2.2 Results and Analysis

2.2.1 Synthesis and Characterization of the Catalyst

The preparation of the amine-modified catalyst requires the synthesis of the corresponding
amine-substituted benzenedithiol ligand. Of the investigated synthetic routes for such a molecule,
the one shown in Figure 2.1 was found to be successful. First, the amine group of the 3,4-
difluorobenzylamine starting material is protected with a fert-butoxycarbonyl (boc) moiety. The
aryl-fluorines are then substituted for thiols, forming thioethers, via nucleophilic aromatic

substitution. This reaction is the lowest yielding step of the overall synthetic pathway and results
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in a mixture of the desired disubstituted product with impurities of the monosubstituted
compounds. The mixture is deprotected in one step, removing both the diphenylmethyl and boc
protecting groups, to give the protonated amine-modified benzenedithiol ligand. The ligand is then
deprotonated and metalated with cobalt, giving the amine-modified cobalt bis(benzenedithiolate)
complex 1 (note that complex 1 is the protonated (ammonium) version of the catalyst). While the
monosubstituted biproducts of the nucleophilic aromatic substitution are present in the metalation

reaction, they are not expected to metalate with Co™

since they do not contain the cis-dithiolate
unit that binds so strongly to trivalent metal ions. Correspondingly, ’F-NMR spectroscopy of the
metalated complex does not show ligand fluorine peaks (Figure 2.30), indicating that the
monosubstituted biproducts are removed in the metalation process and following workup.
Complex 1 is soluble in DMF with a 5% HCI aqueous solution added, such that there are about 10
equivalents of HCI present per catalyst. Complex 1 is more stable in this solution, hereafter referred
to as DMF/HCl,g, than in its deprotonated form (either as a solid or in solution). Further details on

the synthesis of 1 are provided in the Experimental Section (2.4.3).

R2
HoN HN HaN
Boc,0 2eq R¢SH, 2 eq NaH Trlethylsnane TFA

_ =

. CHyCly, RT, 1 hr DMF, 0to 100 °C, 6 hr CH,Cly, 38°C, 1 hr

+

SH

51% <10%
3 eq NaOMe
1/2 eq CoSO4 * 7 H,0
TBABr
MeOH, RT, 2 hr

Ry = R2= o J< -+
g0 < L
Co +
7/ N\ NH3
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last two steps 64%
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Figure 2.1. Synthetic scheme of the amine-modified catalyst.
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Figure 2.2. UV-Vis spectrum of 1 at 0.12 mM concentration in DMF with trace HClaq. The inset
shows pictures of 1 in DMF/HClagq.

Complex 1, a new variation on the class of Co bis(benzenedithiolate) complexes, compares
well in terms of spectroscopic properties to other representatives of this group that were previously
characterized. Figure 2.2 shows the UV-Vis spectrum of 1. The data show intense, broad ligand-
to-metal charge-transfer (LMCT) bands in the NIR region,®*’ with a maximum at 657 nm,
responsible for the deep blue color of the complex. The higher energy absorption bands are thought
to originate from intraligand n-n* transitions.!>* Both of these features are well conserved across

the family of Co bis(benzenedithiolate) complexes,®"’

implying that 1 is electronically similar to
other members of the family, as expected. Complex 1 was also characterized by mass
spectrometry, showing a mass of 396.95 m/z which matches well with the calculated 396.94 m/z
for [Co(benzylaminedithiolate)>]~, resulting from deprotonation of the amine under the
experimental conditions.

As these complexes are paramagnetic, with a four-coordinate (4C), intermediate-spin Co™

center (St = 1), paramagnetic NMR spectroscopy offers a suitable characterization method for these
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complexes (Figure 2.3), giving rise to a unique spectral fingerprint. The paramagnetic 'H-NMR
spectra of the tetrabutylammonium (TBA™) salts of the complexes cobalt
bis(benzenedichlorodithiolate) (2) and cobalt bis(toluenedithiolate) (3) have been previously
reported and show the aromatic protons paramagnetically shifted upfield to circa -25 ppm.'> The
tolyl protons of 3 are shifted downfield to 46 ppm. Comparison of the 'H-NMR spectra of 1 to
those of these complexes provides further insight into the spectral assignments for 1. In this case,
three paramagnetically shifted proton signals at -20.0, -20.5, -24.1 ppm are observed, which are
similar to, but distinct from, the aromatic proton signals of 2 and 3, and another signal at 30.2 ppm,
whose similarity to the tolyl protons of 3 indicates that this peak corresponds to the benzyl protons
of 1. For additional comparison, the acetyl-protected form of the cobalt bis(benzylaminedithiolate)
complex, labeled 4, was prepared as well, by reacting 1 with excess acetic anhydride and
triethylamine (TEA). As expected, the paramagnetic 'H-NMR spectrum of 4 is similar to that of
1, but with shifts in both the upfield and downfield signals.

Cl Cl -
S S _\
N S
/Co\ 2
S S
Cl Cl

S\ /S _\-
s segiE

)
S A NH
HaN o 1
3 s s

o |
By N)K
\[rHVE;[S/CO\Sjijﬁ"| 4
o

T T T T T T T T T T T T T T .. T T T T T T T T T T T T T T
2 50 48 46 44 42 40 38 36 34 32 30 28 26 -10 -12 -14 -16 -18 -20 -22 -24 -26 -28 -30 -32 -34 -36
f1 (ppm) f1 (ppm)

Figure 2.3. Comparison of paramagnetic 'H-NMR spectra of cobalt bis(benzenedithiolate) type
complexes, as indicated. From top to bottom: 2, 'H-NMR (400 MHz, DMF): aromatic: -26.74
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ppm; 3, '"H-NMR (400 MHz, DMF): tolyl: 46.48; aromatic: -19.45, -20.37, -26.23 ppm; 1, 'H-
NMR (500 MHz, DMF/HCly): benzyl: 30.21; aromatic: -19.98, -20.49, -24.06 ppm; and 4, 'H-
NMR (400 MHz, DMF): benzyl: 39.62; aromatic: -19.89, -20.20, -25.46 ppm. Molecular structures
are indicated. See Figure 2.4 for "TH-NMR spectra of 2 and 3 in CDCls.

cl cl -
s. S |
/
PN 2
s’ s
cl cl

55 50 45 40 35 30 0 -5 -10 -15 -20 25 -30
f1 (ppm) f1 (ppm)

Figure 2.4. Comparison of paramagnetic '"H-NMR spectra of cobalt bis(benzenedithiolate) type
complexes in CDCl3. Top: complex 2, 'H-NMR (400 MHz, CDCl3): TBA*: -0.20, -1.70, -5.82, -
9.33; aromatic: -27.08 ppm; Bottom: complex 3, 'TH-NMR (400 MHz, CDCI;): tolyl: 47.13; TBA™:
-0.16, -1.85, -6.37, -10.61; aromatic: -20.72, -21.53, -27.57 ppm.

In DMF, none of the complexes show an associated counter ion. However, interestingly,
in CDCIs the tolyl and dichloro complexes have an associated TBA™ counterion that shows
paramagnetically shifted signals, see Figure 2.4. Note that paramagnetic N-H (amine or amide)
proton signals for 1 nor 4, nor the acetyl C-H proton signals for 4 are not observed. Likely these
are either broad (N-H), or do not show significant paramagnetic shifts (acetyl C-H) and are
therefore lost in the solvent suppression region. Without TEA included as a base in the reaction of

1 to 4, there was no observed reaction. This result shows that complex 1 contains a protonated
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amine group, which can be deprotonated by TEA and then participate in classic amine reactivity.

TEA is further shown to deprotonate 1 by UV-Vis spectroscopy (see Figure 2.5).

321 332 657
317 335 661
1.5
—1
b —— 1 with excess TEA
W —— 1 with excess DBU

1.0 5

Absorbance

0.5 1

0.0

T T T T
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Figure 2.5. Comparison of the UV-Vis spectra of 1, 0.12 mM in DMF (black), and of 1 after
deprotonation by excess organic base, either triethylamine (TEA, red) or 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU, blue). Excess DBU likely destabilizes the complex, with
the increase in absorption at 450 nm being attributed to increased light scattering from precipitated
particles in solution, caused by decomposition. TEA shows the same band shifts, without the
increase in light scattering.

The Co™/Co" couple of 1 was characterized by cyclic voltammetry in DMF. Upon
neutralization of the DMF/HCl,q solution with TEA the catalyst shows a largely reversible
Co"/Co'" redox couple with an Ei2 at -1.22 V vs Fc¢*/Fc. Varying the scan rate from 0.01 V/s to 5
V/s is accompanied by an increase in the peak current (Figure 2.6a). The peak current increases
linearly with respect to the square root of the scan rate, as expected for a molecule dissolved and

diffusing in solution (Figure 2.6b).
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Figure 2.6. Co/Co" redox couple of deprotonated 1 in DMF at different scan rates, 0.01 V/s
through 5 V/s. a) Each scan was conducted twice with the second scan shown, and the inset shows
an overlay of the 0.01 V/s first scan and the last scan at 0.01 V/s, after the 5.00 V/s scan. b) Peak
current plotted as a function of the square root of the scan rate. The data were fit with a straight
line to show the expected scan rate dependence of a redox-active species in solution, with R > 0.99
for both reduction and oxidation data. The acidic (HCI) DMF solvent was neutralized with addition
of TEA for these experiments to prevent HER, which would convolute the redox couple.
Electrochemical measurements were carried out in a one compartment cell with 0.1 M [TBA](PFs)
as the electrolyte. The reference electrode was a silver wire pseudo reference, which was then
referenced to Fc'/Fc after the above scans; the counter electrode was Pt wire; and the working
electrode was glassy carbon.
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2.2.2 Thin Film Preparation and Characterization
a) NH,

NH,
s_ 8

HoN 0,

2 s” s

DMF, 65° C, 24 hr

Graphene Oxide Graphene Oxide
(GO) with 1 (GO-1)

b)

-—-—’—

GO-1 aq GO-1 GO-1
dropcast dried film

Electrochemical -
G e
reduction P > i s s

Graphene Oxide with 1 Reduced Graphene Oxide
(GO-1) with 1 (RGO-1)

Figure 2.7. a) Covalent attachment of 1 to GO to form GO-1 by heating in dimethylformamide
(DMF) at 65 °C; b) schematic of drop-casting of the aqueous suspension of GO-1 onto a surface
(usually a glassy carbon electrode); ¢) schematic of electrochemical GO reduction to RGO. Note
that the GO sheets shown here are not to scale but serve as a visualization of part of a GO
nanosheet.

GO was chosen as the thin film material as it is solution-processable and it provides a direct
comparison between physisorption and covalent attachment. GO is an oxidized form of graphite.
GO is often made by oxidizing graphite with harsh oxidants, such as H>2SO4 and KMnOy, in the
popular modified Hummers method, and so it has a variety of oxygen functional groups. Here we
take advantage of the epoxide functional groups to react with amines.!** In this study, commercial

GO is used for its standardized properties and accessibility. The commercially available GO is
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then lyophilized to provide a version of GO that can be precisely weighed out and resuspended in
organic solvents.

Lyophilized GO resuspended in DMF was reacted with deprotonated 1 for 24 hours at 65
°C. The product was rinsed with organic solvents and resuspended in water to give GO covalently
modified with 1 (GO-1, 1 mg GO/mL, Figure 2.7a). Further details on the covalent attachment
synthetic procedure are provided in the Experimental Section 2.4.3. The same reaction was
performed with 2, and without the addition of any catalyst. Inductively coupled plasma mass
spectrometry (ICP-MS) measurements of >Co were used to quantify the amount of catalyst in each
GO suspension. GO-1 contains (2.00 + 0.09)-107'° mol Co per 3.5 pL aliquot used to make each
3 mm diameter film, or 2.8 nmol Co/cm?. This amount of Co is nearly ten times larger than the
amount that is retained when 2 is subjected to the same reaction conditions, (0.23 £ 0.05)-107'°
mol Co per film aliquot. This difference in the amount of Co demonstrates that 1 is able to make
a covalent bond with GO, while 2 is not. Instead, minor amounts of 2 are physisorbed to GO, but

most of it is removed while rinsing the GO with organic solvents in the workup of this procedure.

b)

974.6 nm

|
K> .
Height Sensor 1.0 ym

Height Sensor 2.0 ym

Figure 2.8. Representative AFM images of a GO-1 film drop-cast on silicon. The images were
analyzed using NanoScope Analysis 2.0, and shown here are the 2D data, with a 3D light cast for
better visualization. a) A representative AFM image of the middle of a GO-1 film drop-cast on
silicon. b) A representative AFM image of a GO-1 film drop-cast on silicon where a needle was
used to score the film, exposing flat silicon underneath the film (low flat portion shown here on
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the right). The height was calculated using the section tool, the resulting lines were fit in Origin
with the baseline corrected to the flat silicon background.

Thin films, 3 mm in diameter, of GO-1 were formed by drop-casting 3.5 puL of the GO-1
suspension (Figure 2.7b). These films were then characterized using atomic force microscopy
(AFM), as shown in Figure 2.8. AFM measurements of GO-1 thin films drop-cast on silicon show
wrinkled films of overlapping GO sheets, mostly flat with some taller ridges distributed
throughout. Analysis of these films gives a roughness (Ra) of 146 + 30 nm of the films (N =5, 4
AFM images on 2 films, R, was measured on a 5 x 5 um area). The film height was found using a
needle to score the film, and the difference in height between the silicon and the unharmed film
surface gave a film thickness 0f 330 + 120 nm (N = 15, three 10 x 10 um images of two films, with

5 sections per image).
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Figure 2.9. Electrochemical reduction by CV of (a) a GO film, (b) a GO-1 film with 0.1 M KPFs
as the supporting electrolyte. Scans were carried out with 15 CV loops between 0 and -1.2 V vs
Ag|AgCl at 200 mV/s in 0.1 M KPFg; the working electrode was a GO (a) or GO-1 (b) film on
glassy carbon; carbon felt was used as the counter electrode; Ag|AgCl in saturated KCI was used
as the reference. A two compartment cell with half cells separated by a Nafion membrane was
used, under Na. The first CV scan is shown in red and the last in purple. Note that the later CV
scans overlay, indicating that GO reduction is complete.

GO, as it is an oxidized form of graphite where the aromatic network is disrupted, must be
reduced to RGO to regain conductivity. Electrochemical reduction has been shown to be effective
at reducing GO.!*%157 The GO-1 films are reduced to RGO-1 films electrochemically, with 15
consecutive reductive cyclic voltammetry (CV) scans from 0 to -1.2 V vs Ag|AgCl at 200 mV/s in
0.1 M KPFs as the supporting electrolyte (Figure 2.7¢).”® Examples of the reducing CV scans are
shown for a GO-1 film and a control GO film in Figure 2.9. These control GO films are prepared

in the same way as GO-1 films, with the omission of 1 in the attachment procedure.
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Figure 2.10. Raman spectra of GO films before reduction, and the resulting RGO films after
electrochemical reduction with or without catalyst, as indicated. Electrochemical reduction was
conducted with 15 CV scans between 0 and -1.2 V vs Ag|AgCl at 200 mV/s in 0.1 M KPF¢
solution; the working electrode was a GO or GO-1 film on glassy carbon; carbon felt was used as
the counter electrode; Ag|AgCl in saturated KCI was used as the reference electrode. A two
compartment cell with half cells separated by Nafion was used, under N»>. The standard deviation
is shown for N = 3 sites on each film. For easy comparison between data, the spectra were
normalized and then averaged. A 785 nm laser was used for data collection.

Raman spectroscopy shows the reduction of GO-1 and GO films (Figure 2.10). Raman
spectroscopy of graphitic materials is expected to show D and G bands that give information on
the crystallinity of the graphitic material. As expected, due to the oxidation and disruption of their
graphitic structures, the GO film shows only slight D and G graphitic bands. After reduction of
GO to RGO, the D and G bands are much sharper, indicating reestablishment of crystalline
graphitic domains.'>® Previous work on RGO prepared in this manner found that these crystalline
domains were small.”® Here as well, RGO was found to give a D/G peak ratio of 1.59 and a G band

1

position of 1591 cm’!, similar to what has been observed for nanocrystalline graphite.!> The

catalyst modified film, GO-1 shows more reduced character than the GO film, likely reflecting its
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modification. Upon electrochemical reduction, GO-1 undergoes further reduction to RGO-1,
giving a reduced film with similar characteristics as RGO, but with some higher variability as
shown by the increased standard deviation of the Raman signal. This may be due to crosslinking
of the GO sheets due to two reactive amine moieties on the catalyst, causing the roughness and

ridges observed by AFM, and thereby causing some incomplete reduction in thicker areas of the
film.

)

ipm  UM-EMAL 2023-03-08
15.0kV LED SEM WD 12mm  10:12:18

Figure 2.11. SEM image of an RGO-1 film, prepared by drop-casting a GO-1 film on a GC
electrode, followed by reduction, as described in the Experimental Section 2.4.4 (see also Figure
2.9). The film is shown here at 6500x magnification, with a I pm scale bar. The image was taken
using a 15.0 kV electron beam and a working distance of 12 mm.

Scanning electron microscopy (SEM) images of the reduced films show a mostly flat,
slightly wrinkled film covering the surface, as the RGO sheets overlay each other (see Figure 2.11

for a representative example). These SEM images are similar to RGO films previously
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reported.””’8160.161 SEM coupled with energy-dispersive X-ray spectroscopy (EDS) shows
increased sulfur on the ridges of the films (Figure 2.13). As SEM-EDS measures a deeper cross
section of the sample than the thickness of the films, the intensity of the sulfur signal likely varies
with film thickness, as the majority of the sulfur signal arises from 1 embedded in the films, leading
to the increased signal for the thicker ridge regions. From ICP-MS measurements, the density of
Co in the films by mass is ~0.3 %, and by atom it is ~0.07%. Therefore, the amount of cobalt is
just below the detection limit for common materials characterization techniques like SEM-EDS
and X-ray photoelectron spectroscopy (XPS). No significant signal for Co was observed by SEM-
EDS (Figure 2.13). XPS is known to have a sensitivity of roughly 0.1-1 atomic %, and only detects
Co on the surface of the films;'%? however, with extensive data collection of the cobalt 2p region
were we able to observe a significant Co signal (see Section 2.4.2). The Co spectrum is consistent
with a Co'! species as expected for 1, see Figure 2.12. The XPS spectra of the C, N, S regions are
shown in Figure 2.12 as well and are consistent with a GO film modified with 1, with increased N
and S signal compared to unmodified GO. The presence of Co in the films was further confirmed
from ICP-MS data and similar electrochemical activity and reactivity as Co bis(benzenedithiolate)

type catalysts physisorbed to graphitic electrode surfaces, as discussed further below.
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Figure 2.12. XPS spectra of a GO-1 film, a) Carbon 1s peak, b) N 1s peak, ¢) S 2p peak, and d)
Co 2 p peak. Each spectrum is referenced to C 1s at 284.6 eV and counts are normalized to the C
Is peak.
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Figure 2.13. Select SEM-EDS data of an RGO-1 film. Interestingly, sulfur is measured along a
thicker ridge of the RGO-1 film. Note that no significant Co is observed, as Co is likely just below
the limit of detection, and is expected to be ¥4 the atomic percent of S. The potassium signal is due
to minor amounts of potassium remaining after reduction of the film in 0.1 M KPF¢ buffer, see
Figure 2.11 for further experimental details.
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Figure 2.14. CV of RGO-1 in neutral solution, showing the Co™! couple of 1 at -0.71 V vs
Ag|AgCl, left, compared with the CV of RGO without any catalyst, right. The data were collected
with a scan rate of 50 mV/s, using the following electrodes: 3 mm diameter GC working electrode
with an RGO-1 or RGO film, carbon felt counter electrode, and Ag|AgCl in saturated KCI
reference electrode. In the experimental setup, half cell compartments are separated by a Nafion
membrane, with an aqueous electrolyte solution of 0.1 M KPFs.

Reduction of the RGO-1 films allows the Co™/Co! couple of 1 to be visible, see Figure
2.14, at -0.71 V vs. Ag|AgCl. This Co™/Co" couple is similar to other catalysts of this family
physisorbed to RGO or HOPG electrodes.®” It was recently reported that sometimes, due to strong
electronic interaction between the catalyst and the electrode band structure, catalyst redox couples
are not visible by CV when immobilized on electrode surfaces.®® This has been observed for a
similar system of a cobalt porphyrin on RGO.”” However, in the majority of cases, catalysts in thin
films on electrode surfaces give detectable CV couples, see examples and references in Table 1.1.
Integration of the Co™/Co couple shows (9.2 + 1.2)-107!! mol Co/film or 1.3 £+ 0.2 nmol Co/cm?
(N = 4 films). Because of the small amount of Co in the films and the relatively high charging
current of the RGO films, the current and therefore charge passed due to 1 was determined by
performing a straight-line background subtraction for each CV measured. Comparing the amount
of Co measured by integration of the Co™/Co'" couple to the amount of cobalt quantified by ICP-
MS shows that about 46% of complex 1 in the films is electrochemically active. This relative
amount of active catalyst is comparable to the findings in a recent report of a thin film MOF
electrocatalyst,®® and is higher than observed for other thin film electrocatalysts in the

literature.”* It is likely that the remaining, not electrochemically-active complex 1 is located in

39



domains of RGO that are not electronically connected to the electrode, and hence, cannot

contribute to electrochemical activity.
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Figure 2.15. Left: scan rate dependence of the Co™/Co" couple of an RGO-1 film at different scan
rates, 0.01 V/s through 2 V/s. This experiment was carried out in a two compartment cell with half
cells separated by a Nafion membrane, in 0.1 M KPF¢ solution under N>, with the working
electrode being an RGO-1 film on glassy carbon; carbon felt was used as the counter electrode;
and Ag|AgCl in saturated KCl as the reference electrode. Each scan was conducted twice with the
second scan shown. The inset shows an overlay of the 0.01 V/s first scan (black) and the last scan
(red) at 0.01 V/s, measured after the fastest scan rate. As the peaks are small with respect to the
RGO film charging current, the oxidative and reductive peak currents were determined in Origin
using a straight-line background subtraction. Right: the peak heights at different scan rates were
fit with a straight line with respect to the scan rate, with R of >0.99 for both the reduction and
oxidation signals, indicating a surface-bound, electrochemically active species.

The scan rate dependence of the peak current of the Co'/Co! couple of 1 was also
investigated (Figure 2.15a), with straight-line background subtraction as above. The current due
to 1 shows a linear increase with increasing scan rate, which is consistent with a surface bound
species (Figure 2.15b). In the regime of fast electron transfer, surface adsorption of a redox active
species should give rise to two Gaussian-shaped (oxidation and reduction) peaks that are centered
at the E1,. Instead, peak to peak separation of ~35 mV is observed, indicating moderately slow ET
across our films. The RGO films’ residual resistance is also evident from their relatively high
charging current. As the peak separation is less than 57 mV at slow scan rates, the film is in
between what is predicted for a thick film with slow electron transfer and a thin film with fast
electron transfer, as shown by Costentin and Saveant.'®® They termed this in-between type
behavior “type AD”. This finding of relatively slow electron transfer due to film resistance is also

consistent with the fact that only some of the cobalt in RGO-1 is electrochemically active, as some
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areas of the film may be electronically inaccessible, as shown by ICP-MS and Raman

spectroscopy.

2.2.3 Electrochemical Analysis of HER Catalysis of RGO-1 Thin Films
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Figure 2.16. CVs monitoring HER activity during an acid titration of RGO-1 films; here, H>2SO4
was used to obtain the listed pH values. A comparison to a plain RGO film (without catalyst) is
also included. Experimental conditions: 0.1 M PKFs, working electrode: RGO-1 or RGO film (as
indicated) on glassy carbon, counter electrode: graphitic carbon felt, reference electrode: Ag|AgCl
in saturated KCl. Half-cell compartments are separated by a Nafion membrane. For measurements
on RGO-1 films, the standard deviation is shown (N = 3 or 4) as well. The back scans were
removed for clarity.

After preparing and characterizing the RGO-1 films, their electrocatalytic hydrogen
evolution was investigated using CV scans by addition of varying amounts of acid, as shown in
Figure 2.16. Here, addition of acid and provision of electrons by applying a negative, reducing
potential results in an increase in current and the formation of bubbles on the electrode. The
reaction produces many Hz gas bubbles, which also disrupt the smoothness of the CV curves, as
the H> gas bubbles temporarily block portions of the electrode surface lowering the
electrochemically active surface area and hence, the current. This is obvious at high concentrations
of acid but is also observed even at lower current densities. Figure 2.16 shows the high HER
activity of RGO-1 in direct comparison to plain RGO films, the latter showing a minimal amount

of catalytic current at the different pH values. The reductive catalytic wave of RGO-1 grows in
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with increasing acid concentration. The higher pH region is shown in greater detail in Figure 2.16,
right. At pH 4.0 through 2.0, catalysis is substrate diffusion limited, causing a common catalytic
wave, which decreases at more reducing potentials as the substrate, here protons, is depleted near

and in the film.
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Figure 2.17. CV scans of an RGO-1 film at the indicated pH values, which were adjusted using
H>S0O4. CV scans were taken with the two compartment cell and the solution stirred (except where
indicated otherwise). Left: the full range; right: zoomed in plot to show the data for the higher pH
CVs; the legend is the same for both graphs. The setup is the same as the acid titration shown in
Figure 2.16, except that the solution was stirred. A CV was taken without stirring after the acid
titration (gray), which is within error of those shown in Figure 2.16. The neutral scan (black) is
also shown without stirring, as stirring caused the noise to be very large. Experimental conditions:
0.1 M PKFs solution; working electrode: RGO-1 film on glassy carbon; counter electrode:
graphitic carbon felt; reference electrode: Ag|AgCl in saturated KCI. The back scans were removed
for clarity.

If the solution is stirred, as shown in Figure 2.17, cyclic voltammograms at lower acid
concentrations show shapes that are closer to the non-diffusion limited ideal sigmoidal type. At
lower pH, with the great increase of H3O" concentration in solution, the CV data are no longer
substrate diffusion limited, and electrocatalysis is likely limited by electron transfer in the film
and/or removal of product. Here, the current continues to increase as a more negative potential is
applied. For the measured acid concentrations and potentials, the maximum current observed in
the CVs shown in Figure 2.16 is linear from pH 4 to pH 1 and then falls below the linear line for
pHs 0.5 and 0, see Figure 2.18, likely due to built-up of H> gas bubbles on the electrode surface.
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Figure 2.18. Maximum current with respect to the concentration of acid. The data shown here are
from the averaged acid titration data of an RGO-1 film, as shown in Figure 2.16. The inset shows
the linear region, pH 4 through pH 1, which is fit with the line: i, = (0.01 + 0.04) + (54 + 1)[H"],
with R =0.997.
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Figure 2.19. The onset potential of the catalytic wave shifts with addition of acid. Here, the
standard deviation for three or four trials is shown. The data are taken from the individual acid
titrations that were averaged to give the data shown in Figure 2.16. The reference potential is
converted from Ag|AgCl in saturated KCI to SHE by the addition of 0.199 V. The slope for the
blue line is -0.033 + 0.002 V/dec, and R? = 0.96. The slope for the red line is -0.040 £ 0.004 V/dec,
and R?=0.93.

The onset of catalysis in the RGO-1 system is nominally the same as the E12 of 1. The
Ecarz for pH 2-3 is roughly the same as the potential of the Co™" couple, with Ecarz of -0.702 +
0.003, -0.697+ 0.004, and -0.713 £ 0.002 V vs Ag|AgCl at pH values of 3, 2.5, and 2, respectively.
For more acidic and more basic pH values the catalytic waves are less ideal, so Ecay2 could not be
reliably determined. In addition to analyzing the Ecar2, we analyzed the onset potential. Figure 2.19
shows the onset potential for RGO-1, defined as the potential at which the current first reaches
either 0.01 or 0.02 mA, respectively, upon scanning reductively. Note that the onset potential shifts

towards more positive values with increasing acid concentration, as shown in Figure 2.19. This
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change is reversible; if base is added to the electrolyte solution, the onset potential shifts back to

more negative potentials, as shown in Figure 2.20.
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Figure 2.20. Comparison of the onset potentials for the forward (acid) and reverse (adding base)
titrations of RGO-1 films. The blue points show the average (N = 4) and standard deviation for
the onset potential, where the current first rises above 0.01 mA, the same as shown in Figure 2.19.
The green points show three different trials (square, triangle, circle) for addition of base (KOH),
to shift the solution pH back to the marked pH. The data from the trials are fit, together, to give
the green line, with a slope of -0.055 £ 0.002 V/dec and an R? of 0.98.

There are a few possibilities to explain this shift in onset potential. First, the slope of the
onset potential vs pH is not quite Nernstian, implying that this is not due to the fact that the catalyst

electronically becomes a part of the electrode, as has been proposed for another system recently.’¢

W couple at neutral pH as discussed

We can also tell this is not the case, as we do observe the Co
above. Second, it is possible that the RGO-1 system is in a unique transition region between
behaving like a molecular, redox mediated catalyst and a catalyst embedded in an electrode’s

electronic structure, which can use inner-sphere electron transfer and shows a Nernstian onset

45



potential shift. This may occur upon further reduction of RGO under reducing potentials in an
acidic solution, making the catalyst sites in the film less electronically distinguished from the
electrode and have them behave in a more Nernstian manner, which is supported by the slope upon
addition of base, being steeper and closer to Nernstian. Further reduction of RGO under reducing
potentials in acidic media is supported by literature precedence.”® Third, electrocatalytic
mechanisms that involve a reduction step coupled to a quick protonation step (so an EC (ET/PT)
process) have been observed to show an anodic shift in the onset potential with increasing acid
concentration.!®*1% Fourth, it is also possible that the RGO environment changes with acid
concentration, for example by protonation of remaining functional groups on the RGO surface,
leading to a different rate of proton transport in the films as a function of pH, gradually affecting
electrocatalytic activity. We cannot say for sure which one of these reasons (or multiple at the
same time) are at work that cause the change of onset potential as a function of pH. What can be

said is that the HER mechanism of Co bis(benzenedithiolate) catalysts involves an EC

mechanism,*%476>73 which does support the third option discussed above as one contributor.
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Figure 2.21. TOFs of RGO-1 at different pHs. Left, selected TOFs at the indicated potentials,
plotted vs the acid concentration [M]. Right, further data on TOF [s™'] vs potential at the different
pHs tested. The same acid titration data is shown in Figure 2.16, but here the current for each of
the individual acid titrations is normalized to the amount of catalyst on the surface of that RGO-1
film, then the results are averaged, converted to TOF and plotted versus the acid concentration for
select potentials (-0.75, -0.80, and -0.90 V vs Ag|AgCl). Standard deviation is shown for N = 3 or
4.

From these CV data, the turnover frequency (TOF) of the catalyst can be calculated, in

order to benchmark it against other catalysts reported in the literature. To convert current to TOF,

46



Faradaic efficiency was measured. After 20 min electrolysis at 1.0 V vs Ag|AgCl in pH 1 solution,
5.6 C of charge were passed and quantitative H> was measured in the gas headspace of the cell
(Faradaic efficiency of 97 + 4%, N = 2, see Figure 2.34 and Experimental Section 2.4.4 for further
information). This is as expected, as quantitative HER is also observed for the physisorbed analogs
of 1.73°%%7 The turnover frequency is then calculated as the ratio of current over the amount of
electrochemically active catalyst, as determined by integration of the Co'/Co" couple in the CV
data (see above). Figure 2.21 left shows the current and TOF at -0.75 V, - 0.80 V, and -0.90 V vs
Ag|AgCl. At these potentials, the maximum TOF at pH 0 is observed to be 230 + 40, 340 + 60,
and 570 £ 90 s, respectively, with standard deviations across four films. As expected, the TOF
increases with increasing acid concentration. The TOF also increases with applied potential, as a
perfectly sigmoidal-shaped CV curve is not observed, as discussed above. Figure 2.21 right shows
a version of Figure 2.16, with the y axis transformed into TOF. At pH 0, the TOF is determined to
be about 1000 s! at -1.2 V, demonstrating that RGO-1 is a highly active catalyst for the HER

reaction.
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Figure 2.22. Linear increase of plateau current with concentration of acid, see Figure 2.17 for the
full data set. The linear fit gives a line with the equation Current [mA] = -0.003 + 0.234*(Acid
Concentration [mM]) with R = 0.9997.

Thanks to careful work by chemists in recent decades, we can analyze catalytic CVs by
applying a few different equations/models. Each of these methods gives us insight into the
mechanism under different limiting conditions. In unstirred solution, as shown in Figure 2.16, we
are unable to see sigmoidally-shaped catalytic CVs due to substrate consumption in the vicinity of
the electrode surface. However, with stirring to reduce mass transport of protons to the film’s
surface as a limiting factor of catalysis, as shown in Figure 2.17, near sigmoidally-shaped catalytic
waves were observed for low acid concentrations, pH 2.5 and above. At lower pH, the catalytic
wave is not sigmoidal, but may be limited by diffusion of protons and H»> inside the film. Yet for
pHs 2.5 and above, a linear increase in plateau current with respect to the acid concentration was

observed, see Figure 2.22. This indicates that the film is in the KPr regime as defined by Costentin
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and Saveant where the rate of the catalytic reaction is slow compared to the rate of electron transfer
in the film.'% The plateau current in this regime can be defined as:

Ip = anKACgmolCO Equation 2.1
where i, is the plateau current (in [A]); n is the number of electrons in the reaction studied (here
n =2); F is Faraday’s constant [C/mol]; k is the rate constant (in [M's!]); mol,, is the moles of
the electrochemically active catalyst on the electrode surface (in [mol]); x, is the partition
coefficient for substrate, in this case protons, between the film and solution (here x, =1 is
assumed); and C is the initial concentration of substrate in solution (in [M]). See the Section 2.4.5
for further information on how this equation was obtained. The slope of plateau current with
respect to acid concentration thereby gives a rate constant of k= 1.5-10* M!s™!,

The foot of the wave analysis (FOWA) method analyzes the onset of the catalytic wave,

where mass transport effects are limited. Equation 2 shows the standard FOWA equation:

~

Ipl
I I .
—= Equation 2.2

P14 exp (R—FT(E— Ecit))
2

where I, is the catalytic current density (in [A/cm?]) at a certain potential E (in [V]); I, is the peak

current density of the catalytic couple when no substrate is present (in [A/cm?]); I, is the
theoretical plateau current density, not limited by mass transport (in [A/cm?]); F is Faraday’s
constant; R is the gas constant (in [J K™! mol']); T is the absolute temperature (in [K]); and E_4; /2

is the potential at half of the plateau current (in [V]), not limited by mass transport in solution or
in the film.!¢718 As determined above, the RGO-1 system falls into the KPr regime.'% This allows

rearrangement of Equation 2.2 such that:

anKACgmolCO

i, = 7 5 Equation 2.3
1+ exp (W(E—E )

where E° is the potential of the Co™/Co" couple (in [V]). See the Section 2.4.5 for further details

on how Equation 2.3 was obtained. From Equation 2.3, a rate constant of 3.6-10° M''s™! was

calculated for RGO-1, see Table 2.1. For more acidic pH values, the rate constant calculated by

Equation 2.3 appears to decrease gradually, reaching a value of 3.4:10> M!s! at pH 0. This
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decrease may be a result of the assumption that the partition coefficient (k4) is 1 under all

conditions. RGO is known to have moderate proton conductivity,'®

so K4 is likely less than 1 at
high concentrations of acid. It may also be that at high acid concentrations the reaction rate and
rate of electron transfer are comparable and Equation 2.1 is no longer the best model.
Nevertheless, FOWA analysis gives an estimated rate constant of 3.6*103 M-!'s!. This value is
lower than that obtained from the plateau current analysis above by about a factor of 4, and

combined, these rate constants again show that RGO-1 is a highly active HER catalyst.
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Figure 2.23. Tafel plots of acid titration data for RGO-1 using electrolyte solutions with different
pH, as indicated. The data used to construct the Tafel plots are the same as presented in Figure
2.16, and have been truncated to show the linear parts of the Tafel plots only. Tafel slopes are
indicated.

Tafel analysis is known to give insight into the rate limiting step of catalysis. Plotting the
log of the current vs overpotential for RGO-1 gives a linear slope near the onset potential, as
shown in Figure 2.23. At large negative overpotentials, the log of the current deviates negatively

from the expected linear slope due to mass transport issues, as expected. At small negative

potentials, with no or limited catalysis, the log of the current deviates positively from the expected
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linear slope, because the HER reaction is not observed to be reversible with RGO-1 under these
conditions. The slope of the Tafel lines is 59 — 77 mV/dec for pH 2.5 and below. In general, Tafel
slopes are reliant on a, which must be between 0 and 1. Takanabe and co-workers analyzed the
Tafel slopes for steps in the HER reaction,!”® and determined three rate limiting steps that would
give different Tafel slopes: the Volmer step (metal hydride formation, slope = 120 mV/dec for a
=0.5), the Heyrovsky step (metal hydride to hydrogen conversion through protonation and electron
transfer, slope =40 mV/dec for a = 0.5), and the Tafel step (two metal hydrides come together to
form H», 30 mV/dec for a = 0.5). The Tafel step would give too small of a slope, given that o must
be between 0 and 1, and here Tafel slopes higher than 60 mV/dec are observed. Hence, our data
are not in agreement with this step being rate limiting. This is not surprising, as the surface
attachment of our catalysts inhibits such a bimolecular reaction. Both Volmer and Heyrovsky steps
are plausible, with a reasonable a for pH 2.5 and less. The Tafel slope for RGO-1 at pH 3.0 is 107
mV/dec, showing that the metal hydride formation (Volmer step) is likely the rate limiting step at
this pH. If the same mechanism is used throughout the pH range tested, a is observed to vary from
0.45 at pH 2.5 to 0.25 at low pH for the Volmer step. Low a, or slow electron transfer, is not

unexpected in an RGO film with some resistance.
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Figure 2.24. Comparison of electrocatalysis under inert (Ar) atmosphere and under ambient air
atmosphere, compare to Figure 2.25. Left: 2 hour controlled potential electrolysis at -0.8 V vs
Ag|AgCl. Right: comparison of the CVs stirring at 0 and 2 hrs under inert or air atmosphere.
Experimental conditions: 0.1 M PKFe, working electrode: RGO-1 on glassy carbon, counter
electrode: graphitic carbon felt, reference electrode: Ag|AgCl in saturated KCIl. Half-cell
compartments are separated by a Nafion membrane. First, GO-1 is reduced to RGO-1 in 0.1 M
KPF¢ under dinitrogen, with the usual conditions, then the electrolyte is made acidic to pH 2 with
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addition of TFA. The system is then sparged with Ar or air, and electrocatalysis is performed. *
Indicates where the electrolysis in air was paused to run CVs (not shown), and then CPE was
continued.

As there has been interest in recent years in HER catalysts that are dioxygen tolerant,'!”! we
also investigated the HER ability of RGO-1 in air. Controlled potential electrolysis measurements
were conducted under an ambient air atmosphere and Faradaic efficiency was measured to be 79
+ 3 % (N = 3 films, 2 gas head space aliquots per film), using the same conditions that give
quantitative Faradaic efficiency under inert atmosphere. Cyclic voltammetry studies show the
same onset potential and current at pH 2, see Figure 2.24, right. Controlled potential electrolysis,
see below and Figure 2.24, also shows similar activity between the catalyst under inert atmosphere
and in the presence of atmospheric concentrations of O2. Combined, the 79% maintained Faradaic
efficiency, the same onset potential, and similar behavior over 2 hours, show that RGO-1 is
completely stable in the presence of air under electrocatalytic conditions, while maintaining high

Faradaic efficiency for HER.

2.2.4 Controlled Potential Electrolysis of RGO-1 Thin Films
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Figure 2.25. Controlled potential electrolysis shows catalytic current over time. Left: current as a
function of time when a potential of -0.8 V vs Ag|AgCl is applied to the working electrode. Right:
CVs at the marked time points for the RGO-1 working electrode. For these CVs, stirring of the
solution and hydrogen bubbles give slightly noisy data. Experimental conditions: electrolyte: 200
mL of pH 2 (TFA) 0.1 M KPFg circulating through the working electrode compartment; working
electrode: RGO, RGO-1 or RGO/2 films on a 3 mm diameter glassy carbon electrode; counter
electrode: graphitic carbon felt; reference electrode: Ag|AgCl in saturated KCI. A three component
cell with compartments separated by a Nafion membrane was used. See the Experimental Section
(2.4) for further description of the setup. A photo is shown in Figure 2.35.
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The catalytic activity of the RGO-1 films over time was tested with controlled potential
electrolysis (CPE). CPE is prone to current errors if even minor impurities are present, and so great
efforts were made to keep the electrolyte and cell clean. See the Experimental Section 2.4.4 for
further information and for a description of our setup. A photo of the electrochemical flow cell
used for these studies is shown in Figure 2.35. In brief, a three-compartment cell was used, with
each compartment separated by a Nafion membrane. A 0.1 M KPF¢ solution was added as the
electrolyte and made acidic to pH 2 by trifluoroacetic acid (TFA). The solution in each
compartment was stirred, and the solution in the working electrode compartment was circulated
using a 200 mL reservoir, so the change in acidity from HER would be negligible. The current at
-0.8 V vs Ag|AgCl was tracked over time, and intermittent CVs were measured to track activity
from -0.4 V to -1.2 V for further information about the film’s catalytic status quo throughout the
CPE experiments. CVs were taken at t =0, 2, 4, 8, 16, and 21 hrs. As shown in Figure 2.25, we
observed the current decrease to background current within about 8 hrs of CPE. This decrease in
catalytic activity over time is further documented by the decrease in catalytic current and negative
shift of the onset potential observed in each of the intermittent CVs, showing that the catalyst is
somehow degrading in the films. The film was observed to be visually intact after electrolysis.
Note that if the film is not dried under vacuum, delamination of the film is sometimes observed

during CPE, an example CPE where this occurred is shown in Figure 2.26.
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Figure 2.26. Controlled potential electrolysis (-0.9 V vs Ag|AgCl, pH 2) of an RGO-1 film. This
is an example for a data set where the film dissociated off the electrode after about 900 s, which
sometimes happens if the film is not dried under vacuum before testing. As a result of the film
lifting off the electrode, the current decreased to 0 mA/cm?.

To determine the reasons for the decreased catalytic activity over time, a RGO-1 film after
electrolysis was analyzed by XPS, SEM, and ICP-MS. XPS, with identical conditions as were used
to image GO-1, shows no Co present in the film after electrolysis (see Figure 2.27 and compare
with Figure 2.12). Additionally, the S 2p and N 1s peaks also show partially reduced intensity with
respect to the C Is peak, which suggests partial ligand degradation or detachment from the RGO
film. Taken together, these XPS data and the change in onset potential indicate that demetallation
of 1 is a major contributor to the observed decrease in catalytic activity of the film. ICP-MS data
of an RGO-1 film after electrolysis further support demetallation, with decreased amounts of Co
measured in the film (0.8-107'° mol Co/film, measured for the CPE experiment shown in Figure

2.25 after the conclusion of the 21 hr controlled potential electrolysis, compared with the average
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(2.00 £ 0.09)-107!° for the starting GO-1 film). SEM images of the film after electrolysis revealed

that while no visual change was observed in the film by the human eye, there were some regions

that had been physically damaged by hydrogen bubbles ripping through the RGO film, on the order

of 10-100 um in scale, see Figure 2.28. In other regions, the RGO-1 film is similar to the film

before electrolysis (compare to Figure 2.11). As much of the film is intact, we expect this bubble-

induced damage to the structure of the RGO film to be a minor contributor to the loss of catalytic

activity.
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Figure 2.27. XPS spectra of a RGO-1 film after 16 hrs of electrolysis with the same experimental
set up as described in Figure 10, except with a 5 mm diameter glassy carbon disk electrode, a)
Carbon 1s peak, b) N 1s peak, c) S 2p peak, and d) Co 2 p peak. Each spectrum is referenced to C
Is at 284.6 eV and counts are normalized to the C 1s peak. Similar scaling is used for easy
comparison to Figure 2.12.
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Figure 2.28. SEM image of a RGO-1 film after 16 hrs of electrolysis with the same experimental
set up as described in Figure 2.25, except with a 5 mm diameter glassy carbon disk electrode. The
film is shown here at 150x magnification, with a 100 um scale bar. The image was taken using a
15.0 kV electron beam and a working distance of 10 mm.

To further compare the long-term activity of the RGO-1 catalytic films to an analogous
system where a Co bis(benzenedithiolate) catalyst is embedded in an RGO film without the
covalent attachment, GO/2 was prepared by mixing GO and a solution of 2, a catalyst without the
amine functionality, so that the final film contained 2.0-107!° mol catalyst, the same amount of Co
as measured in GO-1 by ICP-MS. Here we use “-” to denote covalent attachment and ““/” for
physisorption. The durability of RGO/2 was measured in the exact same way as described above
for RGO-1. Integration of the resulting Co™/Co" couple shows 3.2-10"!! mol of electrochemically
accessible Co. This is 16% of the total cobalt included in the drop-cast RGO/2 film, compared to
46% electrochemically accessible Co observed in RGO-1, and shows the quick de-physisorption
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of 2 from the RGO films. At pH 2, the TOF of RGQO/2 at the maximum of the catalytic wave
observed by CV in unstirred solution (at -0.99 V) is 41 s’!; at the same pH RGO-1 reached a TOF
(at -0.82 V, the maximum of the catalytic wave) of 23 s'. As TOF is calculated with the moles of
active catalyst in the denominator, the calculated TOF for RGO/2 could be falsely low due to the
quick de-physisorption observed here. Because of the lower amount of electrochemically active
catalyst in RGQO/2, this control experiment shows lower current overall, as shown in Figure 2.25,
left. The CPE shows a decrease in catalytic current in the first few hours of CPE. Taken together,
these results demonstrate that covalently attaching 1 to RGO gives improvements in the amount

of electrochemically accessible catalyst and in the durability of the system.

2.3 Discussion

This chapter reports the synthesis and characterization of a new member of the cobalt
bis(benzenedithiolate) family of catalysts, [cobalt bis(benzylammoniumdithiolate)]” (1). Complex
1 has an amine functionality which gives the catalyst a handle for covalent attachment, taking
advantage of typical amine reactivity. Here, 1 is covalently attached to graphene oxide (GO),
giving GO-1, which is then drop-cast on a glassy carbon electrode, forming thin films with a
thickness of 330 = 120 nm. These GO-1 thin films can be reduced electrochemically to give RGO-
1 thin films. In RGO-1, and the RGO/2 control, the Co™™ couple is visible in CV scans, which is
common in immobilized catalysts, see Table 1.1. Sometimes, due to close electronic interaction
between the catalyst and the electrode’s band structure, catalyst redox couples are not visible by
CV when immobilized on electrode surfaces.””® It should be emphasized that this is not the case
for RGO-1 and RGO/2. Especially the latter is notable, as this is a very similar system as the
physisorbed CoPC reported recently, where such claims were made.’> RGO-1 shows a Co""!!
couple that exhibits the expected behavior for an AD type film. Hence, this system represents an
experimental example for the predictions of Costentin and Saveant for catalysts in moderately
conductive thin films.'®* Integration of the Co''!!

Co/cm? (N = 4 films), which shows that 46% of the Co measured in the film aliquot by ICPMS is
electrochemically active. RGO-1 shows high HER activity with an Ecay2 of -0.7 vs Ag|AgCl at pH

couple observed by CV gives 1.3 + 0.2 nmol

2-3 and quantitative Faradaic efficiency, in line with the expected activity of Co
bis(benzenedithiolate) type catalysts. RGO-1 shows a TOF of 1000 s™' at pH 0. While in non-

stirred solution electrocatalysis by RGO-1 was observed to be limited by mass transport of protons
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to the film surface, stirring the solution gave sigmoidal type catalytic waves for pHs 2.5 — 4. The
plateau current observed in this acidity range increases linearly with acid concentration, which is
characteristic of thin film electrocatalysis in the KPr regime as defined by Costentin and Saveant.
KPr describes a system where catalysis is relatively slow compared to the electron transfer rate in
the film. This confirms that the RGO is indeed reduced and able to conduct electrons effectively
to the catalytic centers in the film. Fitting the plateau current gives a rate constant of 1.5-10* M-s”
!, Foot of the wave analysis (FOWA) was also used to determine the rate constant, this time at the
beginning of the catalytic wave in unstirred solution, where mass transport concerns should be
limited. Here, assuming KPr as determined by plateau current analysis, a rate constant of 3.6-103
M-!s! was calculated for pH 3. This is lower than that determined by plateau current analysis, but
overall, TOF, plateau current, and FOWA analysis show RGO-1 is an example of a highly active
molecular catalyst for HER in a thin film.

As discussed in the Introduction Section 1.2.2, HER requires two protonation steps and
two electron transfer steps. For Co bis(benzenedithiolate) type catalysts, the first step is known to
be reduction, followed by protonation. For 1, the amines allow the catalyst to be protonated, as
isolated. The catalyst is readily soluble in DMF/HCl,q and addition of an organic soluble base, like
TEA, can deprotonate the catalyst, showing a slight shift in Amax by UV-Vis spectroscopy (see
Figure 2.5). The deprotonated form of the catalyst is also reactive towards acetic anhydride, as
illustrated in Figure 2. The few nm shifts in electronic absorption energies upon deprotonation are
consistent with the acid/base chemistry occurring at the appended amines and not the thiolate
moieties, as expected. Therefore, the data for 1 agree with these first two mechanistic steps of
reduction and then protonation in the HER catalytic cycle.

Our Tafel analysis provides further mechanistic insight into the rate limiting step. The Tafel
slopes suggest that metal hydride formation is rate limiting at low acid concentrations, pH 3.0. At
lower pH, with more acid present, it is possible that the mechanism shifts such that protonation
and reduction of the metal hydride to yield hydrogen becomes the rate limiting step. Accordingly,
the Tafel slopes decrease at lower pH values.

Notably, RGO-1 is able to maintain a high Faradaic efficiency (79 + 1 %), the same onset
potential, and similar long term catalytic activity when electrocatalysis is performed in the
presence of ambient air (Figure 2.24), demonstrating that RGO-1 is completely air stable under

electrocatalytic conditions. The remaining 21% current is attributed to O2 reduction by the reduced
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catalyst, returning it to the Co'' form, which can then be re-reduced and active for HER. We also
note that the current and onset potential observed by CV is the same under anaerobic and aerobic
conditions. This is in contrast to catalysts that are adept at ORR and can show an earlier ORR wave
before HER, as is the case for a brominated, fluorinated cobalt corrole.'”> We note that RGO-1

I

has two advantages that would give it O» tolerance. First, the Co™ bis(benzenedithiolate) type

6197 including 1. Therefore, even if unwanted oxidation of the reduced Co'

catalysts are air stable,
catalyst occurs, the catalyst is able to be simply re-reduced, without degradation nor decrease of
the amount of active catalyst. Second, embedding the catalyst within an RGO thin film limits the
catalyst’s access to dioxygen, especially as catalysis proceeds and hydrogen is produced in the
film. Hydrogen evolution catalysts with oxygen tolerance are highly desired and currently a hot

t.!7! Only a few other, encapsulated catalysts that show high

topic in HER catalyst developmen
tolerance to dioxygen have been reported.!’>"!”> The Faradaic efficiency of RGO-1 under air is
similar to that reported for a Ni bis(benzenedithiolate) type catalyst in homogeneous solution,*’
but the same has not yet been reported yet for Co bis(benzenedithiolate) type catalysts.

In order to determine the long-term stability of RGO-1, CPE measurements were
performed, which show an initial current density of 6 mA/cm? at -0.8 V vs Ag|AgCl in pH 2
solution. However, this current decays within 8 hrs. The decrease in catalytic ability of RGO-1
over time suggests detachment of the catalyst from the film, degradation of the film, demetallation
of the catalyst, other degradation of the catalyst, or some combination thereof. In previous studies
on Co bis(benzenedithiolate) catalysts physisorbed on graphitic supports, detachment of the
catalyst from the film was proposed as the degradation route.”” We hoped to avoid detachment of
the catalyst via covalent attachment, but decline of catalytic activity is still observed, just on a
longer time scale when compared with the control system studied here, where catalyst 2 is
physisorbed to RGO (RGO/2), see Figure 2.25. One possible explanation for this finding is slow
degradation of the film. The film is still visually intact after long term CPE, so there is no
mechanical damage to the film, even after 21 hrs of continuous electrolysis. Degradation of the
active site is supported by the observed shift of the catalytic onset potential by CV over time (see
Figure 2.25, right). Additionally, the amount of Co in the film is shown to decrease by XPS and
ICP-MS, suggesting that demetallation of the complex is the major contributor to the decline in
catalytic activity. XPS shows partial loss of the ligand specific elements (S, N) over the course of

electrolysis, suggesting that the degradation of the ligand is a minor contributor to loss of catalytic
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activity. SEM images of the film after electrolysis, see Figure 2.28, show that the film is for the
most part intact with a similar structure as before electrolysis, with some microscale degradation
of the film due to hydrogen bubbles formed near the electrode surface, escaping by ripping the
film. Due to the majority of the film being intact, this is a very minor contributor to the observed
decrease in catalytic activity.

Interestingly, RGO-1 thin films have similar catalytic activity for HER in CV experiments
as the Co bis(benzenedithiolate) catalysts that are physisorbed on graphitic materials/electrodes,
which our group previously reported.”>*” Please see Table 1.1 for a comparison of these systems.
For example, 2 was physisorbed onto a bulk graphite electrode giving a relatively high surface
coverage of 14.1 nmol/cm?, due to the rough surface of this type of electrode.” Complex 2 was
also shown to be active for HER when physisorbed to HOPG, with lower physisorption, at 0.260
nmol/cm? of electrochemically active cobalt.”” The RGO-1 film reported here is in between these
two systems, with 1.3 £ 0.2 nmol/cm? of electrochemically active Co - five times that achieved by
physisorption to HOPG, but still less than that achievable for rough graphite electrodes. The
physisorbed RGO/2 film gives 0.45 nmol/cm?, on par with that of HOPG/2. A key consideration
in these cases is not only the geometric surface area but the specific surface area and the attachment
method. Comparing the TOFs of the catalysts on the surfaces, at pH 1.5 TOFs of 24, 320, and 105
s’! are measured by CV for graphite/2, HOPG/2, and RGO-1. These results show that the
electrocatalytic activity for Co bis(benzenedithiolate) catalysts for HER is overall similar in the
physisorbed versus chemisorbed systems, but that the covalent attachment leads to a number of
distinct advantages. First, the amount of electrocatalytically active Co is much larger, (in our case,
about 3 times the amount), contributing to the 6 times higher catalytic currents for RGO-1
compared to the physisorbed system (RGO/2). Second, RGO-1 has a much better long-term
stability (in our case, by a factor of 3-4), and future work is focused to further improve the system
in this regard.

RGO-1 thin films discussed herein compare well to other earth abundant transition metal
molecular catalysts immobilized on/in carbon-based supports. Please see Table 1.1 and Section
1.2.5 in the Introduction for relevant examples of thin film molecular HER electrocatalysts.
Surface densities are often on the order of 1-10 nmol/cm? for similar systems, see Table 1.1, which
is comparable to the surface density of Co in RGO-1, but unfortunately, in many examples from

the literature the film thickness is not reported, and so the density of the catalyst in the film is
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unknown, and a further, detailed comparison with these systems is not suitable. With regards to
current densities, the initial current density for RGO-1 is fairly good at 6 mA/cm?, but the
instability over time limits it to the lower end of its class with TONs at 1.3-10°. From this, we
conclude that RGO-1, while not breaking records in surface coverage, TOF, or TON, is a well-
rounded catalyst comparable to top immobilized molecular earth abundant catalysts in each
category, with interesting fundamental properties as discussed above that were investigated in
great detail in this work, and exceptional stability in air.

In conclusion, the RGO-1 system reported herein showcases the ability of molecular
catalysts in thin films to be highly active for HER, albeit further work is necessary to further
improve the durability of the system. The methods and approaches developed for HER
electrocatalysts can be applied to other electrocatalytic reactions relevant to renewable energy as
well, such as COz capture, nitrate reduction, and the ever-elusive nitrogen fixation.®”!’® Hopefully,
this work will guide the development and characterization of other thin film catalysts for HER and
other key reactions in renewable energy as we, collectively, develop more sustainable catalytic

processes to power our planet.
2.4 Experimental Section

2.4.1 General Synthesis and Chemicals

All chemicals were used as received with the exception of KPF¢ which was recrystallized
twice for removal of trace metal ions.!”” In synthetic procedures DI H,O was used when required;
for all electrochemistry milli-Q H>O with a resistance of >18 MQ-cm was used. Cobalt
bis(benzenedichlorodithiolate) tetrabutylammonium (TBA) and cobalt bis(toluenedithiolate) TBA
were synthesized according to previously published procedures.®!*” HPLC grade Trifluoroacetic

acid with <0.0001 mg/kg Fe was used for electrochemical testing.

2.4.2 Instrumentation

NMR spectra were measured using Varian MR400 (400 MHz), Agilent MR400 (400
MHz), and Bruker Avance Neo 500 MHz instruments in automation mode via Bruker Icon NMR,
or a Varian NMR Systems 500 MHz spectrometer. 'H-NMR spectra were referenced to
tetramethylsilane (TMS) or residual solvent peaks. Mass spectrometry data were collected on an

Agilent 6230 TOF LC-MS system in negative ion mode, with reference ions at m/z 112.9 and
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1034. UV-Vis spectra were obtained on an Analytical Jena Specord S600 instrument. All
electrochemical measurements were conducted using a BioLogic SP-50 potentiostat with the
exception of the controlled potential electrolysis data shown in Figure 2.26, which was obtained
using a CH Instruments CHI600E potentiostat. Raman spectroscopy measurements were
conducted on a Renishaw RM series Raman microscope with a Leica 50% objective using a 785
nm diode laser. Scanning electron microscopy/EDS images were obtained using a JEOL JSM-
7800FLV scanning electron microscope. X-ray photoelectron spectroscopy data were collected on
a Kratos Axis Ultra XPS instrument at the Michigan Center for Materials Characterization, using
a Monochromatic Al source, with an emission current of 15 mA and voltage of 14 kV. XPS data
were recorded with charge neutralization. High resolution spectra were recorded with a pass
energy of 20 eV. C Is spectra were recorded for 5 high resolution scans, N 1s and S 2p data for
15, and Co 2p data for 60. Atomic force microscopy data were collected on a Veeco Dimension
Icon Atomic Force Microscope at the Michigan Center for Materials Characterization. Inductively
coupled plasma mass spectrometry measurements were performed on a Perkin-Elmer Nexion 2000
ICP-MS. Centrifugation was conducted using an Allegra X-30R centrifuge by Beckman Coulter
and a Beckman Coulter FX301.5 rotor. Quantitative H» gas headspace analysis was conducted by
gas chromatography (GC) using a Thermo Scientific Trace 1310 instrument which utilized Ar

carrier gas and a thermal conductivity detector.

2.4.3 Synthetic Procedures

N-boc-3,4-difluorobenzylamine. 3,4-difluorobenzylamine (1.14 g, 8.0 mmol) was added
dropwise to di-fert-butyl dicarbonate (3.22 mL, 14 mmol), followed by addition of triethylamine
(2.9 mL, 21 mmol). To this solution was added 3 mL acetone. The reaction mixture was stirred for
3 hr, and then 10 mL of water was added, followed by product extraction with 10 mL of ethyl
acetate. The organic layer was washed with 10 mL of 0.1 M aqueous HCI, saturated aqueous
sodium bicarbonate and water before drying over sodium sulfate. The solvent was evaporated to
give a crude yellow oil, which was recrystallized from hexanes/chloroform to give clear crystals
of N-boc-3,4-difluorobenzylamine (51%, 0.95 g). '"H-NMR (500 MHz, CDCl;3): & 7.09 (m, 2H),
7.00 (m, 1H), 4.87 (s, 1H), 4.26 (d, 2H), 1.46 (s, 9H) ppm; ’F-NMR (400 MHz, CDCls): § -137.6
(q, 1F), -140.1 (m, 1F) ppm. See Figure 2.29 and Figure 2.30.
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Figure 2.29. 'TH-NMR spectrum of boc-protected 3,4-difluorobenzylamine. 'H-NMR (500 MHz,
CDCl): 6 7.09 (m, 2H), 7.00 (m, 1H), 4.87 (s, 1H), 4.26 (d, 2H), 1.46 (s, 9H).
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Figure 2.30. "’F-NMR spectra of intermediates and byproducts of the synthetic procedure, and of
1, as indicated by the structures. R is diphenylmethyl, as shown in Figure 2.1. Residual TFA from
the deprotection reaction is also observed in the spectra.

Diphenylmethylthiol. Diphenylmethylthiol was prepared following published methods.!”8-18

Benzhydrol (2.0 g, 10.9 mmol), Lawesson’s reagent (5.0 g, 12.4 mmol), 26.4 mL dry toluene and
0.20 mL H>O were combined in a 50 mL round bottom flask, and the resulting mixture was
refluxed for 1/2 hr via a preheated oil bath. The reaction mixture was cooled, concentrated, and
the product was purified by column chromatography on silica (eluent 9:1 n-hexanes : ethyl
acetate). Yield: 1.45 g, 7.3 mmol, 67%. 'H-NMR (400 MHz, CDCls): § 7.20-7.45 (m, 10H), 5.45
(d, 1H), 1.27 (d, 1H) ppm.

N-boc-3,4-bis(diphenylmethylthio)-benzylamine. The reaction was carried out under Ar, using
Schlenk line techniques. Diphenylmethylthiol (1.7 mL, 9.0 mmol) was added dropwise to a
suspension of NaH (0.22 g, 9.0 mmol) in 15 mL dry dimethylformamide (DMF) at 0 °C in a 50
mL round bottom flask. This mixture was allowed to stir for a few minutes until it turned nearly

clear. Then, a solution of N-boc-3,4-difluorobenzylamine (1.00 g, 4.11 mmol) in 5 mL DMF was
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added to the reaction mixture. The ice bath was removed, and the reaction heated. Once the
reaction reached 50 °C, the Ar inlet needle was removed from the septum, making the reaction a
closed system. The reaction was heated to 100 °C and refluxed for 3 hrs. At 3 hrs, the Ar inlet
needle was reintroduced and another aliquot of diphenylmethylthiolate was added dropwise,
prepared as before with diphenylmethylthiol (0.83 mL, 4.5 mmol) and NaH (108 mg, 4.5 mmol)
in 5 mL DMF. The Ar inlet needle was removed again. After stirring and heating to 100 °C for an
additional 3 hrs, the solvent was removed to give a crude oil. The desired product was then
concentrated by column chromatography, with two consecutive columns (eluent 1:4 acetone : n-
hexanes). The product could not be isolated in pure form due to similar retention factors of the
monosubstituted molecules, causing partial co-elution. Yield: 188 mg, 66% of which was the
disubstituted product based on the 'H-NMR spectrum (benzyl proton integration), < 10% total
conversion. 'H-NMR (500 MHz, CDCl;): & 7.20-7.45 (m, 20H), 6.96 (d, 1H), 6.87 (d, 1H), 6.77
(dd, 1H), 5.66 (d, 2H), 4.36 (s, 1H), 4.00 (d, 2H), 1.46 (s, 9H) ppm. See Figure 2.31.

The monosubstituted molecules are also produced in this reaction (see Figure 2.32):
N-Boc-3-diphenylmethylthio-4-fluoro-benzylamine. 'H-NMR (400 MHz, CDCl;3): § 7.20-7.45
(m, 10H), 6.96 (d, 1H), 7.01-7.08 (m, 2H), 6.94 (t, 1H), 5.62 (s, 1H), 4.55 (s, 1H) 4.09 (d, 2H),
1.47 (s, 9H) YF-NMR (400 MHz, CDCl3): -111 (s, 1 F) ppm.
N-Boc-3-fluoro-4-diphenylmethylthio-benzylamine. '"H-NMR (400 MHz, CDCl;): & 7.20-7.45
(m, 10H), 7.13 (t, 1H), 6.9 (1H), 6.82 (dd, 1H), 5.62 (s, 1H), 4.79 (s, 1H), 4.22 (d, 2H), 1.45 (s,
9H) "“F-NMR (400 MHz, CDCl3): -108 (s, 1 F) ppm.
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Figure 2.31. 'H-NMR spectrum of N-boc-3,4-bis(diphenylmethylthio)-benzylamine, impure. Both
monothioether impurities have been characterized, see Figure 2.32, and contribute to an increase
in the integrated area of the phenyl protons “F”. 'H-NMR (500 MHz, CDCl3): § 7.20-7.45 (m,
20H), 6.96 (d, 1H), 6.87 (d, 1H), 6.77 (dd, 1H), 5.66 (d, 2H), 4.36 (s, 1H), 4.00 (d, 2H), 1.46 (s,

9H).
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Figure 2.32. 'H-NMR spectral characterization of the monosubstituted byproducts of the
nucleophilic aromatic substitution reaction. Panel a: the top spectrum shows the mostly pure N-
Boc-3-diphenylmethylthio-4-fluoro-benzylamine, while the lower spectrum shows a ~1:1 mixture
of this isomer with N-Boc-3-fluoro-4-diphenylmethylthio-benzylamine. Panel b: a closer look at
the aromatic region of the spectra from panel a. Aromatic proton peaks Di, D2, and D3 were
assigned with guidance from MestReNova NMR prediction and show the expected integrations.
The gray circles mark peaks that originate from N-Boc-3-diphenylmethylthio-4-fluoro-
benzylamine.
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3,4-dithiolbenzylammonium trifluoroacetate. The deprotection method was adapted from
similar diphenylmethyl thioether deprotection reactions published previously.'®! The reaction was
carried out under Ar, using Schlenk line techniques. The mixture of products from the above
reaction, containing N-boc-3,4-bis(diphenylmethylthio)-benzylamine, was used as the starting
point for this reaction. The percent of the disubstituted product (N-boc-3,4-
bis(diphenylmethylthio)-benzylamine) and  monosubstituted  impurities (N-boc-3-
diphenylmethylthio-4-fluoro-benzylamine and N-boc-3-fluoro-4-diphenylmethylthio-
benzylamine) was first calculated. In a typical reaction, the mixture of products contained 66%
disubstituted and 34% monosubstituted product. 110 mg (0.20 mmol total, 0.13 mmol desired
disubstituted product) of the mixture was dissolved in 1.4 mL dichloromethane under Ar in a 5
mL round bottom flask. To this solution was added 0.2 mL triethylsilane. Then, after stirring for
3 minutes, 0.6 mL trifluoroacetic acid (TFA) was added dropwise, causing the reaction to change
color to slightly yellow. The round bottom flask was sealed, and was heated and stirred at 30 °C
for 1 hr. Then the volatiles were evaporated with dinitrogen gas, and the acidic gas was neutralized
by bubbling the gas stream through a saturated aqueous sodium bicarbonate solution. Once
volatiles were removed, 1 mL hexanes was added to dissolve the diphenylmethane biproduct, and
the heterogeneous mixture was stirred at 0 °C for 1/2 hr, and then let sit at 0 °C for 1/2 hr. The
hexanes solution was carefully decanted, and the resulting sticky oil product was dried and moved
immediately to the following reaction. See Figure 2.33 for representative crude reaction 'H-NMR

spectra.
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Figure 2.33. 'H-NMR spectra of the crude products from the deprotection reaction. Top: crude
deprotection reaction mixture containing 3,4-dithiolbenzylammonium trifluoroacetate. Note that
these products are not purified or characterized further, but the solution containing 3,4-
dithiolbenzylammonium trifluoroacetate is moved directly forward to metalation. See further
discussion in the Experimental Section 2.4.3. Bottom: diphenylmethane is the main product from
the deprotection reaction, which is removed in the hexanes wash, showing deprotection of the thiol
moieties.

[Cobalt bis(benzylammoniumdithiolate)]Cl (1). The reaction was performed under dinitrogen,
using Schlenk line techniques. The product of the above reaction, with assumed 66% 3.4-
dithiolbenzylammonium trifluoroacetate and 34% 3,4 or 4,3-thiolfluorobenzylammonium
trifluoroacetate, was dissolved in 1.5 mL dry methanol, with 3 equivalents of sodium methoxide
for each 3,4-dithiolbenzylammonium trifluoroacetate and 2 equivalents for each
thiolfluorobenzylammonium trifluoroacetate (here: 0.54 mmol, 29 mg). A solution of
CoS0O4*7H>0 (0.5 eq per 3,4-dithiolbenzylamine; here: 0.066 mmol or 18 mg) in 1.5 mL dry
methanol was added to the solution of the deprotonated ligand dropwise. The solution immediately

turned dark blue. The solution was stirred for 2 hrs. Then, a solution of 1 eq of [TBA](Br) (0.066
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mmol, 21.3 mg) or [TBA](PFs) in 1 mL methanol was added. The reaction was stirred for 2 hrs.
Then the volume of the solution was reduced to one fifth. The resulting suspension was filtered
and washed with methanol to give [TBA][cobalt bis(benzylaminedithiolate)]. The complex was
then dissolved in DMF/HCI (5% aq, 10 eq) for further characterization, to yield the protonated
form 1. Yield: 27.2 mg, 64% of the last two steps. 'TH-NMR (500 MHz, DMF, with solvent
suppression): 6 30.21, -19.98, -20.49, -24.06 ppm. See Figure 2.3.

Covalent attachment of 1 to GO (GO-1). A 1% GO solution (10 mg/mL) was used as received
from gographene.com, lyophilized, and stored in a desiccator until further use. Lyophilized GO (2
mg) was added to a 0.75 mL solution of 2.6 mM 1 in DMF/HClaq. 0.25 mL of triethylamine DMF
solution was added (2.4 mg TEA in 1 mL DMF). After mixing well and sonicating for 10 min to
resuspend the GO, the solution was sparged with Ar, then the Ar needle was removed from the
septum and the reaction was heated to 65 °C. The reaction mixture was stirred for 24 hrs. After
cooling, 0.5 mL of DMF was added to the reaction mixture, and the resulting mixture was
centrifuged (10 min at 15000 rpm). The supernatant was then decanted and discarded to remove
unreacted complex. The resulting dark brown material was resuspended in 1.5 mL DMF with 9
uL of aqueous 5% HCI, let sit for 1 hr to dissolve any free 1, and then centrifuged. The solid
product was rinsed with DMF, then MeOH. Finally, the material was resuspended in 2 mL water
to give a 1 mg/mL GO solution, “GO-1". The GO control was prepared in the same way as GO-

1, except that in the procedure, the solution of 1 was substituted with pure DMF.

2.4.4 Experimental Procedures

Film preparation. 3.5 pL of the prepared GO or GO-1 solution were drop-cast on a polished
glassy carbon (GC) electrode (3 mm diameter, unless otherwise specified). The film was allowed
to dry in a covered area overnight. Then the film was dried further under vacuum (150 mTorr) for
6 hrs.

GO reduction. GO films were reduced before electrochemical analysis, with 15 reductive cycles
of cyclic voltammetry at 200 mV/s from 0 to -1.2 V vs Ag|AgCl in aqueous 0.1 M KPFg solution.
See Figure 2.9.

Faradaic Efficiency. A film was drop-cast on to a GC disk electrode (5 mm diameter), such that
the same volume of GO-1 was used per area. The experiment was performed in a sealed two part

cell, with the half cells separated by a Nafion membrane. The reference electrode was SCE in
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saturated KCIl. The counter electrode was a carbon rod. Experiments were conducted under
dinitrogen gas. The film was reduced according to the usual procedure in neutral 0.1 M KPFg, then
the electrolyte was switched to 0.1 M KPFs made acidic to pH 1 with TFA. The cell and solution
were then rigorously purged again. A 20 min CPE at -1.04 V vs SCE was performed, and the gas
headspace was analyzed by GC, see Figure 2.34. The percent H> in the gas headspace was
determined using a calibration curve. Comparison of this value to the expected percent H» if all
charge passed in the CPE went to H: production determined the Faradaic efficiency. Our
measurements show quantitative Faradaic efficiency for RGO-1, with 97 + 4 % of the expected
H> gas detected (N=2 gas aliquots). Faradaic efficiency in air was measured in the same manner,
only the cell was purged with air upon addition of the pH 1 electrolyte. This electrolysis was

calculated to have a Faradaic Efficiency of 79 = 3 %.
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Figure 2.34. Controlled potential electrolysis used for determining Faradaic efficiency. A potential
of -1 V vs Ag|AgCl at pH 1 was held for 20 minutes. The working electrode was a 5 mm diameter
GC disk with an RGO-1 film. Gas chromatography of the gas head space after CPE showed a
Faradaic efficiency for H, production of 97+ 4 % of the expected H> gas detected (N=2 gas
aliquots). See Experimental Section 2.4.4 for further experimental details.

Controlled Potential Electrolysis. Controlled Potential Electrolysis were conducted in a three
part cell, with each electrode separated from the others, see Figure 2.35. Great care was taken to
avoid contamination. The glassware used for the cell and for preparation of the electrolyte solution
were cleaned with soap and water, rinsed well with water, let sit in an acid bath overnight, rinsed,
let sit in a base bath overnight, rinsed well with water, then rinsed well with mille-Q water. A new

stir bar was used for the working electrode compartment, while the stir bars for the reference and
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counter electrode compartments were cleaned in the acid bath. The rubber o-rings were also
cleaned in the acid bath, these were also placed next to the reference electrode and counter
electrode cell compartments with fresh Nafion membranes closest to the working electrode cell
compartment. The Nafion membranes were rinsed with mille-Q water before use. The counter
electrode and reference electrode were also rinsed well with mille-Q water before use. The food
grade silicon tubing used for circulating the electrolyte was cleaned by rinsing well with an
aqueous 5% H2SO4 solution then rinsed well with mille-Q water. The fritted Ar bubbler was rinsed
well then soaked an aqueous 5% H2SO4 solution at least overnight between uses, and then rinsed
well with mille-Q water.

To set up, the main compartment was partially filled with 0.1 M KPF¢ aqueous solution,
the tubes were connected and the pump was turned on. The main compartment was sparged well
with Ar via a glass pipet carefully inserted through a pre-pierced septum, as was the reservoir. At
the same time the reference electrode and working electrode compartments were also sparged with
N>. Then the inlet Ar pipet to the working electrode compartment was removed. It was important
that the working electrode compartment was air-tight, or leaks occurred. The glass stopper was
wrapped with parafilm and if necessary the septum was further made air-tight with electrical tape.
The N> sparging pipets were removed from the reference electrode and working electrode
compartments and left with a very gentle blanket of N> for the course of the experiment. If the
solution level dropped significantly in these compartments, they were refilled with mille-Q pure
water.

After initial reduction of GO to RGO, the electrolyte was acidified by addition of neat TFA
to the reservoir and addition of 1 M aqueous TFA solution to the reference electrode and working
electrode compartments. The reservoir solution was allowed to circulate to equilibrate. The
reference electrode and working electrode compartments were briefly purged for the same purpose.
As noted in Section 2.4.1, high purity TFA was used as an acid source, no metal contamination

was allowed in this bottle of TFA.
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Figure 2.35. Photos of the electrochemical setup used for the CPE experiments. Left: top view.
Right: the full setup, including the pump and the reservoir.

2.4.5 Plateau Current and Foot-Of-The-Wave (FOWA) Analysis

Given the standard equation for FOWA analysis,

~
~|
=

Equation 2.4

|
= a

1+ exp (R—I;q(E - E%.t>
where I, is the catalytic current density [A/cm?] at a certain potential E [V]; I,, is the peak current
density of the catalytic couple when no substrate is present [A/cm?]; I pt 18 the theoretical plateau
current density (not limited by mass transport) [A/cm?]; F is Faraday’s constant [C/mol]; R is the
gas constant [J K- mol']; T is the temperature [K]; and E 4/, is the potential where the catalytic

current is half of the plateau current [V], if not limited by mass transport in solution or in the film.

The plateau current for a KPr system is described as:'®

I = nFkC? KACAdf < Equation 2.5

10006m3>
Ep E Equation 2.6
7

Here, n is the number of electrons in the reaction studied (here n = 2); k is the rate constant [M"'s"
; Cg is the concentration of oxidized catalyst in the film before any is reduced [M]; k4 is the
partition coefficient for substrate, here protons, between the film and solution; Cg is the initial

concentration of substrate in solution [M]; df is the thickness of the film [cm]; and E° is the
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potential of the Co'"/Co" couple [V]. The following definitions were used to simplify the above

equation:
ipl .
Ip; = < Equation 2.7
and
l
Cg = mO—CO_3 Equation 2.8
10 °L
df S * 3
cm

where i, is the ideal plateau current [A]; S is the geometric surface area of the film [cm?]; and
mol, is the moles of electrochemically active Co in the film [mol]. Equation 2.5, Equation 2.6
and Equation 2.7 simplify to give:
Ip = anKACgmolCO Equation 2.9
Equation 2.9 is used for plateau current analysis, see Section 2.2.3 and Figure 2.22. The
peak current (i) can be neatly canceled out of Equation 2.4, which is convenient as the Co/Co!
couple is broad and shallow. This, and combining Equation 2.4, Equation 2.6, and Equation 2.9,
gives:
anKAC2m0160103

1+ exp (g (E — E%)

i, = Equation 2.10
Here, E° is taken as the Co'™/Co! couple, which is at -0.71 V vs Ag|AgCl (see Eq 3); and x4 was
assumed to be 1. The latter likely overestimates the partition of protons into the film at higher acid
concentrations, as it is generally known that RGO without modification is a moderate proton
conductor.'®? Still, this assumption allows us to calculate an approximation of the rate constant.

Table 2.1. Table of calculated rate constants k, at different acid concentrations as per
Equation 2.10.

[H'] [M] k [s'M]
0.001 3.6:10°
0.00316 3.6:10°
0.01 2.7-103
0.0316 1.4-103
0.1 8.7-10%
0.316 5.2:10%
1 3.4:10°
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Chapter 3 Spectroscopic Characterization of Intermediates in Hydrogen Evolution

Catalysis by Co Bis(benzenedichlorodithiolate)

In this chapter, Co(Il) bis(benzenedichlorodithiolate) is prepared and spectroscopically
characterized. The reaction of this species with protons is investigated and suggests that Co
bis(benzenedithiolate) complexes are capable of homolytic hydrogen evolution. We thank Dr. Jeff
Kampf for solving the X-ray crystal structure of (CoCp2)2[Co"(bdt).]. A corresponding manuscript

communicating these results regarding the Co(II) species is currently in preparation.

3.1 Introduction

Understanding the mechanisms that catalysts use to conduct their reactions allows for the
optimization and troubleshooting of catalytic reactions. In previous work in our group and in the
work presented in Chapter 2, we have shown that Co bis(benzenedithiolate) type catalysts, whether
physisorbed or covalently attached to the electrode surface, to be highly active catalysts for HER
performing well compared to other top heterogenized earth abundant transition metal molecular
complexes that have been reported in the literature.>* However, they are shown to decline in
activity over time.>”37 Therefore, it is desirable to better understand the molecular mechanism of
these catalysts to elucidate the reason(s) for catalyst failure and obtain insight into how the catalyst
functions, both homogenously and heterogeneously.

As these catalysts have been studied for roughly 60 years, both as complexes for their

inherent geometric and electronic structure,%*¢!

and as catalysts for the hydrogen evolution
reaction (HER),24647.73:9697 there is much known about their electronic and geometric structure,
and some information has been obtained about their putative HER mechanism.

I state. As discussed in the

First, these complexes are easily synthesized in their Co
Introduction, Section 1.2.1, these complexes in their Co'" form are square planar and monomeric,
though some derivatives not discussed here-in may dimerize.*”*° The complexes discussed in this

chapter are shown in Figure 3.1. The ground state is a mix of Co'™(L), and Co'(L")(L) character.
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However, how the non-innocent benzenedithiolate ligands impact HER catalysis by these

complexes is not well understood.

ak cl o |
s. S s. S

AN N/
@ PN @ AN

s” s s” s

Cl Cl
[Co"(bdt),] [Co"(Cl,bdt),]

[Co"(tb-bdt),] [Co"(tdt),]

Figure 3.1. Structures of complexes discussed in this chapter. Ligand abbreviations are as follows,
bdt = benzene-1,2-dithiolate, Cl,bdt = 3,6-dichorobenzene-1,2-dithiolate, tb-bdt = 3,5-di-tert-
butylbenzene-1,2-dithiolate, and tdt = toluene-3,4-dithiolate.

As discussed in the Introduction, Section 1.2.2, there are nominally four steps to HER: two
electron transfers (E) and two proton transfers (C). Cyclic voltammetry shows that the first step of
the HER reaction by Co bis(benzenedithiolate) type complexes is reduction, with catalytic activity
taking off at or after the Co(III/IT) couple. The second step is protonation, as the Co(Il/T) couple is
not observed at any accessible potential in the absence of acid. The order of the next two steps has
been suggested by density functional theory (DFT) calculations,® but has not been determined
experimentally. Specifically, Hans and Eisenberg suggest an ECCE mechanism, where
protonation initially occurs on the sulfurs of the benzenedithiolate, and after the second reduction,
the Co' center accepts a hydride, and then the resulting Co(III)-H and remaining H-Sya: proton

form hydrogen intramolecularly. This mechanism is illustrated in Figure 3.2.
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Figure 3.2. Proposed mechanism from Solis and Hammes-Schiffer.®> This mechanism was
calculated to be preferred by [Co(bdt)2]", [Co(Cl2bdt)2]", and [Co(tdt)>]". Here, the parent
[Co(bdt)2]~ complex is used for illustration. See Figure 3.1 for structures of the other species.

Our group is interested in studying the HER activity of these Co bis(benzenedithiolate)
type complexes when immobilized onto electrode surfaces (bdt = benzene-1,2-dithiolate). In
particular, we have studied the complexes when physisorbed to graphitic surfaces.’”>® Therefore,
the geometry of the intermediates featured in the mechanism is important. It is possible that during
the catalytic cycle, if the catalyst distorts from its square planar structure, its ability to n-stack with
the graphitic electrode will be disrupted promoting dissociation of the physisorbed catalyst from
the electrode surface. Specifically, the geometric structure of the Co(Il) form is unknown. Solis
and Hammes-Schiffer calculated that in the quartet state the Co(II) form would be tetrahedral,
while the doublet state of Co(II) would be square planar.®® If the Co(II) form is indeed in the quartet
state and tetrahedral, this would give the complex an opportunity to dissociate from the graphitic
surface. In their calculations, the tetrahedral quartet structure was indeed slightly energetically
favored.®

While there have been extensive studies on the Co(IIl) bdt type complexes and their

electronic structure,’® much less experimental work is available for the reduced Co(Il) bdt
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complexes, which is likely due to the face that they are very air sensitive. When the early research
on these complexes was being performed, preparation of pure samples was challenging.'®> Some
research was conducted on [Co(tdt)2]*~ and [Co(tb-bdt),]*~ (tdt = toluene-3,4-dithiolate and tb-bdt
= 3,5-di-tert-butylbenzene-1,2-dithiolate). In a study by Sawyer et al in 1986, the [Co(tdt)2]"
complex was electrochemically reduced in MeCN, perhaps incompletely as the 660 nm peak
persisted, to obtain a UV-Vis spectrum of the Co(II) form.'®? The reduced [Co(tb-bdt),]*~ form
was also prepared by electrochemical reduction at reduced temperatures (-25 °C), and the UV-Vis
spectrum was published in a thesis in 2005.'3* These data are consistent with our observations, see
below, but no further spectroscopic characterization of the [Co(II)(bdt)2]*~ type complexes is
known. Additionally, there have been a few studies on Co(II) dithiolene complexes with non-bdt
type ligands. 82183

Further, none of the intermediates following Co(II) formation in the proposed mechanism
illustrated in Figure 3.2 have been experimentally isolated or studied. These catalysts are adept at
HER, and these intermediates can be expected to be short-lived under catalytic conditions, which
makes their isolation challenging.

For this study, we set out to investigate the above intermediates to further determine the
HER mechanism of these complexes and possibly identify points of failure of these Co
bis(benzenedithiolate) type catalysts. For this study, we used [Co(Cl2bdt)>], as it is a highly active
catalyst and the required ligand is commercially available (Cl,bdt = 3,6-dichorobenzene-1,2-
dithiolate). In this chapter, I have shown that the Co(III) complex can be reduced by chemical or
electrochemical reduction to the Co(II) oxidation state. X-ray crystallography shows that the Co(II)
complex retains the same square planar geometry as the starting Co(I1I) complex. This shows that
reduction alone does not promote catalyst dissociation from the electrode surface by twisting the
structure to tetrahedral. This Co(Il) species has been further characterized by magnetic circular
dichroism (MCD), electron paramagnetic resonance (EPR), and UV-Vis spectroscopy. Further
reactivity of the Co(II) species is reported and attempts to isolate the other reaction intermediates

are discussed.
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3.2 Results

3.3 Synthesis and characterization of Co(II) species

The complex [TBA][Co(II)(Cl:bdt),] was
procedures.®’” The reduced [Co(II)(Clobdt),]* complex could be prepared chemically, by
addition of a stoichiometric reducing agent, cobaltocene, or electrochemically, by controlled
potential reductive electrolysis. As expected, given the reported UV-Vis spectra for [Co(IT)(tdt)2]*~
and [Co(II)(tb-bdt)2]*~,'3*!82 the Co(II) form gives a light yellow solution, in contrast to the dark
blue color of the Co(III) species. The comparison of the UV-Vis spectra may be seen in Figure

3.3. The Co(Il) form is highly air sensitive and will oxidize in air to return the Co(IIl) form, as

shown in Figure 3.4.

Absorbance

Figure 3.3. Comparison of the UV-Vis spectra of the complexes [Co(III)(Clabdt)z]- and
[Co(I)(Clabdt)2]*, each one 0.1 mM in THF at room temperature (RT). The data for the Co(II)
species were taken under an inert atmosphere, while those for the Co(IIl) complex were obtained

under ambient air.
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Figure 3.4. Comparison of the UV-Vis spectra of the product of Co(II) oxidation by ambient air
and the true [Co(IIT)(bdt):]~ starting complex. Both species are 0.1 mM in acetonitrile in the
presence of 0.01 M [TBA](PFs). The black spectrum, the oxidized Co(II) complex, was taken by
mixing 0.1 mL anaerobic 1 mM [TBA]2[Co(II)(bdt).] formed by electrochemical reduction with
0.9 mL acetonitrile under ambient conditions.
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Figure 3.5. X-ray crystal structure of (CoCp2)2[Co(II)(bdt)>] This crystal structure was obtained
and solved by Dr. Jeff Kampf, see Experimental Section 3.6.4 for further details and Table 3.1 for
select bond lengths. One equivalent of butyronitrile is also present in the crystal but here is omitted
for clarity.

High quality crystals of the Co(Il) species were obtained by slow evaporation of the
chemically reduced species in butyronitrile. X-ray crystallography of this species shows two
cobaltocenium cations per each square-planar [Co(II)(Clabdt):]>~ dianion. The dianion is strictly
planar with the sum of the SCoS angles summing to 360.0°. Comparison to the Co(IIl) species
shows that this is a primarily metal-based reduction, as the aryl ligand bond distances show very
little change, see Table 3.1. This suggests that while Solis and Hammes-Schiffer predicted the
tetrahedral quartet state of Co(II) would be favored,% under these conditions, the complex is
experimentally found to be square-planar. This suggests that the species is instead a doublet Co(II)
complex.

Table 3.1. Comparison of average bond lengths between the Co(IIl) and Co(II) state of Co(Cl2bdt).

Bond Co(ll) catalyst (A) Co(lll) catalyst (A)
Co-S 2.182 (4) 2.164 (5)

s-C 1.749 (7) 1.750 (3)

c-C 1.395 (14) 1.393 (11)
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Figure 3.6. EPR spectrum of [TBA][CoCp2][Co(IT)(Cl2bdt)2], 1 mM in THF, measured at 10 K.
The experimental spectrum is given in black, and the fit is shown in red. The fit parameters are g
=(1.95, 2.07, 2.95), gstrain = (0.06, 0.014, 0.04), A = (not fit, 180, 280).

The electronic structure of this Co(Il) species was further studied by electron paramagnetic
resonance (EPR) spectroscopy. Unlike the S; = 1 Co(III) species, which is EPR silent, the reduced
Co(II) complex has a non-integer spin ground state and gives an EPR signal. As expected, due to
the 7 = 7/2 nuclear spin of Co, the EPR spectrum shows Co hyperfine, see Figure 3.6. The EPR
spectrum is fit as a Co(I) St = 1/2 species, with high A values and g strain as is evident from the
relatively smooth nature of this Co(II) spectrum. The g, value is found to be g, =2.95 while gx and

gy are near g = 2. The exact fitting parameters used are given in the caption of Figure 3.6.
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Figure 3.7. Comparison of the MCD standard run data of [Co(II)(Cl2bdt)2]* compared to its UV-
Vis absorption spectrum (top) and the MCD standard run data of [Co(III)(Cl2bdt)>]~ compared to
its UV-Vis absorption spectrum (bottom). Co(II) MCD samples were prepared in butyronitrile at
0.5 mM, and a standard run was conducted, at +7, +5, +3, +1, 0, -1, -3, -5, -7 T and 2, 5, 10, and
20 K, shown here are the 7T data for each temperature. The UV-Vis spectrum shown is of
[TBA][CoCp2][Co(II)(Cl2bdt)2] at 0.5 mM in butyronitrile and is the same sample as the MCD
data. The Co(III) data were measured on a polystyrene film sample, similarly a standard run was
conducted, with 50 K data also included, shown here are the 7T data for each temperature. Here,
the UV-Vis spectrum is of [TBA][Co(III)(Cl2bdt)2], 0.1 mM in acetonitrile. Data for the Co(III)
complex were also obtained in butyronitrile at 0.5 mM (not shown). For each, only data with

voltage below 750 V are shown.
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Further, the Co(Ill) and Co(II) complexes were studied by magnetic circular dichroism
(MCD) spectroscopy. Both species show temperature-sensitive C-term signals, as expected for
paramagnetic complexes, as shown in Figure 3.7. Interestingly, the Co(Ill) species only shows
mild temperature dependence until higher temperatures are reached, see the decrease in intensity
at 20 and 50 K. This indicates strong axial zero field splitting for the complex, with a negative D
value. The shape of the bands for the [Co(III)(Clabdt).]*~ species align well with previously
reported MCD data of the complex [TBA][Co(III)(tb-bdt)z], see the cited ref.®? This supports
similar electronic structures for the two species, and similar assignments of the optical spectra,
featuring several strong LMCT excitations in the visible region, and a few weaker, forbidden d-d
transitions.®? Due to this similarity and the fact that the Co(II1I) complexes are well studied,’ the

electronic structure of this oxidation state was not further explored.
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Figure 3.8. Saturation behavior of the two main bands of [Co(I)(Clzbdt)]>~. Left, the saturation
behavior of the positive band at 439 nm, or 22779 cm’!. Right, the saturation behavior of the
negative band at 353 nm, or 28328 cm™'. Fits of standard run MCD data are shown with color
coordinated lines, fit with St = 1/2 and resulting in the polarizations shown in the panels. Note,
standard runs have less data points than full VTVH runs. The lack of nesting of the saturation
curves together with the excellent agreement of the fits provides strong evidence that the complex
has an S; = 1/2 ground state, as further supported by the EPR data.

The MCD spectra of the Co(Il) complex match well with the UV-Vis data of this species,
showing features at high energy, but much less intensity in the visible region. The spectra are
highly temperature dependent, similarly showing C-term behavior consistent with a paramagnetic
complex. The saturation curves of this species were determined for the two most intense bands, at

439 nm (22779 cm™!) and 353 nm (28328 cm™), as shown in Figure 3.8. These saturation curves
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overlay neatly, which is consistent with an S; = 1/2 species, as further suggested by the square-
planar geometry and indicated by the EPR fit. These saturation curves can indeed be fit as a S¢ =

1/2 species, using the g values obtained from the EPR fit.

3.3.1 Reaction of the Co(1l) Complex with Protons

According to the proposed mechanism, one equivalent of protons should react with the
Co(II) complex to give the singly protonated Co(Il) intermediate, with the proton adding to a sulfur
of the benzenedithiolate ligand (Swa). For these studies, the chemical reductant cobaltocene was
found to be non-innocent. If the chemical reductant cobaltocene is used, 2 equivalents of protons
are needed to return to the starting Co(Ill) complex quantitatively. This is illustrated by UV-Vis
and EPR spectroscopy. First, UV-Vis shows that one equivalent leads to half the expected intensity
of the [Co™(Clybdt)2]~ band, see Figure 3.9. The shoulder at 445 nm due to the [Co(II)(Clabdt):]*
is still partially present in the red spectrum in Figure 3.9, suggesting that after 1 equivalent of acid
the solution contains 0.5 equivalent [Co(I)(Cl2bdt)2]*~ and 0.5 equivalent [Co™(Clabdt):]. This
is further evident from EPR, as addition of 1 equivalent acid to [Co(II)(Cl.bdt):]*, the
[Co(I)(Clabdt)2]* is still present, but in reduced intensity, see Figure 3.10.

1
—— reduced _ .
—— 1 eq acid :O 0.9
——fully oxidized O o3 % ls. %
154 - - - -half of each overlayed o
+ 07
[}
S 06
0] ©
2 . 05
E 1.0 1 B
2 0.4
] <
2 v 03
>. 0.2
0.5 > s
35 o1
0
0 2 4 6 8
T ¥ T ¥ T L T ¥ .
400 500 600 700 Equivalents TFA

Wavelength (nm)

Figure 3.9. UV-Vis data show 2 equivalents of acid are necessary to fully return
[Co(Clobdt),]- when CoCp. is used as a reductant. Left, UV-Vis spectra of 0.2 mM
[Co(IT)(Clabdt)2]*, 0.2 mM [Co(II)(Clzbdt),]* with 1 equivalent of TFA added, and then the same
fully oxidized by air exposure. These spectra were acquired in THF. The dashed green line shows
an overlay of the average of the [Co(II)(Cl2bdt)2]*~ and the [Co(II)(Clabdt)2]~ spectra. Right, data
from a separate experiment where TFA was titrated to a solution of 0.1 mM [Co(II)(Cl2bdt):]* in
dichloromethane and the [Co(II)(Cl2bdt)2]~ fully reappeared after 2 equivalents of TFA. This
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titration experiment was performed at room temperature using a dip probe UV-Vis set up in a
nitrogen glovebox.
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Figure 3.10. EPR spectrum of [TBA][CoCp2][Co(II)(CLobdt)z], 1 mM in THF at 10 K compared
to the EPR spectrum of the same sample with one equivalent TFA added.

An additional complication of cobaltocene is that ligand exchange is sometimes observed.
Sometimes, formation of a dark purple species is observed upon addition of protons to
[TBA][CoCp2][Co"(Clabdt),]. This is more likely if the reducing agent, cobaltocene, was at all
oxidized so after addition of what should be one equivalent of cobaltocene, reduction of the
[Co(ClLybdt)2] is incomplete. This purple species is characterized by a dark purple color, and a
Amax of 559 nm and is proposed to be Co(Cl,bdt)(Cp). Co(Clz2bdt)(Cp) was previously reported by
Tsukada et al, who reported a Amax of 555 nm in dichloromethane.'®* It is also similar to the
diamagnetic complex Co(S2C2(CF3)2)(Cp) reported previously. '

Due to the two issues discussed above with using cobaltocene as a chemical reductant, we
switched to electrochemical reduction of [Co(III)(Clabdt):]~ to prepare [Co(II)(Clabdt):]>~. This
approach is expected to form high concentration solutions of [Co(I)(Cl2bdt)>]>-, as the complex’s
Co(III/IT) couple is well behaved, and this method has been used previously to prepare reduced
Co(bdt), type species.!**!#2 Indeed, the Co(III) complex cleanly converted to Co(Il) upon applying
a reducing potential in 0.1 M [TBA](PFs) in acetonitrile under Ar, as shown in Figure 3.11. This
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formation of the Co(II) complex was confirmed by UV-Vis spectroscopy, see Figure 3.12. The
resulting, reduced complex is the same as the one obtained by chemical reduction with

cobaltocene. The excess [TBA](PFs) salt is not expected to affect the reaction, especially as it is

present in electrocatalytic homogenous HER.
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Figure 3.11. Electrochemical reduction of [TBA][Co(III)(Clzbdt)2] to [TBA]2[Co(II)(Clabdt)z].
Here, the experimental conditions are 1 mM [TBA][Co(III)(Cl;bdt):], 0.1 M [TBA](PFs), MeCN,
under Ar on the Schlenk line (working electrode/reference electrode half-cell), 10 mM Fc (counter

electrode half-cell), glass wool salt bridge, Ag wire pseudo-reference electrode, graphitic carbon
felt for the working and counter electrodes.
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Figure 3.12. UV-Vis spectrum of electrochemically reduced [TBA]2[Co(II)(Cl2bdt)2], 0.1 mM in
MeCN.

With a more reliable Co(II) preparation in hand, the reactivity of the reduced complex with
protons was again tested. Upon adding one equivalent of protons to the chemically reduced Co(II)
complex, we observe quantitative return to the Co(IIl) starting complex. This was confirmed by
multiple UV-Vis trials using varying solvents and temperatures: when stoichiometric
trifluoroacetic acid (TFA) was added to the reduced Co(II) complex under anerobic conditions,
the Co(III) species was regenerated. An example UV-Vis titration is seen in Figure 3.13. As the
Co(II) species is highly air sensitive, minor reoxidation to the Co(III) form is sometimes observed.
In these cases, the equivalents of TFA are calculated with respect to the starting amount of Co(II)
complex for each trial. The reaction with acid occurs faster than the mixing time scale, and any
change in concentration per TFA addition is attributed to mixing of the solutions in the cuvette,

not reaction time.
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Figure 3.13. UV-Vis monitored titration of the Co(II) complex with acid. The UV-Vis spectrum
of the starting solution of the Co(II) complex is shown in purple at 0.1 mM concentration, with
additions of 0.1 mL 0.75 mM TFA in acetonitrile. The inset graph shows the absorption at 667
nm, which is attributed to the Co(IIl) form, with respect to the additions of equivalents of TFA.
This UV-Vis titration was performed at RT under Ar.
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Figure 3.14. Combination of four UV-Vis monitored titration trials of the Co(Il) complex with
TFA, showing the percent conversion of Co(Il) to Co(IIl) upon addition of acid. Trial 1 is shown
in Figure 3.13.

With four UV-Vis titration trials combined, one equivalent of TFA is required to regenerate
all of the expected Co(IIl) complex, see Figure 3.14. While the stoichiometry is as expected, the
direct return to the Co(IIl) complex was unexpected. The DFT-calculated literature mechanism,
shown in Figure 3.2, suggests that double protonation followed by reduction is needed before H»
may be evolved and Co(IlI) is regenerated, and in this calculated reaction mechanism, only one
Co complex participates (unimolecular mechanism with respect to the complex). Here, we observe
a reaction where Co(Ill) is regenerated from only one equivalent of protons. One might propose
two Co complexes are coming together to perform HER. If this is the case, there are two
possibilities, illustrated in Figure 3.15. First, illustrated in red, is that half of the Co(II) complex
could be protonated twice, giving [Co'(H-bdt),], and then another (remaining) Co(II) complex

could reduce this species to close the catalytic cycle without an additional reductive equivalent.
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This is unlikely, as the second protonation corresponds to a pKa that is calculated to be ~4 units
more acidic,®® and in the presence of one equivalent of acid, the doubly protonated species is
therefore not expected to form. The mechanism in blue could allow a short cut, where two
molecules of [Co(Cl2bdt)(Clobdt-H)]~ could react to produce 0.5 eq of H» per the initial
concentration of catalyst. Such a bimolecular mechanism of H» production has been proposed

before for cobaloxime HER catalysts®*!5

and is referred to as the homolytic hydrogen production.
This could only be plausible for solution state HER, as reported by the Eisenberg group.*®*’ In
contrast, when heterogenized, the catalyst molecules are fixed in space on the electrode surface,
unable to come together to homolytically make hydrogen. Therefore, a heterolytic mechanism

must also be possible. However, first, is hydrogen being made in this reaction?

-0.5eqH,
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H
e S
co'l @ \Co”/
/
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Figure 3.15. Two possible mechanisms to explain the homogenous HER data obtained here. Blue,
coupling of two Co(H-Syar) protonated species to give H> and Red, use of 2 equivalent of the
Co(II) to reduce the doubly protonated species.

We measured the hydrogen in the gas headspace upon reacting the electrochemically-
generated Co(II) complex with one equivalent of acid (TFA) in a closed vial. Gas chromatography
studies showed less than 1 % of the expected hydrogen was produced. This suggests that a different

reaction is occurring. Initially we suspected possible hydrogenation of the solvent, acetonitrile.
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However, with the already hydrogenated tetrahydrofuran as the solvent, the same addition of one
equivalent of acid to the electrochemically reduced Co(II) species also produced negligible
hydrogen while returning the blue Co(IIl) complex. By UV-Vis spectroscopy, no intermediates
which could give us an idea of what reaction was occurring were able to be observed at room
temperature.

As no intermediates were observed at room temperature, we slowed the reaction down by
cooling to low temperatures to see if we could observe the fleeting [Co(Cl2bdt)(Clobdt-H)]~
species. We repeated the reaction at -40 °C in acetonitrile and at -75 °C in acetone, using a dip
probe UV-Vis set up. Unfortunately, these experiments did not show any significant intermediates
when TFA was added to a solution of the Co(Il) complex. Instead, at -75 °C, with
electrochemically reduced Co(II)(Cl;bdt), in acetone, the same reaction was observed, but slower,
see Figure 3.16. Despite the slower reaction, this shows the return of the starting Co(III) complex
even at low temperatures. This shows that the reaction occurring has fast kinetics which is

consistent with the fast kinetics of electrocatalytic HER that we have observed for this catalyst

family.
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Figure 3.16. Reaction of 0.1 mM [TBA]>[Co(II)(Cl2bdt).] in acetone with 0.1 M [TBA](PF) at -
75 °C with TFA, 0 through 5.3 equivalents. The left panel shows the changes observed in the UV-
Vis spectra at -75 °C. The upper right panel shows the spectra upon warming, which matches well
with [TBA][Co(III)(Cl2bdt)], included for comparison. The lower right panel shows the increase
of [TBA][Co(IIT)(Cl2bdt)2] with time after the first addition of TFA, the number of equivalents of
TFA is also plotted.
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3.4 Conclusions

In summary, the complex [TBA][Co(IIT)(Cl,bdt),] has been reduced to the Co(Il) form
electrochemically and chemically. This oxygen sensitive species has been characterized by UV-
Vis, X-ray crystallography, EPR, and MCD spectroscopy. From these characterization techniques,
the Co(II) species has been shown to be square planar at Co, with a metal centered reduction, and
an S; = 1/2 ground state. This is in contrast to the DFT predicted, tetrahedral Co(Il) geometry.®
When treated with one equivalent of a proton source, the reaction is very quick and returns the
starting Co(III) complex. This reactivity is unexpected, and while this could show that in
homogenous solution, the complex is able to do homolytic HER, no hydrogen is produced in this
reaction. The reaction that is occurring is still unknown, but has been shown to be consistent across
solvents and temperatures. Additional work to isolate intermediate species was therefore

unsuccessful.

3.5 Future work

Future work is recommended to include further studies to identify the non-cobalt products
in the reaction of [TBA]>[Co(II)(Cl2bdt)2] with one equivalent of acid. Further control reactions,
GC-MS analysis of products, and NMR spectroscopy studies should be used to determine what
other reaction is occurring.

Future work on this project should also include repeating low temperature studies, going
to as low of a temperature as possible. A small portion of the catalyst, reduced in acetonitrile, is
recommended to be added to dichloromethane near its freezing point, -96.7 °C. Although it has a
similarly low freezing point and can be an acceptable electrolyte solvent, THF is not
recommended, because this solvent often contains small amount of peroxides that may react with
the [TBA][Co(Clzbdt),]. Careful testing and/or purification of THF is required to use this solvent.

Once conditions where protonation of [TBA]2[Co(II)(Cl2bdt)2] occurs, or homogeneous
HER is observed, are found, additional studies may be performed using a methyl donor rather than
a proton donor to react with Co(Il). This approach could be used to identify the location of
protonation of the complex. It is expected that the reduced complex would methylate at S rather
than at the Co center. Initial studies showed that [TBA][Co(Clzbdt)>] is unreactive to Mel and
[TBA]2[Co(IT)(Clzbdt).] in acetonitrile with 0.01 M TBAPF¢ shows some reactivity towards Mel,

causing shifting of the bands resulting from intraligand n-n* transitions.
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Figure 3.17. Comparison of the reactivity of [TBA][Co(Clzbdt)2] and [TBA]2[Co(IT)(Clzbdt):]
with Mel. The Co(III) species shows no reactivity, left, as the black and red spectra overlay. The
Co(II) species shows formation of a new species with the marked shifts in bands, in 200 s, right.

3.6 Experimental Section

3.6.1 General Synthesis and Chemicals

The chemicals used herein were used as received except for cobaltocene which was
sublimed before use for purification. To maintain an air free atmosphere required for these
experiments, a nitrogen glovebox, or Schlenk line was employed. Specifically for handling of
[Co(Clbdt),]*, Schlenk line techniques with an Ar atmosphere were employed.
[TBA][Co(Cl2bdt),] was synthesized according to past methods.®!+’

3.6.2 Reduction Procedures

To obtain [TBA][CoCp2][Co(II)(Clabdt):] via chemical reduction, one equivalent of CoCp2
is added to a solution of [TBA][Co(Cl:bdt).] in the desired solvent.

For electrochemical reduction, a solution of 0.5-3 mM [TBA][Co(Cl2bdt):] in 0.1 M
[TBA](PF¢) in acetonitrile or acetone is reduced at -0.2 V more negative than the Co(III/I) redox
couple until the current drops and the change in color from blue to yellow is complete, see Figure
3.11 for a representative example. A two-part electrochemical cell with excess Fc as a sacrificial
oxidant in the counter electrode half-cell is employed. The charge passed may be slightly more

depending on the degree of anaerobicity obtained before reduction occurs. The reference was an
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Ag wire pseudo-reference electrode; however, the data were not referenced to Fc'/Fc after

electrolysis to maintain purity of the Co(II) solution.

3.6.3 Instrumentation

NMR spectra were measured using a Varian NMR Systems 500 MHz spectrometer. 'H-
NMR spectra were referenced to residual solvent peaks. UV-Vis spectra were obtained on an
Analytical Jena Specord S600 instrument. For low temperature experiments a Hellma low
temperature immersion probe (dip probe) with a 10 mm path length was used. See Section 4.8.1
for description of the MCD set up. Here, temperatures of 2, 5, 10, 20, and for [TBA][Co(Cl2bdt)2],
50 K in series were used for the MCD measurements, and spectra were obtained at +/-7, +/-5, +/-
3,+/-1,and 0 T at each temperature. The EPR measurements were conducted on a Bruker X-band
EMX spectrometer, which was equipped with an Oxford liquid helium cryostat. The EPR spectrum
was fit using SpinCount (Prof. M. P. Hendrich at Carnegie Mellon University). The

electrochemistry was conducted using a CH Instruments CHI600E potentiostat.

3.6.4 X-ray crystallography

The X-ray crystallography was performed by Dr. Jeff Kampf, the former crystallographer
of the Chemistry department at the University of Michigan, who acquired the data and solved the
structure. He provided the following report:

Green plates of (CoCp2)2[Co(II)(bdt)2] were grown from a butyronitrile solution of the
compound at -20 deg. C. A crystal of dimensions 0.10 x 0.08 x 0.04 mm was mounted on a Rigaku
AFCI0K Saturn 944+ CCD-based X-ray diffractometer equipped with a low temperature device
and a Micromax-007HF Cu-target micro-focus rotating anode (A = 1.54187 A) operated at 1.2 kW
power (40 kV, 30 mA). The X-ray intensities were measured at 85(1) K with the detector placed
at a distance of 42.00 mm from the crystal. A total of 2028 images were collected with an
oscillation width of 1.0° in ®. The exposure times were 1 sec. for the low angle images, 5 sec. for
high angle. Rigaku d*trek images were exported to CrysAlisPro for processing and corrected for
absorption. The integration of the data yielded a total of 55,226 reflections to a maximum 20 value
of 138.85° of which 12,797 were independent and 11,576 were greater than 2c(I). The final cell
constants (Table 3.2) were based on the xyz centroids of 15,456 reflections above 10c(I). Analysis

of the data showed negligible decay during data collection. The structure was solved and refined

95



with the Bruker SHELXTL (version 2018/3) software package, using the space group P2(1) with
Z = 4 for the formula C3gH31NCl4S,Co3. All non-hydrogen atoms were refined anisotropically
with the hydrogen atoms placed in idealized positions. Full matrix least-squares refinement based

on F2 converged at R1 = 0.0642 and wR2 = 0.1634 [based on I > 2sigma(I)], R1 = 0.0708 and
wR2 =0.1712 for all data. Additional details are presented in Table 1 and the CIF file is deposited
at CCDC, CCDC number: 2309250. Acknowledgement is made for funding from NSF grant CHE-
0840456 for X-ray instrumentation.

Table 3.2. Crystal data and structure refinement for (CoCp2)2[Co(II)(bdt)2]. One equivalent of

butyronitrile is also present but omitted from Figure 3.5 for clarity.

Parameter

Value(s)

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system, space group

Unit cell dimensions

Volume
Z, Calculated density
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Limiting indices
Reflections collected / unique
Completeness to theta = 67.684
Absorption correction

Max. and min. transmission

C36H31CLsCo3NS,4
924.45
85(2)K
1.54184 A
Monoclinic, P2(1)
a=14.3219(2) A alpha = 90°
b=14.0160(2) A beta = 99.4507(17)°
c=18.4173(3) A gamma = 90°
3646.82(11) A3
4, 1.684 Mg/m?3
15.627 mm"!
1868
0.100 x 0.080 x 0.040 mm
2.432 10 69.427°
-17<=h<=17, -16<=k<=17, -22<=1<=22
55226/ 12797 [R(int) = 0.0759]
99.8 %

Semi-empirical from equivalents

1.00000 and 0.64347
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Refinement method
Data / restraints / parameters
Goodness-of-fit on F/2
Final R indices [[>2sigma(I)]
R indices (all data)
Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

Full-matrix least-squares on F"2
12797 /119 / 924
1.069
R1=0.0642, wR2 = 0.1634
R1=10.0708, wR2 =0.1712
0.139(6)
n/a

0.736 and -0.794 e.A"-3
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Chapter 4 Elucidating the Structure of a Reactive Formally Ni'V-Oxo Species with
Spectroscopy and Density Functional Theory Calculations

In this chapter, a formal Ni'-O species is shown to be an S; = 1 Ni'l

-oxyl complex by
spectroscopic and DFT studies. This research was performed in collaboration Prof. Wonwoo
Nam’s group at Ewha Womans University in Seoul, Korea, who synthesized the complex,
performed the initial characterization, and studied its reactivity, and Prof. Jason Shearer’s group
at Trinity University in Texas, USA, who performed and analyzed the X-ray absorption studies.
Adapted from Karmalkar, Deepika’; Larson, Virginia*; Malik, Deesha; Lee, Yong-Min; Seo, Mi
Sook; Kim, Jin; Vasiliauskas, Dovydas; Shearer, Jason*; Lehnert, Nicolai*; Nam, Wonwoo*;
“Preparation and Characterization of a Formally Ni"V~Oxo Complex with a Triplet Ground State
and Application in Oxidation Reactions”. J. Am. Chem. Soc. 2022, 144, 49, 22698-22712.1° The

double dagger indicates Deepika Karmalkar and Virginia Larson are co-first authors on this

manuscript. The introduction section is also partially adapted from the cited ref.'

4.1 Introduction

High-valent first-row transition metal-oxo species are active intermediates in oxidation
reactions that are important in water splitting for the generation of renewable energy, in biology,
and in oxidative chemical transformations.!'* Renewable energy related reactions which often
involve metal-oxo intermediates include the oxidative side of water splitting, referred to as the
oxygen evolution reaction (OER), and the reduction of O to water in fuel cells.!0!10-11%187.188 A
notable example of the latter is Nocera’s artificial leaf, which catalyzes the OER via a high-valent
Co-oxo intermediate.'®® Additionally, though more recently developed, there are several molecular
Ni OER catalysts that likely also operate through high-valent Ni—O intermeditates.'!® Fe- and Mn-
0Xo0 species are active intermediates in enzymes like Cytochrome P450s, methane monooxygenase,
mononuclear non-heme iron enzymes, and photosystem II, to name a few examples.'?*!° While

Fe, Mn, and Cu are the favored metals for biology — high-valent Cu intermediates have been

proposed for some enzymes but are less studied'*!"'** — outside of bioinorganic chemistry, similar
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species with other transition metals have been used in chemical oxidation reactions, i.e. oxygen

atom transfer (OAT) and C-H activation.'96-108.115.116.194.195

4.1.1 The ‘Oxo Wall’
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Figure 4.1. Scheme of electronic structure of Ni-oxo complexes in different spin states and the
resulting formal Ni—O bond order, illustrating the instability of metal-oxo species past the ‘oxo
wall’.

Well studied, mononuclear, terminal Ni-oxo complexes are much more rare than their
lower atomic number counterparts.''*® This is related to the concept of the ‘oxo wall’,!0>13%197
which is explained in more detail in the Introduction Section 1.3.3 and a number of review
articles.!'* Nickel is past this ‘oxo wall’, having two additional metal(d) electrons compared with
iron. This makes corresponding Ni'¥—O complexes extremely unstable and reactive. A Ni'V=0
complex in the low-spin (S; = 0) state has a formal bond order of 1, which would not qualify as a
metal=0 unit. In addition, a metal-oxyl species may be expected, where bond inversion (valence
tautomerization) gives rise to a radical on the oxo ligand. However, with intermediate (St = 1) or
high-spin (S; = 2) ground states, it is theoretically possible to have a formal Ni—O bond order of
up to 1.5. This spin-state dependent Ni'V—O bond order is illustrated in Figure 4.1.

4.1.2 Previously Studied Ni-O Complexes
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Figure 4.2. Previously reported Ni-O complexes (A — F) and [Ni(TAML)(O)(OH)]*~ (G) presented
in this chapter. HoL = 6-methyl-3,6,9-triaza-1(2,6)-pyridinacyclodecaphane-2,10-dione.

In line with this predicted instability, high-valent Ni—O species are rare in the literature.
Some reports propose these types of species as intermediates for reactions like olefin

198,199 alkane hydroxylation,>® and for gas phase methane oxidation to methanol

epoxidation,
(Figure 4.2A, B).2°1:2%2 In 1987, it was known that [Ni(cyclam)]*" and similar complexes could
perform olefin epoxidation when activated by PhIO to give a putative Ni'V—O intermediate (Figure
4.2A) as the active species.!”® A further exploration of this reaction indicated that the intermediate

M_O"" character.!® In 2006, a Ni-O complex was suggested as the active species

had significant Ni
in alkane hydroxylation when activated by meta-chloroperbenzoic acid (m-CPBA), with the
precursor [Ni(OH2)(OAc)(TPA)]" (TPA= tris(2-pyridylmethyl)amine) being shown in Figure
4.2B.290:203 Additionally, experimental??!2°4205 and theoretical studies?*>?% have suggested that
[Ni'""-O]" species may be potent oxidants for the challenging conversion of CH4 into MeOH in the
gas phase. However, no direct spectroscopic evidence for a high-valent Ni—oxo species has been
reported until very recently, leaving the assignment ambiguous. Even in the above cases, the
involvement of a high-valent Ni—O species is debated.?°®?°” For example, isotopic labeling and
selectivity studies suggest that a m-chlorobenzoyloxy radical is the active species in C-H activation

when m-CPBA is reacted with nickel complexes featuring a variety of nitrogen-based co-ligands

and appropriate substrates for C-H activation.?® Nevertheless, high-valent Ni-O species have
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great potential as catalysts, and there is great interest in the field in isolating and understanding
these reactive intermediates.!*%

To date, only a few high valent Ni-O species have been proposed and/or successfully
synthesized and characterized, as shown in Figure 4.2. General strategies to obtain these species
mirror those used for other types of metal-oxo complexes. This includes, in particular, the reaction
of Ni'! precursors with O-atom transfer reagents like m-CPBA, as first reported in 2012 by Ray
and co-workers.2?? Here, reaction of a Ni"! precursor, [Ni'l(TMGstren)(OTf)]*, with m-CPBA was
thought to yield a trigonal bipyramidal (TBP) terminal Ni'"~O or Ni"'-OH complex (Figure 4.2C).
The reactive species was prepared by oxidizing a Ni'! precursor with m-CPBA and analyzed with
electron paramagnetic resonance (EPR) spectroscopy, revealing a total yield of only 15% of Ni'"
species in solution. Of this 15%, two St = 1/2 species are present in an 85:15 ratio, both being
metastable with half-lives of 1 hr at =30 °C. The time course of the corresponding EPR and UV—
vis signals of these two intermediates matches, suggesting that they form and decay in similar
ways or are somehow related. These intermediates undergo hydrogen atom transfer (HAT) from
9,10-dihydroanthracene with a kinetic isotope effect of 3.9, similar to that seen for alkane
hydroxylation catalyzed by [Ni(OH2)(OAc)(TPA)]*.2% The mass spectra did not feature ions for
Ni—O species but included ions of reasonable degradation products.

In 2015, Company and co-workers reported a [Ni}(L)(O")] complex, which was described

as a Ni'l

-oxyl species (Figure 4.2D, HoL = 6-methyl-3,6,9-triaza-1(2,6)-pyridinacyclodecaphane-
2,10-dione).?!? This species, which features a tetradentate ligand, has a half-life of 4.5h at =30 °C
and can be generated by treating the Ni'! precursor with m-CPBA (Figure 4.2D).2!° This
intermediate appeared to have UV—vis absorption bands at 420 and 580 nm and two rhombic EPR
signals consistent with an S; = 1/2 species forming in 16% yield. However, the formation rates for
the Ni'! species observed by EPR and the species observed by UV—vis spectroscopy are not the
same. Instead, density functional theory (DFT) studies suggest that the Ni'"-O"" species is EPR-
silent, such that the species observed by EPR is, rather, a decay product. X-ray absorption near-
edge structure (XANES) spectra suggest that a Ni'l complex forms, and extended X-ray absorption
fine structure (EXAFS) shows two long Ni-N/O distances (2.12A) corresponding to the Ni-O and
Ni-N(amine) of L?*  and three short Ni-N/O distances (1.88A) corresponding to the Ni-

N(pyridine) and Ni-N(amidate) of L?>", which are consistent with a weakly bound oxo or oxyl

ligand. The rRaman spectrum features bands at 450 and 477 cm™! that were assigned to Ni-O
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species, but this has yet to be confirmed by isotopic labelling. The species [(L)Ni'(O)] reacts with
thioanisole, activates weak C—H bonds and converts olefins into epoxides.

A mix of Ni'V(0O) and Ni"[(O) species was reported by Kim and co-workers in 2016 as
intermediates in the catalytic epoxidation of olefins by [Ni'(dpaq)Cl] treated with the oxidant m-
CPBA (Figure 4.2E).?!! The proposed product [Ni''(O)(dpaq)]", featuring a Ns-donor ligand, is
active for catalytic epoxidation of olefins at room temperature (Figure 4.2E).?!! Here, reactivity
studies with peroxyphenylacetic acid afforded decay products of the acid characteristic of O-O
bond homolysis or heterolysis, suggesting the initial presence of Ni'¥—O (74%) and Ni'"-O (26%)).

Il center and a formally Ni'¥—O complex,

The EPR and mass spectra are consistent with a Ni
respectively.

Since our 2020 review, there have been a few proposed Ni(O) intermediates,?!>2!> but
these lack in depth spectroscopic characterization. Recently, O—NiF2 has been prepared in a solid

16/180)_gensitive band was observed in IR

neon matrix by Riedel and co-workers. Here, a
spectroscopy at 640 cm™! and assigned to the Ni-F2 symmetric stretch with some influence of the
adjacent O. This species was further concluded, based on CASSCF/CASTP2/VTZ-DK
calculations, to have a strong degree of oxyl character in the ground state (Figure 4.2F).?!® Despite
the interest in mononuclear, terminal Ni—O species and aforementioned in-depth studies of these
reactive and unstable intermediates, there is still no direct spectroscopic evidence for a Ni—O bond

other than in O-NiF,.

4.1.3 Scope of this Chapter

In this chapter, the synthesis, spectroscopic characterization, and reactivity of a formally
Ni'V(O)(TAML) (TAML* = tetraamido macrocyclic ligand) complex, which has a near tetragonal
ligand field symmetry is discussed. UV-Vis by the Nam group, X-ray absorption spectroscopy
(XAS) and EXAFS studies by the Shearer group, and magnetic circular dichroism (MCD)
spectroscopic by myself show that this species corresponds to a six-coordinate formally Ni'V-O
complex with an axially-coordinated hydroxide ligand and an S; = 1 ground state. I further analyze
the electronic structure of this complex, using experimentally calibrated DFT calculations, which
show a distinct amount of bond inversion for one of the Ni—O n-bonds, giving this complex

1

dominant Ni "-oxyl character. The proposed structure of this species is shown in Figure 4.2G. In

agreement with the spectroscopic studies, reactivity studies by the Nam group show that
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[Ni(TAML)(O)(OH)]*" is a particularly active catalyst for the OAT reaction and that this species

can activate moderately strong C-H bonds.
4.2 Synthesis and Characterization of Complexes 1 —3 (Nam Group)

4.2.1 Synthesis of [INI'(TAML)J* (1) and [Ni"(TAML)]- (2)

The synthesis and characterization of the Ni'! and Ni'"' complexes was conducted by our
collaborators in the Nam group, with primary effort by Deepika Karmalkar. The Ni'' complex
[Ni'(TAML)]* (1) (TAML* = tetraamido marcrocyclic ligand, 3,4,8,9-tetrahydro-3,3,6,6,9-
hexamethyl-1H-1,4,8,11-benzotetraazocyclotridecane-2,5,7,10-(6 H,11 H)-tetrone) was
characterized by UV-Vis, cold-spray ionization mass spectrometry (CSI-MS), X-band EPR, Evans
method, and X-ray crystallography.'*° Of note, this species is a diamagnetic complex with S; = 0
spin state.

The Ni'™! complex [Ni''(TAML)]™ (2) was generated by reacting 1 with a one-electron
oxidant such as cerium(IV) ammonium nitrate (CAN). 2 was characterized UV-Vis, CSI-MS, X-
band EPR, by Evans method, and X-ray crystallography.!> EPR and Evan’s method agree; 2 is a

paramagnetic complex with St = 1/2 spin state.

4.2.2 Synthesis and Initial Characterization of [Ni(TAML)(0)(OH)]*- (3)

The synthesis and initial characterization of the title formal Ni'V-oxo complex was
performed by our collaborators in the Nam group, with primary effort by Deepika Karmalkar. The
formally Ni'V-oxo-hydroxo complex [Ni(TAML)(O)(OH)]*~ (3) was generated by reacting 1 with
2 equivalents of CAN (or by reacting 2 with 1 equivalent of CAN) in the presence of H2O (5.0 pL)
in MeCN at —40 ‘C. When 1 was reacted with 2 equivalents of CAN, a distinct color change was
observed from yellow (starting) to bright blue within few seconds. 3 shows a prominent electronic
absorption band at 728 nm (¢ = 4000 M! cm™') in MeCN (Figure 4.3a). A titration experiment
showed that 1 equivalent of CAN is required for the full conversion of 2 to 3 (Figure 4.3a, inset).
Alternatively, 3 can also be generated by reacting 1 with 1.5 equivalents of PhIO (dissolved in
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trifluoroethanol (TFE)), followed by addition of 1 equivalent of trifluoromethanesulfonic acid
(HOTY) in MeCN at —40 °C.
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Figure 4.3. UV-Vis and MS of 3. (a) UV—Vis spectral changes showing the formation of 3 in the
reaction of 2 (0.20 mM) with CAN (0-0.20 mM) in MeCN at —40 °C. The inset shows titration
data of [Ni"'(TAML)]™ (0.20 mM) with CAN (0-0.28 mM). (b) CSI-MS spectra of 3 in positive
ion mode. The peaks at m/z = 445.2 correspond to {H" + [Ni(O)(TAML)]} (calcd. m/z = 445.1).
Inset shows the observed isotope distribution pattern for 3-'°O (left panel) and 3-'%0 (right panel).
The peaks marked with an asterisk (*) originate from zinc triflate, Zn(OTf)?, {Na'+
[Zn(OTf)(CF3CH20H)]}, (m/z =336.0) and {Na" + [Zn(OTf)(CF;CH,OH)(H20)]}, m/z = 354.0).
This figure was made by Deepika Karmalkar in the Nam group, who also collected and analyzed
the data shown in the figure.!>

Complex 3 is metastable at =40 "C (t12 ~3 h), which allowed its characterization with
various spectroscopic techniques. CSI-MS of 3 shows poor intensity in positive and negative mode
under above conditions. In order to trap the intermediate using CSI-MS, 1 equivalent of inactive
metal triflates, such as zinc triflate [Zn(OTf)2]*", was added to a solution of 3, generated using
PhIO in the presence of HOTf in MeCN:TFE (v/v = 1:1) at 40 °C. The peak at a mass to charge
ratio of m/z = 445.2 in positive mode was assigned to be {H'+[Ni(TAML)(O)]} (calcd. m/z =
445.2), with isotope distribution pattern for Ni-oxygen species. When 3-130 was used, a two-mass
unit shift was observed at m/z = 447.2 (Figure 4.3b). The observation of the two-mass unit shift
upon '80-introduction indicates that 3 contains one isotope sensitive oxygen atom.

The X-band EPR spectrum of 3, measured at 5 K, is silent. In contrast, the EPR spectrum
of [Ni"(TAML)] shows signals around g ~ 2. This reveals that the oxidation state of 3 is

M complex 2.

consistent with a formally +4 species, one oxidation state higher than that of the Ni
To confirm the oxidation state of 3, the reduction of 3 was carried out using ferrocene derivatives.
Addition of 1 equivalent of ferrocene (Fc) to 3 led to the formation of the one-electron reduced

species, [Ni"(TAML)] (2), and the addition of 2 equivalents of decamethylferrocene (Me1oFc) to
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3 gave rise to its two-electron reduced species, [Ni'(TAML)]*" (1). The formation of the reduced
species from 3 was further confirmed using UV—vis and EPR experiments.'>

The oxidation state of 3 was also confirmed by cyclic voltammetry (CV). The cyclic
voltammogram of [Ni'( TAML)]*" (1) in MeCN/H,0 (v/v 19:1) displays two reversible oxidation
waves at E1 versus SCE = 0.19 and 0.85 V. The second-electron oxidation potential (Eox = 0.85
V vs SCE) of 1 is the same as the one-electron reduction potential of the Ni—oxyl (3) species (Ered =
0.85 V vs SCE), which was generated by reacting 1 (2.0 mM) with CAN (2.0 equivalents) in
MeCN/H20 (v/v 19:1) at —40 °C. It should be noted that 3 undergoes a comproportionation

reaction with 1, leading to the formation of [Ni"}(TAML)] ™ in stoichiometric yield.

4.3 X-ray Absorption Spectroscopy and Analysis (Shearer Group)

X-ray absorption spectroscopic studies and analysis were performed by Prof. Jason Shearer
and his undergraduate student Dovydas Vasiliauskas. From the XANES region of the Ni K-edge
XAS, all three complexes contain nickel in a centrosymmetric ligand environment (i.e., four-
coordinate square-planar or six-coordinate quasi-octahedral). Complexes 1 and 2 are shown to be
square planar nickel-centers, while 3 is contained in a six-coordinate ligand environment. Further,
the edge position of 3 is also not consistent with a Ni'V center; the oxidation state of nickel in 3 is

most consistent with a formal Ni'

center. Solutions to the EXAFS region are consistent with a
six-coordinate nickel center. The data are best modeled with four Ni-N scatterers at 1.96 A, one
Ni-O scatterer at 1.84 A, and one long Ni-O scatterer at 2.2 A. The data are therefore most

11T

consistent with a Ni"" center coordinated by the TAML amidate nitrogen atoms, a short axial O or

OH ligand and a longer axially-coordinated ligand.

4.4 Magnetic Circular Dichroism Spectroscopy

MCD spectroscopy was further used to understand the electronic structure of intermediate
3, to determine the spin state of this species (since MCD C-term intensity is obtained for all
paramagnetic species, including integer spin species,?!’??! unlike EPR), and with insight from
TD-DFT to assign its optical data. Indeed, in the obtained variable-temperature variable-field
(VTVH) MCD data, 2-50 K and 0-7 T, C-term signals were observed for this species, with signals

varying with temperature and magnetic field, as shown in Figure 4.4.
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Figure 4.4. MCD data of 3 obtained at 3 mM concentration at 2-50 K, in a frozen glass prepared
by reacting Li>[Ni'(TAML)] (3.0 mM) with CAN (2.0 equivalents) in the presence of H>O (5 pL)
in acetonitrile/butyronitrile (1:2) at —60 °C. (a) Shown is the 7 T averaged baseline corrected data
at each temperature. The MCD intensity in mdeg is converted to Ae as previously described.?? (b)
Shown is the averaged baseline corrected data for each field at 2 K.
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Figure 4.5 shows a comparison of the UV-Vis and low-temperature MCD data of 3. As
shown Figure 4.5, the characteristic UV-Vis feature of 3 at 728 nm is also present in the MCD
data, and hence, a fit of the VITVH MCD data obtained for this band provides direct insight into

the magnetic properties of 3, especially its spin state (see below).
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Figure 4.5 UV-Vis and MCD data for intermediate 3, along with a correlated Gaussian fit of these
data (see Table 4.1). Top: UV-Vis spectrum of 3 obtained at 0.20 mM concentration in MeCN at
—40 °C. Bottom: MCD data of 3 obtained at 3 mM concentration at 2 K 7 T, in a frozen glass
prepared by reacting Li>[Ni'(TAML)] (3.0 mM) with CAN (2.0 equivalents) in the presence of
H>O (5 pL) in acetonitrile/butyronitrile (1:2) at —60 °C. Temperature and field-dependent MCD
data are shown in Figure 4.4 a and b, respectively. Further details on the Gaussian fits of these
spectra can be found in Figure 4.6.

A correlated Gaussian fit of the UV-Vis and MCD data shown in Figure 4.5, and in detail
in Figure 4.6, identifies seven electronic transitions in the optical spectra, as listed in Table 4.1.

Our results show that the feature at 728 nm actually corresponds to three different electronic

transitions, bands 1 — 3, located at 12440, 13540 and 15080 cm™'. Here, band 2 is the dominant
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feature in the MCD data, indicating that this transition involves a significant amount of metal
character, and likely corresponds to either a d-d or a charge-transfer (CT) transition. To higher
energy, bands 4 — 6 at 18440, 20580 and 23960 cm™! are quite intense in the absorption spectrum
but weak in the MCD spectrum, suggesting that these could be ligand-based transitions. Finally,
band 7 is again intense both in the UV-Vis and MCD data and could originate from a second CT
transition. Further insight into the assignments of bands 2 and 7 can be obtained from the analysis
of the VTVH data of these features. Unfortunately, the other optical features are too weak in the
MCD spectra to obtain reliable VITVH data for further analysis.
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Figure 4.6. Details of the Gaussian fitting of the UV-Vis (left) and MCD 2 K 7 T (right)
experimental data shown in Figure 4.5; the resulting Gaussians are listed in Table 4.1. The

residuals are shown on the top, and the deconvoluted peaks on the bottom. The X? values are
0.9993 for the UV-Vis Gaussian fit, and 0.9988 for the MCD Gaussian fit.
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Figure 4.7. MCD VTVH data of 3 obtained at temperatures of 2 - 50 K and magnetic fields of O -
7 T, for the two main signals in the MCD spectra, bands 2 (VTVH data obtained at 14265 cm™,
701 nm, right) and 7 (VTVH data obtained at 28570 cm™!, 350 nm, left). Top panels: the data fit
very well with an S; = 1 ground state, using D = 4.0 cm™, E/D = 0.24, and g = 2.013, 2.070, 2.078.
Bottom panels: all attempt to fit the data with S; = 2 failed. The dots are the experimental data
while the lines correspond to the fits.

From the temperature- and field-dependent MCD data of bands 2 and 7, obtained at various
magnetic fields, 0 - 7 T, and various temperatures, 2 - 50 K, the magnetic saturation data shown in
Figure 4.7 were obtained. First, since the MCD features of 3 are temperature-dependent, they
correspond to C-term signals, which demonstrates that the complex is paramagnetic (S; =1 or 2).
We then attempted to fit the VTVH data for both main MCD features for the St = 1 and 2 states.
However, as shown in Figure 4.7, the data cannot be fit with an S = 2 ground state, due to the
wrong curvature of the saturation curves. As the spin multiplicity increases, the MCD saturation
curves become more strongly curved, which is already evident from the simple Brillouin function.

The analysis of our VTVH data therefore clearly demonstrates that the formally Ni'V(O) species 3
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has an intermediate spin state, S; = 1 (Figure 4.7, top). The best fit of the VTVH data was obtained
using D = 4.0 cm™, E/D = 0.24, and g = 2.013, 2.070, 2.078, which are based on DFT-predicted

zero-field splitting parameters as discussed below.

Fixed E/D = 0.24

16

XZ

-15 -10 -5 0 5 10 15

D (cm™)

Figure 4.8. X? goodness of fit as a function of D. The 701 nm VTVH saturation data are fit with
the ZFS parameters obtained for structure B3LYP (3), with the D value varied and the polarizations
allowed to optimize. The E/D ratio remains unchanged at 0.24. The X? is plotted to illustrate the
change in goodness of fit with different D values. The line serves to guide the eye.

Note that the VTVH MCD data could be reasonably fit with a positive D value of up to 6
cm’!, see Figure 4.8. This D value is consistent with the relatively large positive D value calculated
for DFT structures B3LYP (2) and B3LYP (3), which are the best models for the structure of the
intermediate, see Table 4.2 and section 4.5. The E/D and g values had to be determined by
calculation, as the integer spin EPR-silent species 3 prevented experimental determination of these
parameters. B3LYP (2) and B3LYP (3) show good agreement for these zero-field splitting (ZFS)
parameters, but B3LYP (3) was ultimately chosen as it better models the Ni-OH bond length
observed experimentally.

In addition, the fitting of the magnetic saturation curves also provides insight into the
polarizations of the corresponding electronic transitions. Based on our fits, both bands 2 and 7
show a large degree of z-polarization, which some additional contribution from y polarization.
These polarizations are relative to the orientation of the ZFS-tensor, which is accessible from DFT
calculations. As one would expect, the DFT calculations show that the z direction of the ZFS-

tensor is associated with the unique Ni—O axis (see Figure 4.13). These results indicate that bands
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2 and 7 have charge transfer character between the Ni center and the oxo ligand. Further insight

into the assignments of these bands is available from the TD-DFT data, as discussed below.

Table 4.1. Summary of Gaussian fitting and band assignments of the optical spectra for 3. See
Table 4.3 for further TD-DFT information.

No. Energy Intensity Assignment Polarization
(cm™) MCD Ag UV-Vis g (%x, %y,
M T em)*  M'em?) %z)
1 12440 -2.6 1060 -
2 13540 -26.7 2553 Co-ligand (7*), O(py)_dy, (n*) > 7,30, 62

dx2-y2/dz2_O(p2) (0%),
Ni-OH/O (rt*) = O(px)_dyx. (%)

3 15080 -4.3 2026 -
4 18440 3.5 831 -
5 20580 2.7 600 -
6 23960 -2.2 1682 -
6b 27450 --b 2175 -
7 29450 42.9 3528 5,22,73

¢ MCD intensity given for the 2 K 1 T spectrum, see Figure 4.9 for fit details.
® Band 6b not observed by MCD.

In Table 4.1, the MCD intensity of the features is given according to the intensity of the 2
K 1 T spectra. At 1 T, the signal intensity is still linear with respect to the magnetic field, as
opposed to the 7 T data as the intensity of the 2 K 7 T data shows saturation of signal, see Figure
4.7 for saturation behavior, and so the relative intensities between fit bands is less meaningful. The
absorptivity of the MCD sample was estimated by comparing the MCD voltage curve to high
quality absorption spectra of 3. The voltage curve of an MCD sample when compared carefully to
the background voltage curve can give approximate UV-Vis absorption spectra and allow the

estimation of concentration*pathlength which is otherwise ambiguous in a frozen sample.
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Figure 4.9. Details of the Gaussian fitting of the experimental 2 K 1 T MCD spectrum: residuals,
top, and fit, bottom. The X? value for this fit is 0.9981. The 2 K 1 T MCD spectrum was used to

calculate the band intensities listed in Table 4.1.

4.5 Density Functional Theory (DFT) Calculations.

4.5.1 Coordination Number and Spin State

With these experimental results in hand, we set out to model the putative high-valent Ni(O)
intermediate using DFT calculations, in direct comparison to our experimental results. Based on
the EXAFS analysis, which shows a short Ni-O vector and indicates that the complex is six-
coordinate, we used the DFT calculations to interrogate the nature of the sixth ligand, X, and

develop structural models for the intermediate. We also investigated a five-coordinate species, for
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comparison. As discussed above, the MCD data indicate that 3 has an S; = 1 ground state, though
we also investigated analogous S; = 2 species, to compare structural features and total energies.
For this purpose, B3LYP and other functionals were employed, in combination with the TZVP
basis set. The results from our DFT calculations are summarized in Table 4.2, and selected

structures are shown in Figure 4.10.

6CS,=2

Figure 4.10. Images of select optimized structural models for 3, optimized in Gaussian with
B3LYP/TZVP. See Table 4.2 for details and structural parameters.
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Table 4.2. DFT-calculated properties for 3, compared for different coordination numbers, spin states, and using different functionals.
All calculations were performed with the basis set TZVP. Relative energies are only compared across analogous structures, applying
the same functional, and are color coded for guidance. See Figure 4.10 for select structures and Section 4.9.1 for Cartesian coordinates.

St = 1 St = 2
5C* 6CP 5C 6C
Exp. B3LYP | B3LYP | B3LYP
(EXAFS) B3LYP (1) (2)¢ (3)¢ TPSSh BP86 B3LYP | B3LYP | TPSSh PBEQ
Relative Energy
(kcal/mol) 0 0 2 5 0 9 18 17
Ni-O bond (A) 1.84 1.98 2.15 1.84 1.84f 1.81 1.79 1.70 1.84 1.77 1.75
o Ni-OH bond (A) 2.2 - 2.27 1.94 2.22F 1.93 1.97 - 2.26 2.28 2.20
£ Avg. Ni-N bond A) 1.96 1.88 1.89 1.97 1.93 1.96 1.98 1.99 1.98 1.98 1.97
g F<N-Ni-N (°) - 356 360 360 360 360 360 337 358 355 360
& <O-Ni-OH (°) - - 179 179 179 178 178 - 179 178 179
<Ni-O-H (°) - - 97.3 101.1 97.6 100.4 99.1 - 98.4 95.9 98.6
[C18-Ni-O-H (°)* - - -0.1 -20.6 0.4 -8.0 -15.0 - -8.5 -0.1 -0.1
392
- 385 258, (375,363
-% Ni-O (cm™) - (393) 262,270 507 N/A 540 585 734 ) 585 613,615
2 169, 133,
175, 160, 184,
Ni-OH (cm™) - - 202,213 439 N/A 451, 457 399 - 225,229 227,281 242,292
. Ni - 0.65 0.64 0.75 0.73 0.78 0.83 1.82 1.85 1.82 1.81
= o - 1.31 1.18 0.95 1.07 0.9 0.74 1.28 1.32 1.30 1.40
5 OH - - 0.15 -0.06 0.03 -0.05 -0.01 - 0.21 0.23 0.19
a Ns (co-ligand) - 0.04 0.04 0.34 0.19 0.36 0.39 0.80 0.61 0.64 0.63
'(% Co-ligand (except
Ns) - 0 -0.02 0.01 -0.02 0.01 0.04 0.10 0.01 0.01 -0.03
25 D - NCh -4.76 8.93 10.47 NC NC -1.03 -113 NC NC
53 E/D - NC 0.11 0.30 0.24 NC NC 0.11 0.10 NC NC

2 5C: five-coordinate structure. ® 6C: six-coordinate structure. * B3LYP (1) is the fully optimized, minimum energy six-coordinate structure for S; = 1, with d,2
singly occupied. ¢ BBLYP (2) is the fully optimized, six-coordinate structure for S; = 1, with dy.y> singly occupied (which constitutes a local minimum). ¢ B3LYP
(3) is a partially optimized structure with the Ni-O and Ni-OH bonds locked at the experimental (EXAFS) distances. ' These bond distances were fixed during the
optimization of structure B3LYP (3). & C18 is the dimethylated carbon between the two carbonyls of the amide groups in the TAML*" ligand. " NC: not calculated.
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To begin, we optimized the structure of a simple, five-coordinate model, with a square-
pyramidal structure where the oxo ligand occupies the apical position, in the S; = 1 state. This
structure shows a rather long Ni-O bond of 1.98 A, which does not reproduce the experimental
Ni—O distance well, especially when compared to a five-coordinate fit of the EXAFS data, which
puts the Ni-O distance at 1.73 A. Since our XAS data indicate that 3 is a six-coordinate species,
we then explored structures with the sixth ligand, X, corresponding to ammonia, water,
acetonitrile, and hydroxide, which are all species that are present in solution. However, in our DFT
geometry optimizations (B3LYP/TZVP), the neutral ligands ammonia, water and acetonitrile all
dissociated from the Ni center, which remained five-coordinate. The only six-coordinate structure

that we could optimize has hydroxide coordinated in trans position to the formally oxo group.

4.5.2 Valence Tautomers

This structure, designated as B3LYP (1) in Table 4.2, has a very long Ni—O bond length of
2.15 A, compared to the experimental Ni-O distance from the EXAFS fit for a six-coordinate
complex, 1.84 A. In this structure, the predicted Ni-OH distance is 2.27 A. In this case, the Ni
center has the (antibonding) d,2 orbital singly occupied, as shown in the MO diagram in Figure
4.11, left, leading to a weakening of the axial Ni-O/OH bonds. The dx2-y2 orbital constitutes the
LUMO in this case, as shown in Figure 4.11, left.
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Figure 4.11. Six-coordinate structures for two different valence tautomers of
[Ni(TAML)(O)(OH)]*- were optimized for the S; = 1 ground state, using BSLYP/TZVP. Left: the
valence tautomer (1) has the d,» orbital singly occupied, and the LUMO corresponds to the dx>—y2
orbital (contour plot shown on the bottom). Right: the valence tautomer (2) has the dx>y> orbital
singly occupied, and the LUMO corresponds to the d,» orbital (contour plot shown on the bottom).
The calculated bond lengths are also included. The colors used in the ligand field diagrams on the
top correspond to the bonding properties of these d-orbitals with respect to the oxo ligand (as in
Figure 4.1): blue is o-antibonding, black non-bonding, and red m-antibonding.

However, complex 3 can also exist in the alternative valence tautomer where instead, the
(antibonding) dx2y2 orbital is singly occupied and d.2 is empty (and constitutes the LUMO), which
should lead to a strengthening of the axial Ni-O/OH bonds (Figure 4.11, right). Starting our
geometry optimization by locking the Ni—O distance at the experimental distance (1.84 A), letting
this structure relax into a local minimum, and then fully optimizing this structure, we are able to
obtain a fully optimized structure for the alternative valence tautomer as well. This optimized
structure, B3LYP (2), shows a Ni-O bond length of 1.84 A and is only 2 kcal/mol higher in energy
than B3LYP (1). However, the Ni-OH bond length predicted for B3LYP (2) is much shorter, 1.94
A, than the experimental value of 2.22 A.
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Figure 4.12 (a) To see the effect of stretching the Ni-OH bond, the Ni-OH bond was locked at the
distance shown on the x-axis, and the Ni-O bond was locked at 1.84 A. The rest of the structure
was allowed to optimize, using B3LYP/TZVP. The relative energy is plotted versus the Ni-OH
bond distance and shows a slight increase in energy. (b) MO plots of the LUMOs of
[Ni(TAML)(O)(OH)]*", obtained at different Ni-OH distances, using the structures with energies
plotted in (a). As the Ni-OH bond length is increased (value given next to each image) the d»»
LUMO gradually mixes with and changes to the dx2.y2 orbital.

This Ni-OH bond, however, is a very soft coordinate. When the Ni-OH bond length is
increased from 1.94 to 2.22 A in a relaxed potential energy surface (rPES) scan, the calculated
energy increases by only ~3 kcal/mol (Figure 4.12a). Interestingly, as the Ni-OH distance is
increased in this rPES scan, the LUMO gradually converts from the dx>.y2 to the d,> orbital, via
linear combinations of these two orbitals (Figure 4.12b). Due to the flexibility of the Ni-OH bond,
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it is likely that hydrogen bonding, via the ammonia or water molecules in solution, could contribute
to a longer Ni-OH bond length experimentally. Optimized structures of the relevant valence

tautomer (2) with TPSSh and BP86 were also obtained, as shown in Table 4.2.

Figure 4.13. Orientation of the D-tensor, as calculated for B3LYP (3) using ORCA. Note how the
z axis aligns with the Ni-O bond.

Calculated ZFS parameters for both valence tautomers (S; = 1) are also included in Table
4.2. While B3LYP (1) shows a negative D value around -5 cm™ and moderate rhombicity, the
other valence tautomer, B3LYP (2) and also B3LYP (3), shows a positive D value around 8 — 10
cm ™' and more pronounced rhombicity. The calculated rhombicity is somewhat surprising, given
the general octahedral symmetry of the coordination environment of the Ni center, but note that
the benzene ring in the co-ligand restricts two of the nitrogens such that there is a tight <N-Ni-N
angle of 85°, while the opposing angle extends to 103°.The experimental VTVH data are best fit
with D = 4.0 cm™! (with E/D fixed at the calculated value of 0.24; see Figure 4.7 and discussion
above). The calculated orientation of the ZFS-tensor for B3LYP (3) is shown in Figure 4.13, with
the z-direction oriented along the Ni—O vector.

For comparison, we further optimized the five- and six-coordinate structures (the latter
with bound hydroxide) in the S; = 2 state, and these results are included in Table 4.2. Importantly,
both the five- and six-coordinate S; = 2 structures are significantly higher in energy than their S; =
1 counterparts, by 9 and >15 kcal/mol, respectively. Taking further into consideration the results
from the analysis of the VTVH MCD data (see above), it is clear that the S; = 2 ground state can

be ruled out for 3.
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In summary, while the [Ni(TAML)(O)(OH)]*~ intermediate (3) could exist in two possible

electronic ground states, based on the EXAFS data, the valence tautomer with the shorter Ni-O

bond length, (2), is favored (with dxz.y2 singly occupied). The sixth ligand is modeled with

hydroxide, which forms a flexible Ni-OH bond, likely modulated by hydrogen bonding. For

further analysis of the electronic structure of this intermediate, we generated a third structure,

B3LYP (3), where the Ni-O and Ni-OH bond distances were fixed based on the experimental

(EXAFS) distances, and the rest of the structure was reoptimized (see Table 4.2). This model is

only slightly higher in energy than both of the minimum structures, B3LYP (1) and B3LYP (2).

4.5.3 Molecular Orbital Diagram

A

Energy

62% Ni
7% 0O

9% Ni
82% 0O

82% Ni
0% O

dxz-yz/dzz_o(pz) 0'*

de-yZ/dZZ_O( pz) 0*

54% Ni
12% O

¢

16% Ni
57% O

z
!
X 4
b 4

Figure 4.14. Scheme of MO diagram of [Ni(O)(OH)(TAML)]*. These molecular orbitals were
calculated using TPSSh/TZVP for the B3LYP (3) optimized structure and visualized in Avogadro.

Shown are the corresponding -spin MOs.
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To further interrogate the electronic structure of the [Ni(TAML)(O)(OH)]*~ intermediate
(3), we then analyzed the MO diagram for the B3LYP (3)-optimized structure, using TPSSh/TZVP
calculations. As shown in Figure 4.14, with the Ni-OH bond set to 2.22 A, the dx2-y2 and d,2 orbitals
become somewhat mixed, making it difficult to assess the strength of the Ni-O o bond. This
information is more readily available from the MO diagram of the B3LYP (2) structure with the
shorter Ni-OH bond. In this case, the LUMO of the complex is the antibonding combination of
d,2 and the O(p,) orbital, d,2_O(p-), which has 54% Ni(d) and 16% O character, as shown in Figure
4.15. The corresponding bonding MO at lower energy is fully occupied, giving rise to a Ni-O &

bond with a formal bond order of 1.

O[p]: 16 %

Ni[d]: 54 %

TPSSh/TZVP

Figure 4.15. Molecular orbital image of the d,2 O(p,) c-antibonding LUMO, obtained with
TPSSh/TZVP for the structure B3LYP (2) (shown is the corresponding B-MO). This orbital has
16% O(p-) and 54% Ni(d) character.

At lower energy, the first SOMO is the dx2-y2 orbital, which is non-bonding to the oxo
ligand. As shown in Figure 4.14, the two dn orbitals of Ni, dx, and dy,, undergo m-bonding
interactions with the O(px) and O(py) orbitals. Here, both n-bonding interactions are inverted, with
the antibonding combinations shown in Figure 4.14 having dominant O(p) character. However, in
the case of dyz, both the bonding combination with O(py) at lower energy and the antibonding
combination at higher energy, shown in Figure 4.14, are fully occupied, which means that this

orbital interaction does not contribute to the Ni—O bond. In the case of dx,, the bonding
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combination with O(px) at lower energy is doubly occupied, but the corresponding antibonding
MO is only singly occupied, as shown in Figure 4.14, which means that this orbital interaction
could contribute 1/2 bond order to the Ni-O bond. However, as shown in Figure 4.14, the orbital
O(px)_dx, shows very strong bond inversion, with 82% O(p) and only 9% Ni(d) contribution.
Hence, this interaction constitutes a very weak Ni—O n-bond, which means that the Ni—O bond in
3 is de facto a Ni—O single (o) bond. In addition, the oxo ligand in 3 is oxidized and has very clear
oxyl character, as reflected by its large amount of spin density of about +1.0, creating a “hole” in
the O(px) orbital (see Figure 4.16 for a larger image of the electron hole). Therefore, the electronic
structure of 3 is best described as a Ni''-O*~ complex, where the spins of the Ni'" (S; = 1/2) and
the oxyl ligand (S: = 1/2) are ferromagnetically coupled (see spin densities listed in Table 4.2),
giving the experimentally observed St = 1 ground state. In other words, the oxo ligand serves as a
non-innocent ligand in 3. In contrast, and surprisingly, the TAML*" ligand is not redox-active in
complex 3 and does not accumulate any notable spin density. This is surprising, considering that
large number of M'V-TAML*" complexes have been reported where the TAML ligand is bound in
the one-electron oxidized, TAML**-, form.!?2-225 The Ni'-O*- electronic structure description of
3 as outlined above implies that the Ni-O bond is actually quite weak. In agreement with this
finding, the calculated Ni-O stretching frequency is located around 500 cm!, as shown in Table
4.2, which reflects the single bond character of the Ni—O interaction. Finally, as expected, the

nonbonding dxy orbital is lowest in energy and has no contribution from the oxyl ligand.
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Olpl: 82 %

Ni[d]: 9 %

TPSSh/TZVP

Figure 4.16. Molecular orbital image of the SOMO for a TPSSh/TZVP calculation on structure
B3LYP (3) (shown is the unoccupied B-MO). The electron hole is located in the oxygen (px)
orbital, with 82% O(px) and only 9% Ni(d) character.

4.5.4 Time Dependent DFT

To further assign the optical spectra of 3, we performed TD-DFT calculations, using the
B3LYP (3) structure and the functionals B3LYP, TPSSh, BP86, and PBEO, which contain varying
amounts of Hartree-Fock exchange. Figure 4.17 compares the absorption spectra calculated with
these functionals to the experimental data. As evident from the figure, TPSSh matches the
experimental absorption spectrum the best, so this functional was used for electronic structure
analysis. TD-DFT predicts a broad absorption band around 550 nm (18000 cm™), which
corresponds to the calculated transitions 6 — 13, see Table 4.3, and which we assign to the
experimental absorption band at 728 nm (13740 cm™') that is indicative of the formation of 3. By
analyzing the electronic transitions predicted by TD-DFT, we found that this spectral region is
mostly dominated by mixed ligand-to-metal charge transfer (CT) transitions, mostly into dx2-
y2/d2_O(p) (c*) as the acceptor MO, in agreement with the mixed polarizations observed for band
2 (see Figure 4.7, Table 4.1, and Table 4.3). Interestingly, we do not see much CT into the
O(px)_dx; hole in the low-energy region of the absorption spectrum. Of the low-energy TD-DFT

predicted excitations, transition 10 is the only one with significant z polarization (88%),
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corresponding to a co-ligand () 2 dx2-y2/d2_O(p-) (6*) and Ni-OH/O (%) = O(px)_dx. (1%)

transition.

Expr. UV-Vis

Intensity

I I T l T T I [ I I I T I T T I I I l
30000 27000 24000 21000 18000 15000 12000

Energy (cm™)

Figure 4.17. TD-DFT calculations on structure B3LYP (3), where the Ni-O and Ni—OH bond
lengths were fixed at the experimental values (from EXAFS; see Table 4.2 and text). All TD-DFT

calculations were performed with the program ORCA, using the indicated functionals and the
TZVP basis set.
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Table 4.3. Select TD-DFT excitations, their energy/wavelength, oscillator strength, description of
the molecular orbitals that contribute to the transition, and their tentative assignment referencing
the bands in Figure 4.5

TD-DFT Energy  Wavelength Oscillator Molecular Orbital Transitions, in Order

excitation# (cm™) (nm) Strength of Decreasing Contribution * Band
aryl/amide (n*), OH(py), dy, OH/O(py) (n/n*)
6 16007 625 0.0011 — dxy2/d O(py) (%) 1
O(py)_dy; (n*), aryl/amide (n*) —
8 17046 587 0.0007 dxy2/d_O(p2) (6*) i

aryl/amide (7*), OH/O(py)_dy. (7%),
OH/O(px)_dxz (’ﬂ:*) g dx2—y2/d22_0(pz) (6*)9

10 17793 562 0.0026 O(px)_dxz (*) 2
O(py)_dy: (n*), amide (%) —
13 18828 531 0.0024 dxy2/dn_O(p2) (6*)
amide/aryl (n*), OH/O(p.), OH(py),
18 22319 448 0.0022 dy, OH/O(py) (w/n*) — dxo-y2/d2 O(p,) (6%) T
aryl/amide (7*), dy, OH/O(py) (), OH/O(p.),
20 23255 430 0.0017 O(py) dy; (m*) — dxoyo/ds2 O(py) (c%) 3,4,5
amide O lone pairs, O(py)_dy, (1*) — dy-
22 24119 415 0.0028 y/dn O(ps) (%), aryl/amides (*) l
amide O lone pairs, amide (n*), OH/O(p,) —
26 24515 408 0.0048 O(px) dxz (m*), dxo-y2/d2 O(p2) ()
amide O lone pairs, amide (n*), OH/O(p,) — T
27 24695 405 0.0062 O(px) dxz (m*), dxo-y2/d2 O(p2) (6%) 6
aryl/amide (1), OH/O(p,) — O(px)_dx. (7*),
39 27542 363 0.0031 aryl/amide (7*) l
OH/O(p.), aryl/amide (1) — aryl/amide (n*),
40 27697 361 0.0072 O(px)_dxz (*)
44 28604 350 0.0161 aryl/amide (n), OH/O(p,) — aryl/amide (n*)
O(py) dy, (m*), aryl/amide (n*) — aryl/amide A
45 28900 346 0.0222 ()
O(py) dy, (m*), aryl/amide (n*) — aryl/amide
51 29930 334 0.0276 (m*)
amide (%), dy,_OH/O(py) (), O(py)_dy. (1*)
52 30012 333 0.0171 — aryl/amide (%)
53 30136 332 0.0089 O(py)_dy, (x*) — aryl/amide (1*)
54 30206 331 0.0072 amide O lone pairs — dyx-y2/dn_O(p,) (6%) 7
amide (n*), OH/O(p,), dy._ OH/O(py) (1) —
55 30351 330 0.0108 aryl/amide (%)
56 30456 328 0.0085 dxo-yo/d_ O(p,) (6*) — aryl/co-ligand (c*)
amide O lone pairs — O(px)_dx, (1*), dxo-
57 30531 328 0.0299 v2/dz_O(p2) (6%)
amide O lone pairs, amide (n*), OH/O(p,) —
58 30592 327 0.0276 dyo-y2/dn O(py) (6%), aryl/amide (*)

amide O lone pairs, Ni(dy), amide (1*),
dy._OH/O(py) (n*) — O(px)_dx. (%), dxa-

59 30709 326 0.0302 y2/dn O(ps) (%), aryl/amide (%)
60 30918 323 0.0173 amide O lone pairs — dx2.y2/d,2 O(p2) (%)
amide O lone pairs, O(py)_dy, (1*) — dx-
62 31270 320 0.0091 vw/dn O(ps) (%), aryl C-H (c%)
63 31291 320 0.0045 O(py) dy, (*) — aryl C-H (c%)
64 31540 317 0.0015 amide O lone pairs — O(px) dx, (1*) v
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amide (n*), dy, OH/O(py) (n*) — aryl/amide
65 31598 317 0.0380 (*) 7
66 31744 315 0.0103 dxoy2/d2 O(p,) (c*) — aryl/co-ligand (c*)
aryl (m), dx,_O/OH(px) (m), N/O/OH_Ni (o),
O(p2)_dz (6)— O(px)_dxz (%), dso-

73 32675 306 0.0024 v2/dz_O(ps) (6%)

86 34276 292 0.0249 Ni(dyy) — dx2y2/d2 O(p2) (6%)
N/OH/O_Ni (o), amide O lone pair —

96 35599 281 0.0059 O(px) dxz (%), dxo-y2/d2 O(p2) (6%)

aTAML* co-ligand MOs involved in electronic transitions are classified by their location on the TAML*" ring. Here,
“co-ligand” refers to the whole TAML* ligand, “amide O lone pairs” refers to the occupied p orbitals on the O atoms
of TAML*, “co-ligand " refers generally to amide and aryl m MOs, which can also be referred to separately.

In the visible range of the spectrum (experimental bands 4 - 6), TD-DFT predicts mostly
CT transitions originating from aryl/amide(r) and amide-O lone pairs into the dx2-y2/d-2_ O(p;) (o)
and O(px)_dx, orbitals of the Ni—O unit, none of which have much oscillator strength (calculated
bands 18 to 39; see Table 4.3). Finally, a number of calculated bands (44 — 58) with larger oscillator
strengths are found in the energy region of band 7. However, these features are mostly intra-co-
ligand = 7* transitions, with some admixture of Ni-O (n*) = aryl/amide (7*) and amide-O lone
pair 2 dx-y2/d2 O(p,) (6*) and O(px) dx, CT character, with anywhere between 5 — 25% z
polarization. Further information on the TD-DFT results and assignments can be found in Table
4.3.

We also performed TD-DFT calculations for the other structures, B3LYP (1) and B3LYP
(2), and these results are shown in Figure 4.18. It is notable here that the TD-DFT calculations for
valence tautomer B3LYP (1) with the long Ni—O bond (d.2 orbital singly occupied) show by far
the worst agreement with the experimental absorption spectrum, further indicating that this is not
the experimentally observed valence tautomer. Comparing the TD-DFT results for structures
B3LYP (2) with the short Ni-O bond (dx2-y2 orbital singly occupied) and the analogous B3LYP
(3) with the longer Ni-OH bond, it is notable that B3LYP (3) with the weakly coordinated sixth
ligand does in fact reproduce the experimental absorption spectrum the best, in support of the

EXAFS results.
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Figure 4.18. TD-DFT calculations using fully optimized structures of the two valence tautomers
of 3, performed with the indicated functionals and the basis set TZVP. Top: for structure B3LYP
(1), and bottom: for structure B3LYP (2). Compare to Figure 4.17 for the TD-DFT results for

structure B3LYP (3). All TD-DFT calculations were performed using ORCA.
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4.6 Reactivity Studies of 3 (Nam Group)

The reactivity of 3 in oxygen atom transfer (OAT) and hydrogen atom transfer (HAT)
reactions was investigated by our collaborators in the Nam group. 3 was shown to be reactive for
OAT, converting thioanisoles to their methyl phenyl sulfoxide, with a quick second-order rate
constant (k2) of 4.3 x 103 M~! s7! at —40 °C. Detailed studies show that the OAT reaction occurs
via an electron-transfer mechanism and the Hammet plot indicates an electrophilic nature of 3.
Similarly, 3 was able to oxidize styrene with a second order rate constant (k2) of 2.5 M™! s7! again
in MeCN at —40 °C, with reactivity with substituted styrenes showing OAT occurs with an electron
transfer mechanism and the Hammett plot indicating 3 is electrophilic.

3 is also able to activate weak C-H bond activation of hydrocarbons with the bond
dissociation energies (BDEs) of 75 — 82 kcal mol™'. Additionally, 3 reacts with xanthene affording

1

a second-order rate constant (k2) of 1.2 M s7! at 0 °C. These studies support that 3 contains a

reactive Nill

-oxyl moiety, as expected from its electronic structure. Additionally, though this is
not a catalyst, as it shows similar reactivity, the studies shown herein can provide insight into the

electronic structure of intermediates in catalytic cycles of OAT and C-H activation reactions.

4.7 Discussion

In this chapter, the rigorous spectroscopic and theoretical characterization of a terminal Ni-
oxyl complex, [Ni(TAML)(O)(OH)]*~ (3) is presented. This reactive intermediate, formally a Ni'¥-
oxo complex, is generated by the oxidation of the corresponding four-coordinate Ni'- and Ni''-
TAML* precursors, using either CAN or an O-atom transfer agent like PhIO, at low temperature.
Generation of 3 is accompanied by the rise of a new absorption feature at 728 nm in the UV-Vis
spectrum. The presence of an oxo-type ligand in 3 is supported by CSI-MS spectroscopy in
conjecture with 30 isotope labeling. In agreement with the formal Ni'V state, the complex is EPR
silent. For example, upon addition of 1 equivalent of CAN to a solution of the EPR-active Ni'll
precursor (St = 1/2), the EPR signal of this species disappears, but can be regenerated when 1
equivalent of reductant is subsequently added. These results demonstrate that complex 3 is a one-

electron oxidized species compared to the Ni'™

precursor. But what is the actual nature of this
species? Based on these data, it is tempting to assign 3 as a Ni'¥ complex. However, there is a
reason that Ni'¥ complexes are sparse, and reports of well-characterized Ni'¥' complexes in the

literature are lacking. Considering the presence of the non-innocent TAML*~ ligand in 3, it is clear
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that a thorough spectroscopic characterization is needed to order to make any claims about a high
oxidation state of the Ni center in 3.

From XAS, complex 3 shows a Ni K-edge that has an edge-energy that is essentially
identical with that of the Ni'" precursor complex, indicating that the oxidation state of the Ni center
in 3 is better described as Ni'l. EXAFS shows a Ni—O vector at 1.84 A, again confirming the
presence of an oxo-type ligand, but also the presence of a sixth scatterer at about 2.2 A from the
Ni center although the nature of which cannot be identified from those data. Since 3 is EPR silent,
we used low-temperature MCD spectroscopy to further delineate the optical and magnetic
properties of 3. Analysis of the VTVH MCD data of the 728 nm feature clearly shows that the
intermediate has an S; = 1 ground state with a [dxy,O(py)_dyzO(px)_dxz]’[dx2-y2,d2]' electron
configuration. The 728 nm absorption feature is deconvoluted into three transitions, which, based
on the TD-DFT results, corresponds to mixed ligand-to-metal charge transfer (CT) transitions,
mostly into dx2-y2/d2_ O(p,) (c*) as the acceptor MO, in agreement with the mixed polarizations
observed for band 2. This indicates the co-ligand oxidation and reduction of the Ni-O unit in the
excited state. It is notable that this absorption feature has a quite substantial intensity in the
absorption spectrum (& = 2500 M'cm™!), but that laser excitation of this band does not lead to the
resonance enhancement of the Ni-O stretch. The complex shows a relatively small D value of
about 4 cm™! and a moderate rthombicity arising from the lack of the four-fold symmetry of the
TAML* ligand.

In order to obtain further insight into the nature of 3, we then turned to DFT calculations.
Structure optimizations with neutral molecules like water, solvent (CH3CN), ammonia, etc. as the
sixth ligand led to five-coordinate structural models for 3, where the sixth ligand is expelled.
However, an anionic ligand like hydroxide is able to stably coordinate to the Ni center, generating
a six-coordinate structure in agreement with the EXAFS results. We therefore propose that 3
corresponds to the complex [Ni(TAML)(O)(OH)]*~. This complex could in theory exist in either
the St =1 or 2 state, but the DFT calculations show that the St = 2 state is >15 kcal/mol higher in
energy, in agreement with the MCD result that shows an S; = 1 ground state for 3. DFT calculations
further show that in the S = 1 state with a [dxy,O(py) dyzO(px)_dx,]’[dx2-y2,d2]' electron
configuration, the d,2 and dx2-y2 orbitals are quasi degenerate, which means that the complex can
exist in two valence tautomers where either the d,2 or the dx2-y2 orbital is singly occupied. We were

able to generate optimized structures for both valence tautomers and show that they are within 2
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kcal/mol (B3LYP). However, the two valence tautomers lead to very different geometric structures
for 3, where single occupation of d,2 (isomer B3LYP (1) in Table 4.2, with the z axis along the
Ni-O vector) causes a substantial increase in the Ni-O bond to 2.15 A, in stark contrast to the
experimental data. On the other hand, the valence tautomer, in which dx2-y2 is singly occupied
(isomer B3LYP (2) in Table 4.2), reproduces the experimental Ni-O distance of 1.84 A exactly.
Based on these results, complex 3 has the electron configuration [dxy?,dy,%,dx,',dx2-y2'] (in the
coordinate system applied here), which should give rise to a strong Ni-O bond with a formal bond
order of 1.5 (see Figure 4.1), which is somewhat at odds with the experimental Ni—O distance of
1.84 A.

Further analysis of the electronic structure of [Ni(TAML)(O)(OH)]*~ shows that the Ni-O
n-bond shows an unprecedented amount of bond inversion, where the antibonding combination of
O(px) and dx; is largely located on the oxo ligand (82% O(p) character according to the TPSSh

calculation). Therefore, the electronic structure of 3 is best described as a low-spin Ni'

complex
(S = 1/2) with a bound oxyl (O*") ligand (S = 1/2) where the spins of the Ni and the oxyl are
ferromagnetically coupled, giving rise to the observed St = 1 ground state for 3. In other words,
the oxo group serves as a non-innocent ligand in 3, in agreement with the XAS results that show
that the Ni center in 3 is best described as Ni''', With this large degree of bond inversion, the Ni—
O interaction is best described as a single o-bond, in line with the observed Ni—O distance of 1.84
A. In contrast, and surprisingly, the TAML* ligand is innocent, and simply serves as a strongly
donating ligand, further stabilizing the Ni—O unit in 3. These results were further corroborated
using post HF computations which were computed by Prof. Jason Shearer. NEVPT2 calculations
of 3 show the compound possesses little multiconfigurational character with the leading Ni'"-O*-
configuration comprising over 99% of the CASSCF wavefunction. Thus, the compound is best

M_oxyl moiety coordinated by a redox innocent TAML* ligand

described as possessing a Ni
framework.

The fact that 3 contains a Ni"-O*~ unit, and not a Ni'V center, is again in agreement with
the notion that the Ni'V oxidation state is difficult to stabilize in complexes with organic co-ligands
that contain N- and O-donor groups, due to the strongly oxidizing nature of Ni'V. Correspondingly,
claims of Ni'¥ complexes in the literature have to be taken with some skepticism. For example, in

arecent study, the preparation of a Ni'V-nitrato complex was claimed.?*® Although the authors note

an ~0.7 eV blue-shift of Ni K-edge XAS features of this complex relative to the Ni'! starting
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material, they also acknowledge the difficulties of making oxidation state assignments on the basis
of XANES edge-shifts alone. Furthermore, the authors highlight that both formal Ni'! and Ni'V
complexes possess significant ligand non-innocence. Therefore, the authors note that the putative
Ni'V-nitrato complex can actually be described as a physical d® Ni' species. In other cases, the
difficulty of stabilizing Ni'V has also been acknowledged in the literature, for example for
complexes [Ni"(L)(0")] and [Ni"(dpaq)(O")]" (see Figure 4.2),2!%?!! which the authors cautiously
describe as Ni-oxyl species (despite the fact that insufficient characterization of these complexes
is available to fully support this claim, see discussion in Section 4.1). In addition, bond inversion
is a known problem for Ni complexes, and has even been invoked for explaining the
photochemistry of Ni'-aryl complexes, where a photochemically accessible ligand-field excited
state induces inversion of the Ni'-C bond, leading to C-H activation of a THF solvent molecule.??’
Based on these considerations, [Ni(TAML)(O)(OH)]*~ is, in fact, the first well-characterized,

terminal Ni-O complex reported to this date. The quest for a true Ni'V-oxo complex continues.
4.8 Experimental

4.8.1 Magnetic Circular Dichroism

The MCD spectroscopy setup uses an Oxford SM4000 cryostat and a JASCO J-815 CD
spectrometer. The SM4000 cryostat uses a liquid helium-cooled super conducting magnet,
providing magnetic fields of 0-7 T. A gaseous nitrogen-cooled xenon lamp is the light source for
the JASCO J-815 CD spectrometer, and the detector is a photomultiplier in the UV-Vis range. The
samples are loaded into the Oxford Cryostat variable temperature insert (VTI) chamber, which can
reach temperatures 1.5 K — 300 K and has four optical windows made of Suprasil B quartz for
optical access to the sample. The temperature was set to 2, 4, 8, 12, 20, and 50 K in sequence and
spectra were recorded between 300 and 900 nm at varying fields (-7 to +7 T) for each temperature.
The UV-Vis and MCD data were fit using the program PeakFit (v. 4.12) using the fewest Gaussians
required, with the quality of fit evaluated by X2.

4.8.2 Electronic Structure Calculations

Geometry optimization and frequency calculations were performed using Gaussian 09.2%8

The functionals B3LYP,??*2*! BP86,%2%32 PBE0,>** and TPSSh?**23¢ were used with the basis set
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TZVP for all of these calculations. ORCA (version 4.0)>*” was used to perform the EPR and time-

dependent DFT calculations on the corresponding, optimized structures.

4.8.3 Synthesis of Complexes (Nam Group)

Complexes 1, 2 and 3 were prepared by the Nam group, but the synthesis is provided here for the
reader.

Synthesis of [Ni'(TAML)]?>~ (1). The Li2[Ni'(TAML)] was synthesized by deprotonating Ha-
TAML (200 mg) ligand with lithium bis(trimethylsilyl)amide (3.0 mL of 1.0 M THF solution)
under argon atmosphere in dry and deoxygenated tetrahydrofuran (THF) (30 mL) at 25 °C,
followed by slow addition of Ni(acac)> (210 mg) dissolved in 2 mL CH3CN. The reaction mixture
was stirred overnight and then the solvent was removed on the rotary evaporator, giving dark
yellow solid. The solid was dissolved in minimum amount of H»O and filtered, and the filtrate was
evaporated to dryness under reduced pressure, leaving yellow solid of Li>[Ni'(TAML)]. The
complex was further purified using water-acetonitrile mixture. Li»[Ni'(TAML)] is highly soluble
in water but has poor solubility in organic solvents. Hence for all reactions, 5.0 uL of H,O was
used to dissolve 1 which was then added to 2 mL of acetonitrile. To improve solubility of 1 for
crystallization, counter-ion Li" was exchanged with (K(2.2.2-cryptand))". (K(2.2.2-
cryptand))2[Ni"(TAML)] complex was synthesized by stirring the solution of Liz[Ni'(TAML)]
with KCI (excess) and 2,2,2-cryptand (5 eq) in water. The obtained solid was filtered, washed with
water, dried and recrystallized in acetonitrile/EtoO solution. Yellow crystals suitable were
successfully grown by storing a solution of [Ni'(TAML)]*" in acetonitrile/diethyl ether (1:10) at
25 °C.

Generation and isolation of [Ni"'(TAML)]~ (2). Li[Ni"}(TAML)] was generated by oxidizing
Liz[Ni'(TAML)] with 1 eq of CAN in MeCN at 25 °C. 2 is highly stable at room temperature and
it does not show reactivity with substrates such as thioanisole, styrene or xanthene. Solid powder
was isolated by adding diethyl ether directly into an MeCN solution of Li[Ni"(TAML)]. For
crystallization of 2, cation exchange from Li" ion to PPhs" ion was performed by adding 10 eq of
PPh4Cl to a solution of Li[Ni'(TAML)] in MeCN. Single crystals of PPh4[Ni'}(TAML)] were
obtained by slow diffusion of Et,O into a saturated MeCN solution of PPh4[Ni'(TAML)] at —20
°C.
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Generation of [Ni'V(O)(OH)(TAML)]* (3). 3 was generated by reacting 1 (0.20 mM) with CAN
(0.40 mM) in the presence of H,O (5.0 uL) in MeCN at —40 °C. Alternatively, 3 can also be
generated by reacting 1 (0.20 mM) with PhIO (1.5 eq dissolved in trifluoroethanol (TFE)) followed
by addition of HOTf (1 eq) in MeCN at —40 °C. For all reactivity studies, 3 was generated by
reacting 1 with 1.5 eq PhIO (in TFE) followed by addition of 1 eq of HOTf in MeCN at —40 °C or
at 0 °C. 3-'80 was prepared using PhI'®0 instead of PhI'°O. 3 can be generated in more than 95 %
yield using other solvents such as acetone, TFE and also mixture of solvents such as
acetonitrile:acetone (v/v = 1:9) and acetonitrile:butyronitrile (v/v = 1:2). For characterization
techniques (such as EXAFS, MCD, EPR, and 'H-NMR), higher concentration of 3 was prepared

(up to 8.0 mM) in MeCN or mixture solvent depending on the requirement of technique used.
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4.9 Appendix for Chapter 4

4.9.1 Tables of Coordinates of DFT Structures

Table 4.4. Coordinates of the fully optimized structure of five-coordinate [Ni(TAML)(O)]* with
St = 1. Calculated using B3LYP/TZVP.

-0.74609200 -3.41392800 -1.65211800
-0.74598400 3.41390300 -1.65218200
3.88949000 -2.48414200 0.03095400
6.05427900 -1.24115100 0.09130800
6.05426500 1.24122300 0.09144700
3.88945700 2.48419200 0.03124500
-2.29792900 0.00007700 2.18656200
-3.83881200 0.88855300 2.04379000
-3.83888400 -0.88829300 2.04388900
-5.10689700 0.89640600 -0.12190600
-4.53130100 -0.00012500 -1.52702200
-5.10688200 -0.89647900 -0.12179200
-0.67104800 -3.21901100 1.82302200
-1.93389800 -3.93133200 0.79725800
-0.28196400 -4.61860000 0.80249800
-1.93407400 3.93127300 0.79707000
-0.67130500 3.21900400 1.82296500
-0.28216900 4.61860500 0.80246500
-1.80400800 -3.65297600 -1.73938000
-0.47333800 -2.72614500 -2.45713300
-0.13789700 -4.31604400 -1.74676000
-0.47314100 2.72612000 -2.45716600
-1.80389500 3.65293300 -1.73954800
-0.13779100 4.31602500 -1.74676900
0.04375600 -0.00000500 0.15598600

-1.14520500 1.44076900 -0.15831800
1.41706000 -1.26376600 -0.02729900
1.41704200 1.26379600 -0.02710500

-1.14519800 -1.44079600 -0.15822500

-3.23317700 -2.32757500 -0.42371600
1.83798000 -3.51812400 -0.28895700
0.01358400 -0.00012900 2.13695600
1.83794800 3.51813600 -0.28894600
2.69856400 -0.71309500 0.02130600

-0.47041700 -2.75461100 -0.28497900
1.06883600 -2.55077900 -0.19246300
3.91209000 1.40472900 0.04217400

-2.47757000 1.35849800 -0.19484100
1.06880600 2.55080300 -0.19233700
2.69855900 0.71312900 0.02139600

-3.28650100 0.00008900 1.72241200

-3.16129100 0.00000100 0.17393900
5.11561700 0.69545400 0.06902800
3.91210800 -1.40467900 0.04201100

-2.47757000 -1.35852800 -0.19468900

-4.57419100 -0.00005100 -0.43479400

-0.47044000 2.75459500 -0.28501000
5.11562500 -0.69539100 0.06894600

-0.87154800 -3.70118500 0.86353200

-0.87172000 3.70116700 0.86345200
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Table 4.5. Coordinates of the fully optimized structure of six-coordinate [Ni(TAML)(O)(OH)]*-
with S; = 1, with an optimized Ni-O bond length of 2.15 A, referred to as B3LYP (1). Calculated
using B3LYP/TZVP.

-0.68154500 -3.25865600 1.68529500
3.88418000 2.48364700 -0.17959200
6.05649100 1.24392200 -0.28687400
6.05543800 -1.24370400 -0.30990200
3.88314200 -2.48345900 -0.19831700
-2.10664800 -0.00079300 -2.30236700
-3.65162300 -0.89129000 -2.29384500
-3.65180300 0.88943400 -2.29425400
-5.10471700 -0.90033100 -0.24930600
-4.65861800 -0.00030100 1.20038300
-5.10487400 0.89910300 -0.24968200
-0.77666300 3.39548200 -1.80198500
-1.97525200 4.03226000 -0.65336700
-0.30672800 4.69829200 -0.68689800
-1.97509600 -4.03425800 -0.64837900
-0.77811500 -3.39883700 -1.79935300
-0.30625000 -4.69954300 -0.68268500
-1.74251200 3.47395600 1.83936100
-0.35710700 2.47223800 2.36601600
-0.08788000 4.16551900 1.84647000

-1.17275600 -1.46223800 0.03508400
1.42314700 1.27443900 -0.07944500
1.42324700 -1.27427600 -0.07975400

-1.17308200 1.46187500 0.03493500

-3.28413700 2.32264100 0.29801600
1.82716400 3.54292300 0.09205200

-0.03564700 0.00046800 -2.20183700
1.82784000 -3.54263100 0.09227400

-3.28358900 -2.32311900 0.29962600
2.68991000 0.71863400 -0.14671500

-0.47412300 2.75047900 0.24041800
1.06671700 2.55293300 0.06392500
3.90943300 -1.40315300 -0.20983900

-2.49042100 -1.37086800 0.06027200
1.06713500 -2.55283600 0.06401800
2.69008100 -0.71819400 -0.14490800

-3.13143700 -0.00079000 -1.92136900

-3.14141500 -0.00045100 -0.36940900
5.11683500 -0.69581800 -0.25208800
3.91036500 1.40334600 -0.19030300
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-2.49074800
-4.60391100
-0.47352900

5.11648200
-0.92033200
-0.92044600
-0.68355300

1.37033900
-0.00049500
-2.75048800
0.69602500

3.79998100
-3.80172800

3.26130100

0.05963800
0.10856200
0.24171400
-0.26034500
-0.79669000
-0.79320700
1.68277300

TOZIT T

-0.35393700
-1.74043200
-0.08611300
0.04218100
0.15594500
-0.79343000

-2.46808500
-3.47052700
-4.16283400
-0.00000100
0.00009600
0.00115600

2.36628300
1.84346700
1.85011700
-0.05405400
2.21338700
2.38388000

Table 4.6. Coordinates of the fully optimized local minimum structure of six-coordinate
[Ni(TAML)(O)(OH)]*~ with S = 1, with an optimized Ni-O bond length of 1.84 A, referred to as

B3LYP (2). Calculated using B3ALYP/TZVP.

a0 00000zZzZzZ

Table

o000 0n0n0o00000zZzZzzZzzZ

-1.21945200
1.49742500
1.46590500

-1.19205000

-3.32051200
1.83958900
0.01490200
1.82707400

-3.33623300
2.72986000

-0.46246100
1.11905700
3.93556700

-2.51942800
1.09155100
2.71113600

-3.22437300

-3.16324900
5.15337000
3.96937000

-2.50741600

-4.60500700

-0.47844800
5.17084600

-0.86191300

-0.91399800

-0.72818900

4.7. Coordinates

-1.25685900
1.51910500
1.38430000

-1.12371500

-3.21149400
1.91637800
0.01970800
1.74257800

-3.39940300
2.74091700

-0.39036100
1.17074400
3.85892000

-2.56116200
0.99754400
2.66815200

-1.55923700
1.33824800
-1.31550200
1.52055300
2.36634400
3.62358700
0.02112700
-3.60412200
-2.33043500
0.73025000
2.79914900
2.59783800
-1.41140400
-1.42246100
-2.58831300
-0.72867500
-0.00766400
-0.00509900
-0.72146500
1.38596500
1.41413600
0.00744800
-2.80703600
0.67011900
3.75855400
-3.88744100
3.46007800

-1.50311400
1.30491600
-1.29551000
1.50059900
2.38571000
3.58174200
0.01777200
-3.57253200
-2.26415000
0.67913700
2.77585800
2.57606700
-1.50054400
-1.36292800
-2.56883500
-0.76578600

-0.05975500
-0.06083600
-0.04668600
0.05324200
0.23990400
0.14505100
-1.87851900
-0.01699900
0.42331900
-0.10058600
0.17535700
0.07554000
-0.16325700
0.09498900
0.00636600
-0.10327600
-1.85211000
-0.30190400
-0.18515700
-0.12108300
0.06482000
0.23997100
0.17304900
-0.18136200
-0.96556000
-0.83649800
1.54600300

-0.02358300
-0.06915700
-0.08953900
-0.00960200
0.30380400
0.11129400
-1.96204700
0.07002700
0.35416300
-0.12622000
0.21866200
0.06498000
-0.20815700
0.06225900
0.04343100
-0.14346200
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-0.67152600

3.95669600

6.11746500

6.08540700

3.89922700
-2.21072800
-3.74012100
-3.77845500
-5.13254800
-4.61300300
-5.10996000
-0.67958500
-1.92415900
-0.25891000
-1.97191200
-0.77390500
-0.30756000
-1.79362400
-0.42633500
-0.13932000
-0.37580900
-1.72374400
-0.04621100

0.02297000

0.07280400
-0.80835300

-3.31720600
2.46813200
1.20823300

-1.28199100

-2.49266500
0.01730600

-0.90964200
0.87113800

-0.88345700

-0.00632500
0.91586200
3.27108200
3.99516200
4.66899300
-4.11035100
-3.51550400
-4.78783400
3.67612000
2.76828300
4.37736700
-2.51744500
-3.55980600
-4.19971700
0.00048700

-0.04139100
0.28346200

optimized structure of
[Ni(TAML)(O)(OH)]*~ with S; = 1, with frozen Ni-O and Ni-OH bond lengths of 1.84 and 2.22 A,
respectively, referred to as B3LYP (3). Calculated using B3LYP/TZVP.

-0.75027400
4.02462100

6.13816100

6.01120800

3.78342300
-2.15701700
-3.71837200
-3.69968000
-5.14826900
-4.63977100
-5.08149600
-0.67557500
-1.87548900
-0.20136700
-2.06683700
-0.86795600

-3.23676400
2.37825500
1.03653300

-1.44871900

-2.57857700
0.05084900

-0.82952100
0.95071800
-0.76513100
0.12588100
1.03267000
3.46151100
4.08276300
4.73637400
-4.06994800
-3.51321200

1.62136000
-0.10476700
-0.18999200
-0.23866800
-0.16500300
-2.25718800
-2.20414100
-2.20472700
-0.10134000
1.33380700
-0.08800100
-1.92667200
-0.88674000
-0.91067000
-0.68522300
-1.85532400
-0.70817300
1.64181000
2.33551800
1.63653200
2.30324100
1.78111000
1.79249800
-0.04210100
1.89362300
2.10820500

six-coordinate

1.68693100
-0.11741000
-0.21801500
-0.28264900
-0.21154000
-2.29472100
-2.27400100
-2.27296600
-0.19065400

1.24245800
-0.20506100
-1.81796400
-0.66487500
-0.67533500
-0.60019900
-1.78693100



-3.18014600 0.05453600 -1.91058700
-3.15537500 0.05286600 -0.35945600
5.10129600 -0.85411100 -0.22556100
3.99946400 1.29687500 -0.14375400
-2.44569800 1.41715700 0.04669900
-4.60661400 0.11770700 0.14973400
-0.55399000 -2.76702400 0.22630700
5.17144800 0.53572900 -0.21184000
-0.82086500 3.84495600 -0.80421400
-1.00806000 -3.86208400 -0.75979800
-0.60999500 3.27245200 1.66471600

-0.40896500 -4.76498700 -0.61385200
-1.66683800 3.49889600 1.81556800
-0.30243700 2.47121000 2.34136900
-0.00141200 4.16481800 1.84349000
-0.41396500 -2.43114900 2.34464100
-1.80982900 -3.43656900 1.85831700
-0.15935000 -4.13965900 1.87389200
0.03652500 0.01766000 -0.12212400
0.10094600 0.00247700 2.09688900
-0.85065100 0.00454800 2.25202600

TOZIZITZTTTITT

oNoNoEo oo No o RO RO NS

Table 4.8. Coordinates of the fully optimized structure of six-coordinate [Ni(TAML)(O)(OH)]*-
with St = 1. Calculated using TPSSh/TZVP.

0.67573800 3.25854900 1.65894900
-3.92281600 -2.48491600 -0.11742100
-6.09952200 -1.24187200 -0.18223600
-6.09176500 1.25244300 -0.21085600
-3.90974800 2.48460900 -0.14285500
2.04278500 -0.01234300 -2.22508800
3.59029700 0.89906600 -2.29403700
3.61097500 -0.88499900 -2.29012300
5.10745900 0.90355200 -0.30212700
4.70639700 0.01462800 1.17137500
5.10375600 -0.89943500 -0.29005200
0.77710400 -3.48151800 -1.83182400
1.98114200 -4.07313600 -0.66033800
0.31546100 -4.76074600 -0.68154800
1.97996100 4.10716300 -0.60701700
0.78678300 3.55134900 -1.80726000
0.31309900 4.79203300 -0.62162700
1.75945800 -3.50138000 1.78871700
0.36684600 -2.51881200 2.33253700
0.10135500 -4.20574700 1.80266600
0.36330500 2.44391400 2.31750400
1.73446300 3.47915000 1.82003100
0.06221900 4.14788100 1.84838300
-0.02097100 0.00090100 -0.09729100
-0.02549800 0.01219900 1.83103500
0.91665700 -0.11704500 2.00803100

1.20762000 1.54323200 -0.07089200
-1.47366900 -1.32690500 -0.06194300
-1.46711800 1.31699000 -0.05301600

1.20322100 -1.52613400 -0.03698100
3.33098000 -2.31200000 0.40145900
-1.81724800 -3.62306700 0.08975400
-0.08048900 -0.00434100 -1.90247800
-1.82326800 3.61298100 0.04894500
3.32682100 2.30583200 0.45088300
-2.71314600 -0.73193100 -0.10799900
0.47625100 -2.78527500 0.19903900
-1.09368500 -2.59392900 0.04983200
-3.93970600 1.40109000 -0.15092200
2.51275700 1.40478500 0.08757700
-1.09190100 2.58915300 0.03478300
-2.70886800 0.72590700 -0.10485300
3.08932600 0.00207900 -1.90242600
3.14254600 0.00509600 -0.35369900
-5.15231700 0.70001300 -0.16855900
-3.94757100 -1.40116100 -0.12700700
2.51452100 -1.39693700 0.08109700
4.61662900 0.00550100 0.08096200
0.47424500 2.78956800 0.19928900
-5.15619200 -0.69451900 -0.17584100
0.92030200 -3.85748400 -0.81392100
0.92081000 3.89429200 -0.77629500
0.69539000 -3.29849400 1.64038800
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Table 4.9. Coordinates of the fully optimized structure of six-coordinate [Ni(TAML)(O)(OH)]*~
with St = 1. Calculated using BP86/TZVP.

-1.22651000 -1.55647300 -0.05522900
1.49914600 1.33768900 -0.04419100
1.46802600 -1.31873500 -0.06597100

-1.20239700 1.52528000 0.00018900

-3.34148200 2.34150500 0.37343700
1.83902300 3.64449400 0.11847300
0.05340400 0.02290400 -1.90027600
1.82961300 -3.62374500 0.03816800

-3.35831000 -2.31744800 0.46964300
2.73462100 0.73296100 -0.09987600

-0.47234700 2.79674400 0.20332200
1.11259700 2.60904200 0.06924400
3.94984900 -1.42110000 -0.17259900

-2.53768100 -1.41317700 0.10066500

-0.67419700 -3.27122900 1.67539200
3.96328700 2.48681900 -0.09176600
6.14474300 1.21805100 -0.17419600
6.11442100 -1.29039100 -0.23546900
3.90743000 -2.51227500 -0.17648700

-2.04512700 0.02734800 -2.22708100

-3.59523200 -0.90942300 -2.30534800

-3.63494300 0.88609800 -2.30240400

-5.14402600 -0.89532900 -0.30333000

-4.73303400 -0.01161400 1.18201900

-5.12742300 0.92168600 -0.28198800

-0.75793000 3.41699800 -1.86140200

-1.97564300 4.06572300 -0.71657600

-0.29347100 4.74758100 -0.75129500
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1.08801500 -2.59928400 0.02642200
2.71711800 -0.73355400 -0.11491900
-3.10355800 -0.00129000 -1.90664400
-3.16422900 -0.00354900 -0.35317300
5.17312900 -0.72671000 -0.18274100
3.98229300 1.39490900 -0.11438800
-2.52664100 1.40489100 0.08334600
-4.64266700 0.00437100 0.08384000
-0.48710500 -2.80320500 0.20717900
5.18953600 0.67559900 -0.17526200
-0.90731500 3.83722700 -0.85399100
-0.93913400 -3.91070200 -0.77130900
-0.70621900 3.35294100 1.63174800

-2.00316200 -4.13101400 -0.59217100
-0.81639700 -3.55898800 -1.80862200
-0.32022100 -4.81205000 -0.62757700
-1.78007800 3.55491200 1.76751400
-0.37694400 2.59196200 2.35670500
-0.11236800 4.27216100 1.77566100
-0.36501500 -2.44124600 2.33044600
-1.73807800 -3.49984200 1.84535200
-0.04792500 -4.15986200 1.86976500
0.02116600 0.00196200 -0.11441300
0.04567600 -0.03007600 1.85613600
-0.88315000 0.21304100 2.02605100
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Table 4.10. Coordinates of the fully optimized structure of five-coordinate [Ni(TAML)(0)]*~ with
St = 2. Calculated using B3LYP/TZVP.

1.15057000 -1.45468300 -0.11276900
-1.44516500 1.27240600 0.05519300
-1.44594600 -1.27257600 0.05793100

1.15139000 1.45430200 -0.11318900
3.22423800 2.30612000 -0.58286000
-1.84564900 3.50385500 -0.38978100
0.08607600 0.00138300 2.29961500
-1.84713900 -3.50320900 -0.39037700
3.22275900 -2.30695800 -0.58437400
-2.71595800 0.71725400 0.03152800
0.45669000 2.73735800 -0.33148200
-1.08832800 2.53699400 -0.20761100
-3.93445400 -1.40265700 -0.02393400
2.47497500 -1.36175800 -0.25131600
-1.08951700 -2.53683700 -0.20698200
-2.71640600 -0.71668600 0.03273100
3.38758300 -0.00102800 1.64663300
3.17634200 -0.00068900 0.10979900
-5.13694500 -0.69485800 -0.07585800
-3.93366100 1.40382300 -0.02603000
2.47575900 1.36108000 -0.25085400
4.56461000 -0.00096800 -0.55590400
0.45547900 -2.73747900 -0.33143700
-5.13654400 0.69661600 -0.07676400
0.87720800 3.78529600 0.71818700
0.87601000 -3.78592500 0.71775100

0.69288600 3.27985100 -1.75879500
0.69102200 -3.27952800 -1.75901600
-3.91061800 2.48357600 -0.04339800
-6.07453500 1.24275900 -0.11867400
-6.07524200 -1.24053200 -0.11689000
-3.91201300 -2.48244400 -0.03985900
243913100 -0.00097900 2.18324100
3.95617900 -0.88916600 1.93882900
3.95656100 0.88674500 1.93914900
5.11033800 -0.89732100 -0.26554400
4.47713100 -0.00109200 -1.64441400
5.11050300 0.89532600 -0.26573300
0.71176800 3.38907200 1.72321200
1.93538700 4.01705700 0.59995000
0.27727300 4.68990100 0.59691300
1.93430500 -4.01728600 0.59966600
0.71006300 -3.39045100 1.72299000
0.27646300 -4.69068800 0.59571400
1.74586400 3.51806400 -1.89337100
0.40752600 2.52148000 -2.49268900
0.07269500 4.16417500 -1.91631900
0.40629100 -2.52053000 -2.49251800
1.74375400 -3.51859100 -1.89392000
0.06997100 -4.16318600 -1.91679100
-0.00812600 -0.00002500 0.59887900
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Table 4.11. Coordinates of the fully optimized structure of six-coordinate [Ni(TAML)(O)(OH)]*~
with St = 2. Calculated using B3LYP/TZVP.

1.22270800 1.55799000 -0.10036000
-1.48852400 -1.32648900 -0.19212700
-1.46999400 1.31400600 -0.10444600
1.19390200 -1.53149200 -0.01088300
3.30349200 -2.33650900 0.42533300
-1.85448400 -3.58631600 0.17049300
0.06053700 0.01208800 -2.14838000
-1.82958400 3.59403100 0.08070700
3.31754700 2.30299000 0.50110400
-2.72921300 -0.72665300 -0.15852300

0.65452600 3.19699200 1.69539200
-3.94801400 -2.47089500 -0.13350200
-6.11288800 -1.22101600 -0.06839600
-6.09538800 1.26936500 -0.04400800
-3.91256800 2.48973500 -0.04975800
2.28223000 -0.03718600 -2.28167100
3.81140300 0.87124400 -2.17720400
3.83041500 -0.90807200 -2.15796100
5.13480000 0.88172500 -0.05627900
4.59746900 0.00447900 1.37295800
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0.45118800 -2.78542900 0.22370500
-1.11779000 -2.58119300 0.04522300
-3.94531500 1.40904900 -0.08549100
2.51669900 1.40954000 0.10760300
-1.09159800 2.58406200 0.03543700
-2.71875200 0.72933600 -0.11783200
3.27476000 -0.02050200 -1.83018700
3.17288600 -0.00511200 -0.28381800
-5.15938300 0.71350900 -0.06192400
-3.96490900 -1.38914700 -0.12717500
2.50409600 -1.41075100 0.11452300
4.60565800 -0.01019600 0.28055000
0.47534800 2.79075400 0.21282300
-5.16970500 -0.67784100 -0.09729800
0.89626900 -3.87284200 -0.77572600
0.91698000 3.93629100 -0.71878400
0.64072900 -3.27686900 1.67658800

5.12108800 -0.91654800 -0.03798700
0.76971400 -3.50764400 -1.79912100
1.95042600 -4.10370300 -0.61398400
0.28185700 -4.76781800 -0.64497500
1.97333400 4.14851200 -0.54384600
0.78630700 3.63730600 -1.76320600
0.30988300 4.82640900 -0.53348400
1.69709200 -3.48853800 1.85122900
0.30797100 -2.48011400 2.34585500
0.03812700 -4.17403500 1.84669700
0.34121600 2.34752400 2.30838100
1.70514500 3.42244100 1.88546300
0.03206700 4.07012100 1.91741100
-0.01069500 0.00331800 -0.30580700
-0.11102500 0.01002400 1.95187300
0.82444600 -0.13274800 2.13515400
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Table 4.12. Coordinates of the fully optimized structure of six-coordinate [Ni(TAML)(O)(OH)]*~
with St = 2. Calculated using TPSSh/TZVP.

-1.20836300 -1.53173300 -0.07024800
1.46843600 1.31495100 -0.17809300
1.46860300 -1.31400700 -0.17581700
-1.20886500 1.53109600 -0.07073400
-3.30394600 2.28798000 0.54007000
1.83112200 3.58207700 0.17399400
-0.03336500 -0.00177400 -2.17420200
1.83234500 -3.58162400 0.17197400
-3.30273800 -2.28802200 0.54385400
2.71491600 0.72782800 -0.15343300
-0.46596000 2.76462000 0.24446100
1.09265100 2.57309100 0.05309100
3.94584600 -1.40114100 -0.10598600
-2.50833600 -1.39199400 0.13214900
1.09337700 -2.57272800 0.05322700
2.71488400 -0.72658800 -0.15090700
-3.20160100 -0.00142900 -1.84389400
-3.16064500 -0.00070200 -0.29685500
5.15492200 -0.69688000 -0.04481200
3.94521100 1.40188000 -0.08869500
-2.50905700 1.39141500 0.13058900
-4.61314400 -0.00077400 0.20733700
-0.46498100 -2.76464400 0.24591200
5.15536100 0.69764000 -0.05390800
-0.92655000 3.91468000 -0.67122900
-0.92609000 -3.91604400 -0.66772800

-0.63894600 3.15860600 1.72903200
-0.63650000 -3.15645900 1.73132000
3.91694400 2.48501200 -0.07089600
6.09546200 1.24748000 0.00195500
6.09632900 -1.24672200 -0.01873400
3.91717400 -2.48425200 -0.08591700
-2.18862700 -0.00128600 -2.25272600
-3.73465500 -0.89361800 -2.20115300
-3.73529600 0.89005300 -2.20197000
-5.11959800 -0.90233700 -0.14627800
-4.64969600 -0.00050900 1.29971500
-5.11985800 0.90041300 -0.14685000
-0.81648100 3.62139300 -1.72085900
-1.98012900 4.12672400 -0.47044600
-0.30975500 4.80061700 -0.48565300
-1.97942400 -4.12805700 -0.46563300
-0.81708700 -3.62418400 -1.71787000
-0.30889200 -4.80156800 -0.48154500
-1.69402300 3.36804800 1.92352100
-0.30513900 2.30701800 2.33082700
-0.02337900 4.03954500 1.94657200
-0.30327500 -2.30324000 2.33118000
-1.69122900 -3.36665200 1.92689600
-0.01986500 -4.03639900 1.94993400

0.00654500 0.00004400 -0.40856000
0.12500400 0.00064700 1.86299000
-0.83098700 0.00258400 2.01237700
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Table 4.13. Coordinates of the fully optimized structure of six-coordinate [Ni(TAML)(O)(OH)]*-
with St = 2. Calculated using PBEO/TZVP.

-1.20774700 -1.53366300 -0.07487400
1.46898400 1.31446400 -0.16985700
1.46913200 -1.31416200 -0.16901900

-1.20795100 1.53324300 -0.07484100

-3.29573300 2.28677100 0.51003200

-0.63411300 -3.15827300 1.70291600
3.90402600 2.47912800 -0.07606800
6.08091600 1.24418500 -0.01505600
6.08162400 -1.24404900 -0.03531100
3.90418600 -2.47891600 -0.09126300
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1.82107900
-0.03282700
1.82175600
-3.29526500
2.70755100
-0.46569100
1.09141000
3.93488000
-2.50076400
1.09180600
2.70752100
-3.21050900
-3.15044900
5.14107300
3.93438400
-2.50105500
-4.58982300
-0.46531000
5.14144500
-0.91853600
-0.91758800
-0.63395400

3.57456600
-0.00079600
-3.57398900
-2.28685100
0.72613800

2.75778800
2.56780900
-1.39570900
-1.39417800
-2.56751400
-0.72551400
-0.00054000
-0.00028900
-0.69415800

1.39590400

1.39392800
-0.00030900
-2.75782200

0.69433400

3.89659500
-3.89711200

3.15886600

0.14430400
-2.09955300
0.14644000
0.51135000
-0.14798100
0.22722900
0.03981200
-0.11015800
0.11944200
0.04123100
-0.14578800
-1.83223000
-0.29464200
-0.05665600
-0.09292800
0.11889800
0.22271000
0.22818600
-0.06524800
-0.69248300
-0.69122500
1.70186100
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-2.20620700
-3.74623100
-3.74652100
-5.10047200
-4.61302600
-5.10053100
-0.80465500
-1.97296100
-0.30282000
-1.97206100
-0.80337300
-0.30186900
-1.68885500
-0.29684700
-0.02169400
-0.29836300
-1.68890600
-0.02096500

0.01012000

0.11025400
-0.83246900

-0.00047600
-0.89197000
0.89059700
-0.90193000
-0.00021000
0.90119800
3.59507300
4.10935900
4.78327400
-4.10994800
-3.59599200
-4.78367100
3.36424000
2.31093100
4.04161700
-2.30954000
-3.36461800
-4.04017700
-0.00004200
0.00054600
0.00225300

-2.25956700
-2.18427900
-2.18457000
-0.12136400
1.31511100
-0.12157600
-1.73913100
-0.49925800
-0.51322700
-0.49828700
-1.73794900
-0.51135600
1.89952700
2.30728400
1.91582400
2.30793800
1.90007800
1.91777500
-0.34766700
1.85044900
2.03767300



Chapter 5 Spectroscopic and Theoretical Characterization of a Phenoxyl Radical Trapped
by a Non-Heme High-Spin Iron(IT) Center

In this chapter, a reactive Fe' species is shown to be the first Fe''((OPh") complex through
spectroscopic and theoretical investigations. This research was performed in collaboration with
Prof. Kallol Ray’s group, who synthesized the complexes, performed the initial characterization,
and reactivity studies. Dr. Eckhard Bill and Alexander Schnegg performed the Mdssbauer and
EPR spectroscopies. This chapter is adapted from Kass, Dustin’; Larson, Virginia’; Corona,
Teresa; Kuhlmann, Uwe; Hildebrandt, Peter; Lohmiller, Thomas; Schnegg, Alexander; Eckhard,
Bill; Lehnert, Nicolai*; Ray, Kallol*; “Trapping of a Phenoxyl Radical at a Non-Heme High-Spin
Iron(Il) Center”, Nat. Chem. 2024, which has been published, but not yet assigned volume, issue,
and page numbers.'>! The double dagger indicates Dustin Kass and Virginia Larson are co-first

authors on this manuscript.

5.1 Introduction

Reaction of Fe' molecular complexes with oxidants such as oxygen gas usually causes
oxidation of the Fe'. This could yield an Fe-superoxide, Fe-(hydro)peroxide or Fe!Y=0 type
species, or a similar moiety bridged between two Fe centers, see the Introduction Section 1.3 for
further discussion. These have been well studied and have characteristic spectroscopic markers:
superoxide (02") moieties show O-O stretches near 1100 cm™ and (hydro)peroxide (02%) near 800
cm’!. The reaction of Fe(TMC) with oxygen follows this chemistry, producing a mild oxidant
FeV(O) (TMC = 1,4,8,11 tetramethyl-1,4,8,11—tetraazacyclotetradecane). Specifically, the
reaction of [Fe''(TMC)(CH;CN)J*" with O, in CH3CN in the presence of scandium triflate
(Sc(OTf)3) and BPhs at 25 °C leads to the formation of the complex
[Fe!V(O)(TMC)(CH3CN)J**.2*® This same reaction can occur with HClO4 as a replacement for the
Lewis acid Sc(OTf)s, see Figure 5.1. Interestingly, this is more than a simple oxidation reaction,

as the reductant NaBPHy4 is unstable under these conditions and decays via an autocatalytic radical
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chain mechanism forming phenol (PhOH, 28%), biphenyl (Ph—Ph, 31%), and diphenylborinic acid
(Ph2B(OH), 41%) as BPh4 -derived products, see Figure 5.3.

5.1.1 Ligand Effects: TMC versus TMCO

—]2 OTf 6T —]OTf

QNN-;II:EH\/;\Q N\,';en——'N
/4 \ PRPhO-
NCMe B(P‘RPh) NCMe
[Fe'(TMC)(MeCN)](OTf), H* -e
cat R
/ T \

-o
—]2OTf N\l —N
P S PN ) i

7 N/| Sy (- RPh) (PRPh) /N\_'_/O \

/ Lﬁﬁe\ (PRPh)OH NCMe 2ot
Fe'V(0)(TMC)(MeCN)|(OTf B P, = ()
[Fe™(0)(TMC)(MeCN)|(OTf), 2a (R=Me)

2b (R=Cl)

Figure 5.1. Oz activation at [Fe'(TMC)(CH3CN)](OTf), and [Fe''(TMCO)(CH3CN)(OTf)](OTf)
(1) centers in the presence of NaB(”®Ph)4 and H" ions yielding [Fe!(O)(TMC)(CH3CN)]](OTf)2
and 2, respectively, as well as the alternative synthesis of 2 by (electro)chemical oxidation of 1 in
presence of PRPhO" anions. This figure was made by Dustin Kass in the Ray group.'!

When one nitrogen donor in the TMC co-ligand is swapped for oxygen, the reactivity is
modified. The Ray group has previously shown that the sluggish oxidant
[FeV(O)(TMC)(CH3CN)]?*" is transformed into a highly reactive oxidant [Fe'V(O)(TMCO)(OTf)]"
(TMCO = 4,8,12-trimethyl-1-oxa-4,8,12-triazacyclotetradecane) upon replacement of an NMe
donor in TMC by an oxygen atom.?** The higher reactivity of [Fe!V(O)(TMCO)(OTf)]" relative to
[Fe'V(O)(TMC)(CH3CN)]** can be explained by a large positive shift of the measured Fe!V/Fe!!
potential comparing [Fe'V(O)(TMC)(CH3CN)]*" (0.37 V vs SCE) and [Fe™V(O)(TMCO)(OTf)]"
(+0.90 V vs SCE).?*

This also affects the reactivity of the Fe''(TMCO) complex with NaBPha, O, and H' (Figure
5.1). Although the radical chain mechanism is valid for the reactions of both 1 and
[Fe'( TMC)(CH3CN),]** with BPhs~ and H" in Op-saturated CH3CN solutions, the nature of the

products formed in the two cases is different. With TMCO as a co-ligand, this reaction produced
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a species distinct from the known Fe'Y(O)(TMCO), and though initially thought to be a superoxide
or peroxide type species, did not fit the spectroscopic markers for such a species.

This unknown species, complex (2), was identified as an Fe'-OPh’ through careful
synthetic and spectroscopic investigations by Dustin Kass and spectroscopic investigation and
density functional theory calculations by me. The PhO" radical is generated via an autocatalytic
radical chain mechanism in the reaction of sodium tetraphenylborate (NaBPh4), dioxygen (O2) and
catalytic amounts of H". Complex 2 represents an extremely rare example of a spectroscopically
characterized O:-derived iron(II)-radical intermediate in biological and chemical oxidation

240-242 and non-heme?** iron active sites. The redox potential (0.94

reactions, considering both heme
V vs. NHE)** necessary for the generation of phenoxyl radicals is relatively high as compared to
metal-centered oxidation potentials such as those for Fe''/Fe and Co"/Co™ couples, and so a

phenoxy radical is usually able to oxidize Fe" or Co! species.

5.1.2 Iron(Il) Coupled Radical Species in Biology

Iron(II)-radical interactions, such as proposed in isopenicillin N synthase (IPNS)?* and
pterin-dependent hydroxylases, are thought to play a vital role in the functioning of non-heme iron
enzymes, yet there is no direct spectroscopic evidence that would provide unambiguous proof for
these proposed intermediates. Even in heme chemistry, a controversy remains concerning the exact
electronic structure of the oxy intermediate in hemoglobin, either iron(Il)-dioxygen or iron(III)-
superoxide, dating back to pioneering work of Pauling, Monod, and Perutz starting in the

1930s.240:24! Metal-phenoxyl radical interactions,?*¢2>

especially using tyrosyl radicals, have been
implicated in various enzymatic reactions such as the R2 subunit of the non-heme diiron enzyme
ribonucleotide reductase (RNR)?!723 and the active sites of galactose oxidase (GO)**7*>*+256 and
glyoxal oxidase (GLO).»72% A related Fe!' radical in biology is the Fe''-(semiquinonate)
intermediate formed after O, binding in non-heme iron ring cleaving dioxygenases.?*>261-266
Nevertheless, the involvement of iron(Il)-reactive intermediates in oxygenase chemistry is
controversial.?®®> The strongest evidence comes from the X-ray structure of the Fe/O, adduct of an
extradiol dioxygenase,?* in which the radical character of the bound aromatic substrate is inferred

from its non-planar geometry.

5.1.3 Reactivity of Phenoxy Radicals in Synthetic Inorganic Chemistry
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The high reactivity of a bare phenoxyl radical has also eluded the isolation of metal-(*OPh)
cores in synthetic chemistry. A limited number of metal-phenoxyl radical complexes known in the
literature have been synthesized by chemical or electrochemical oxidation of the respective metal-
phenolate precursors.?®’2% These complexes involve metal centers that are difficult to oxidize (for

example Fe'', 227! Cy!' and Ni'"?72) and include electronically and sterically modified phenolates,

273 274

such as bidentate catecholate,”’” o-aminophenolate,””* or ortho and para substituted monodentate

phenolates that are appended to macrocyclic ligands.26%27°

5.1.4 Scope of this Chapter

In this chapter, we show that by tuning the electronic properties of the auxiliary ligand, it
is possible to bind a phenoxyl radical at an Fe! center to form a Fe'-OPh*® complex (2). Complex
2 is shown to be a high spin Fe!' center ferromagnetically coupled to a phenoxy radical ligand,
[Fe'( TMCO)(OPh®)(CH3CN)]**, where the in-situ formed phenoxyl radical (PhO®), generated by
the radical chain reaction in Figure 5.3, is trapped at the (TMCO)Fe" center to form 2. This
assignment is supported by Mossbauer and electron paramagnetic resonance (EPR) spectroscopies
by the Bill group; UV-Vis absorption spectroscopy by the Ray group; and magnetic circular
dichroism (MCD), resonance Raman (rRaman), and density functional theory calculations by me.
This research, therefore, establishes a strategy for stabilizing an oxidation-prone ferrous center in
the presence of highly oxidizing O and PhO". This opens up the possibility for the PhO" cofactor,
with its full oxidizing capabilities, to act as an independent redox center next to a Fe!' site during
substrate oxidation reactions, analogous to the Cu'-(Tyr-Cys") cofactor in GO and GLO. It also
stresses the importance of a combined study involving theoretical and advanced spectroscopic
methods to unravel the complicated electronic structures of biologically relevant coordination

motifs.
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5.2 Synthesis of the Intermediate (Ray Group)
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Figure 5.2. A) UV-Vis spectral changes associated with the formation of 2 (blue) starting from 1
(black) by addition of excess Oz, NaBPh4 (1.3 eq) and HCIO4 (0.5 eq) in CH3CN at 0 °C. Inset:
Time traces for the formation of 2 with different amounts of Fc showing a sigmoidal feature with
an increase of the induction time with increasing amount of Fc (straight no Fc, dashed 0.01 eq Fc,
dotted 0.02 eq Fc, dashed and dotted 0.05 eq Fc). B) Comparison of the UV-Vis spectra of 2, 2a
and 2b Inset: time traces of the decay of the characteristic ~700 nm band associated with 2, 2a and
2b at 10 °C. This figure was made by Dustin Kass in the Ray group, who also collected and
analyzed the data shown in the figure.!'!

The title intermediate was synthesized by the Ray group. The corresponding complex
[Fe''(TMCO)(CH3CN)(OTf)]" (1)** reacts with BPhs~ and HC1O4 in CH3CN at 0 °C to form a
deep blue species 2. Its intense absorption bands at 360 and 665 nm (g ~ 4400 and 2800 M™! cm"
I: Figure 5.2A) are clearly distinct from the absorption spectrum of the previously reported
complex [FeV(O)(TMCO)(OTf)]" and similar to that of the spectrum reported for a rare example
of an iron(II) center bound to an iminobenzosemiquinonate (ISQ) radical.?**?’® The related deep
blue species 2a and 2b were observed in reactions of 1 with O2 and H" in the presence of B(*
Meph)s~ or B(*"“'Ph)s4 ", respectively, containing methyl or chloride substitutions in the para position
of the phenyl groups. Notably 2, 2a and 2b differ slightly with respect to the energy of their
characteristic absorption at ~660 nm (Figure 5.2B) and also in their self-decay rates (Figure 5.2B,
inset), which suggest incorporation of the »RPh group from B(?*Ph)s~ (R = -H, -Me or -Cl) into
complexes 2, 2a and 2b. The formation of 2 is reversible, only requires catalytic acid, inhibits the
autocatalytic degradation of BPhs, and shows an induction period when ferrocene (Fc) is added all

of which supports the formation mechanism shown in Figure 5.3.
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Figure 5.3. H" and O, promoted electron-transfer chain reactions for formation of 2 in reaction of
1 with O, and BPhs . The proposed mechanism is based on previous proposals>**?7” for the
decomposition mechanism of BPhs™ and the Sc**-promoted electron-transfer chain reactions for
formation of [Fe'V(O)(TMC)(CH3CN)]**. This figure was made by Dustin Kass in the Ray

group.!®!
5.3 Alternative Synthesis of 2 (Ray Group)

Consistent with its [Fe''(TMCO)(OPh®*)(CH3CN)]*" assignment, the Ray group was able to
synthesize complex 2 by the (electro)chemical oxidation of 1 in presence of phenol (PhOH) or
phenolate (PhO"), showing the same characteristic absorption band at 665 nm, albeit in lower
yields. The use of different para-substituted phenols (P XPh-OH; X=CHj3 or Cl) in the reaction can
reproduce the absorption bands of 2a and 2b obtained by 1/02/BPhs/H" reaction. The
spectroscopic properties (MCD, Mdssbauer, rRaman, UV-Vis absorption) of 2 obtained from both

synthesis methods are comparable (see below), further supporting our assignment.

5.4 First Set of Characterization of 2 (Bill and Ray Groups)

Dustin Kass in the Ray group performed and analyzed the initial characterization of the
complex. Mass spectrometry showed incorporation of a OPh moiety into 2, with sensitivity to 30

labeling and modification of the phenyl ring, as in 2a. Paramagnetic 'H-NMR spectroscopy
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confirms the paramagnetic and symmetric nature of 2 with identification of six peaks over a broad

range of more than 400 ppm.

5.4.1 Electron Paramagnetic Resonance (Bill Group)

The EPR spectroscopy was performed and data were analyzed by Ray’s collaborators,
Eckhard Bill and Alexander Schnegg. The X-band EPR spectrum of 2 shows a narrow signal at
the spectral position of an effective g value getr = 4.3 from unidentified iron(III) impurities, but in
fact the major part of the absorption belongs to another S; = 5/2 species. This contribution could
be simulated with nearly axial zero-field splitting parameters, D =+3 cm™' and £/D = 0.07 (ca.
85%). Note that a reasonable fit to the X-band EPR spectrum can also be obtained by a S; = 3/2,
however, because of the large g-values required to match the intensity maximum of the EPR
spectrum we discard the possibility of St =3/2. The aryl substituted compounds 2a and 2b also
show near identical S; = 5/2 signals with highly similar turning points as that assigned to 2

emphasizing the electronic similarity of the compounds.

5.4.2 Mossbauer (Bill Group)

The Mdssbauer spectroscopy and analysis was performed by Ray’s collaborators, Eckhard
Bill and Alexander Schnegg. The zero-field Mossbauer parameters of 2 (quadrupole splitting AEq
=3.28 mm s™! and isomer shift § = 1.32 mm s!) are similar to those of 1 (AEq=2.91 mm s, § =
1.15 mm s!), and both sets are unique for Fe!! with a local high-spin state Sre = 2. The increased
0 and AEq in 2 presumably reflect the different bonding situation at iron with lower s-electron
density and higher asymmetry in the distribution of the valence charge.?’”® Nevertheless, the
Méssbauer spectrum of 2 reveals unambiguously that the Fe' oxidation state of 1 remains
unchanged upon reaction with Oz in the presence of NaBPh4 and HCI1O4 forming 2.

The different total spin states of S; =2 for 1 and S;=5/2 for 2, as evident from EPR and
magnetic susceptibility measurements, are corroborated by magnetic Mossbauer spectra. The
hyperfine structure and specifically the field dependence could be reasonably well simulated with

t = 5/2 and the spin Hamiltonian parameters D, E/D, and g, as obtained from the EPR fit above.
Reasonable fits of the magnetic Mdssbauer spectra of 2 can also be obtained with S; = 3/2;
however, the extreme A values and the systematic misfit at 160 K, 7 Tesla led them to discard this

solution.
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5.5 Resonance Raman Studies
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Figure 5.4 Resonance Raman spectra (90 K, Aexe = 647 nm) of 2 prepared at -10 °C in CH3CN,
generated by using '°O» (black) and '®0» (red). The blue traces refer to 2 prepared using 2HCIO..
A, overview spectra; peaks due to non-lasing plasma lines or solvent are marked by “s”. The insets
show a zoomed in portion of the spectra. The spectra are referenced and normalized to the
acetonitrile peak at 920 cm™'.

The rRaman spectrum (Figure 5.4) of 2 (generated in the reaction of 1 with NaBPh4/O2/H")
in frozen CH3CN solution upon 647 nm excitation reveals three main peaks at 628, 885, and 1279
cm~!, which are sensitive to 80 labelling, but do not respond to deuterium labelling. Some of the
peaks exhibit broad and asymmetric bandshapes or even allow resolving two adjacent maxima,
separated by ca. 10 cm™! or less. These findings could be the results of mode mixing or potentially

the coexistence of conformational sub-states.
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Figure 5.5. rRaman spectra of 2 generated by the alternative preparation (oxidation of the Fe'-
phenolate precursor with NO™, '°0, (blue) and '80: (green)) compared with the usual preparation
of 2 (°0z (black) and 803 (red)).

A comparable rRaman spectrum (with the '30-sensitive bands at 634, 893 and 1285 cm™')
was also obtained from the frozen sample of 2 generated by an alternative synthetic procedure
involving the oxidation of 1 by the nitrosonium cation in the presence of an excess of phenol
(Figure 5.5). Thus, both synthetic routes yield essentially the same species, although the spectra
display minor differences in frequencies and relative intensities of the '®0-sensitive bands at 628
and 1279 cm!, presumably due to slight alterations in the coordination environment. In contrast,
larger differences are observed for the 885 cm™' band (Figure 5.5), which, in the alternate
preparation, is shifted to 893 cm™! and shows only very weak intensity. Thus, on the one hand, we
cannot rule out that the intense band at 885 cm™ observed for 2 in the original preparation (see

data in Figure 5.4) originates from some sort of side-product (for example, an Fe'"

-phenylperoxo
complex formed from the PhOO" radical; see mechanistic scheme in Figure 5.3) of the reaction of
1 with NaBPhs, O; and H', in line with the ~15% Fe' impurity observed in the EPR and
Mossbauer measurements. On the other hand, our density functional theory (DFT) calculations
(see below) do indicate that the Fe''-phenoxy radical complex does show an '30-sensitive feature
in the 850 — 900 cm! region, which would support the assignment of the 885 cm™! band to 2. Based

on the available data, this issue cannot be further resolved.
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Figure 5.6. rRaman spectra of 2a (1°0O; (purple) and '80» (cyan)) compared with 2 (1°0; (black)
and '80; (red)), both generated by the regular preparation.

Note that the energy of the vibration at 628 cm™ is strongly dependent on the nature of the

para-substituent in the phenyl ring (Figure 5.6); this feature is shifted to 541/556 cm™

in 2a

containing a methyl substituent, whereas the position of the higher energy vibration at ~1280 cm"

! remains essentially unaltered. This is consistent with the iron(II)-phenoxyl radical assignment of

2/2a, as DFT studies show that the vibrational frequency of the band at ~630 cm™ with

predominant Fe-OPh stretching character should be strongly affected by changing the para-phenyl

position to a methyl group, while the band at ~1280 cm™! should not be. The alternate assignment

of 2 as a Fe''(02™) species with the Fe-O vibration at 628 cm™! and the O-O vibration at 1280 cm™!

is not consistent with DFT calculations (see below).
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5.6 Magnetic Circular Dichroism
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Figure 5.7. Comparison of the UV-Vis (top) and MCD (bottom) spectra of 2. UV-Vis and MCD
samples were prepared at 8§ mM in butyronitrile with O2, 2 eq NaBPhs, and 0.25 eq HCIOy4 at -
5 °C. The UV-Vis spectrum was measured at -5 °C with 8§ mM concentration. The MCD spectra
were measured at temperatures of 2-50 K and magnetic fields of 0-7 T; here we show the 7 T data
for each temperature.

The magnetic circular dichroism variable-temperature variable-field (MCD VTVH)
measurements inform on the optical properties and the electronic structure of 2. The MCD signals
align well with the UV-Vis data as shown in Figure 5.7. The MCD signal shows a temperature
dependence, characteristic of C-term signals, confirming that 2 is a paramagnetic complex. The
field dependent data is shown in Figure 5.8; this figure also shows the relative intensities of the

bands, without the scaling in Figure 5.7.
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Figure 5.8. Magnetic field-dependent MCD data of 2, at 2 K and 0-7 T. The MCD samples were
prepared at 8 mM concentration in butyronitrile with O», 2 eq NaBPhs, and 0.25 eq HCIO4 at -5
°C.
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Figure 5.9. VTVH saturation curves for the two main features at 583 nm (17153 cm, left) and
355 nm (28169 cm™!, right), with data obtained at 2-50 K, 0-7 T. The data are fit for an S; = 5/2
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ground state with ZFS parameters from the EPR fit: D=+3 cm™!, E/D = 0.07, g = (1.90, 1.95,
2.10). The colored symbols represent the experimental data while the lines correspond to the fits.

Further, the VTVH saturation data derived for the two major bands at 583 and 355 nm both
fit well with the zero-field splitting (ZFS) parameters derived from the EPR S; = 5/2 simulation,

Figure 5.9.
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Figure 5.10. Comparison of VTVH saturation curves obtained at 583 and 335 nm, fit with EPR
parameters derived from using an S; = 5/2 or 3/2 spin state. Note how the X? is better using the S
= 5/2 state and corresponding fit parameters. The MCD samples of 2 were prepared at § mM
concentration in butyronitrile with O, 2 eq NaBPh4, and 0.25 eq HC1O4 at -5 °C, as in Figure 5.7
and Figure 5.8. Data were obtained at 2-50 K, 0-7 T.

In contrast, the S; = 3/2 spin state does not only result in a poor fit for the EPR spectrum,
but also does not fit the VTVH MCD data as well, as shown in Figure 5.10. In agreement with the
EPR and Mossbauer results, this further supports the St =5/2 spin state for 2. In addition, the VTVH
fit provides polarization data for the corresponding electronic transitions. We calculated the ZFS

tensor for the six-coordinate structure with CH3CN bound trans to the phenoxy radical (S; = 5/2).
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The calculation shows that the z-axis of the ZFS tensor is aligned with the Fe-OPhe vector. The
calculated parameters are D =-1.19 cm™ and E/D = 0.05. As shown in Figure 5.9, the less intense
band at low energy is mostly z polarized, which could be a charge transfer (CT) transition between
the Fe'! center and the bound phenoxy ligand, consistent with the observed shift of this transition
upon changing the para-substituent of the phenoxy ligand in 2/2a/2b. The intense band at higher
energy is largely y-polarized and likely related to a CT transition between the Fe'' center and the

TMCO co-ligand.
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Figure 5.11. Comparison of the MCD data of 2 and of the same complex but prepared through an
alternative method using NO™ oxidation of the Fe''-phenolate precursor. Data were obtained at 2-
50 K, 0-7 T; shown here are the 7 T spectra for each temperature. The MCD sample of 2 was
prepared at § mM concentration in butyronitrile with Oz, 2 eq NaBPhg, and 0.25 eq HCIO4 at -
5 °C, as shown in Figure 5.7 and Figure 5.8. The MCD sample from the alternative preparation of
2 was prepared at 2.5 mM, with 5 eq of phenol and 1 eq of NOSbF¢ in MeCN : butyronitrile 1:3
at -25 °C. * marks probable impurities that are only present in the sample from the alternative
preparation method.
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Figure 5.12. Comparison of VTVH Saturation Curves for 2 and for the alternative preparation of
2, obtained at 355 nm for each. Left, saturation curves of the alternate preparation of 2. Right,
comparison of these data (alternate preparation) to saturation data of 2 prepared in the regular way
(with 2 eq NaBPhy, and 0.25 eq HC1O4 at -5 °C in the presence of O2). See Figure 5.11 for further
details on MCD samples.

In addition, MCD measurements were conducted on a sample resulting from the alternative
preparation method of 2 (Figure 5.11), and the resulting VITVH MCD saturation curves (Figure
5.12) agree well with those in Figure 5.9, prepared from autocatalytic degradation of NaBPha.

These results further confirm the nature of 2 as a Fe'l-phenoxy radical species.

5.7 Towards a Theoretical Description of 2

We have analyzed a variety of possible structures of the Fe''(OPh") intermediate, differing
with respect to spin state, magnetic coupling between Fe and the phenoxy radical, coordination
states, and details of the co-ligand conformation. The calculated relative energies, spin densities,

vibrational frequencies, and Mossbauer parameters are listed in Table 5.1 and Table 5.2.
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Table 5.1. Comparison of DFT-calculated parameters for different ground states of the Fe(TMCO)(OPh’) intermediate with different

axial ligands, using both ferro- and antiferromagnetic coupling (FC/AFC) between the Fe' center and the phenoxy radical ligand.?

Spin Exp. hs-Fe!', FC hs-Fel!, AFC is-Fe!l, FC hs-Fel!, FC hs-Fe!', FC
Coordination 5C 5C 5C 6C, MeCN 6C, OTf
Co-ligand orientation * N-Me trans N-Me trans N-Me trans N-Me trans N-Me cis
<9
J“ JJ
2,9
Pl |
| 9 ' Jw‘i’;
mage J)‘Q ;‘ 3
9 ‘f.ff
¥ 4
J
Relative Energy [kcal/mol] - -
Geometry
Fe-O distance [A] - 1.88 2.02 1.88 1.97 1.86
C(Ph)-0 [A] - 1.31 1.28 1.32 1.30 1.33
<Fe-O-C1(Ph) [°] - 161 153 157 161 165
Spin Density
Fe - 3.95 3.76 2.46 3.97 4.11
OPh total - 0.76 -0.93 0.66 0.77 0.48
Co-ligand total - 0.29 0.17 -0.12 0.25 0.35
Sum in total: - 5.00 3.00 3.00 5.00 5.00
Vibrations [cm™'] (1%0)
Fe-O 628 (610, 621) 560 (550) 570 555 539 (528) 605
Sip(Ph)/C-O 885 (867, 872) 865 (851) 836 863 852 (840) 883
1279, 1270 1160, 1168, 1262 1173, 1286 (1171,
O-Ph (1255) (1157, 1254) 1416, 1511 1149,1243, 1275) 1180, 1257
Moéssbauer
[mm s']
) 1.32 0.68 0.91 0.56 0.81 0.61
AEq 3.28 1.96 4.37 -1.48 1.95 1.02

@ All structures shown here were calculated using BBLYP/TZVP. See Experimental Section 5.10.3 for further information. ® TMCO N-Me groups orientation with respect to the

phenoxy radical moiety.
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Table 5.2 DFT-calculated properties for additional structures to the ones listed in Table 5.1. Each structure has a hs-Fe' center with a
ferromagnetically coupled phenoxy radical. Relative energies are compared between structures with the same number of atoms. All

calculations were performed with B3LYP/TZVP.

Coordination Ex 5C 5C 6C, MeCN 6C, MeCN® 6C, OTf 6C, OTf
Co-ligand orientation? P- N-Me down N-Me up N-Me down N-Me up N-Me down N-Me up
2 3 ; 9
@ 9 -0 & a
°y '3 °9°9 *9°9 *9”3
"4 !’ » "J 4‘#”J }“J )"OQJ
i ¥ v 1 ‘( ;
Image d ‘. J o2 f’ > s o3 497, ¢ o TR e o
) o J 2y Ve ' Lo s g P, : ? ;
o 000 PHEAY (B B PPUAY el
Jﬁ# YR 45 5 ¥ Y P -3 P & 8 e Jat
59 e ;ﬁ?} 9 g Yt J_i ‘:’ pra
4 9 4 @ “ 2 d
T ,JJ 9
Relative Energy
[keal/mol] - 0.0 0.2 1.5 0.0 4.8 0.0
Geometry
Fe-O distance [A] - 1.88 1.89 1.97 1.91 1.89 1.86
C(Ph)-O [A] - 1.31 1.30 1.30 1.31 1.33 1.33
<Fe-O-C1(Ph) [°] - 161 171 161 169 161 165
Spin Density
Fe - 3.95 3.93 3.97 3.97 4.11 4.11
OPh - 0.76 0.83 0.77 0.75 0.46 0.48
Co-ligand - 0.29 0.24 0.25 0.27 0.35 0.35
Vibrational modes
[em™]
Fe-O stretch 628 560 562 539 553 594 605
O-Ph stretch 1279 1160, 1168, 1262 1175, 1294 1173, 1286 1172, 1279 1256 1180, 1257
Maossbauer
[mm s7!]
) 1.32 0.68 0.79 0.81 0.79 0.61 0.61
AEq 3.28 1.96 2.13 1.95 1.94 1.15 1.02

2”N-Me down” — the TMCO N-methyl groups are trans to the phenoxy ligand, “N-Me up” — the TMCO N-methyl groups are cis to the phenoxy ligand. ®MeCN dissociates during
the optimization; therefore, in this structure the Fe-N(CCHs) bond was fixed at 2.3 A during the geometry optimization (the rest of the structure was allowed to optimize).
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Table 5.3 DFT-calculated properties for Fe-hydroperoxide and -superoxide adducts. Compare to Table 5.1 and Table 5.2. Relative
energies are compared between structures with the same number of atoms. All calculations were performed with B3LYP/TZVP. Here,

L=TMCO.
Structure | Exp. | [Fe(OOH)(L)]* [Fe(OOH)(L)]>* [Fe(OO)(LH)]>* [Fe(OO)(LH)J>* [Fe((g%?@) [Fe((g%(]I:H) [Fe(OO)(LH)>*
Spin State 52 512 52 5/2 52 52 32
Co-ligand
. A N-Me down N-Me up N-Me up N-Me down N-Me up N-Me up N-Me up
orientation
&
s @ {
> e 3 &47, 2 ’&)# oSl o,
e || el ASg 835 A5
s SSIR LT o> -4 ik AL
o, - s ’f et ’
Relative
Energy - 0.0 2.2 16.4 28.6 0 28.4 18.8
[kcal/mol]
Geometry
Fe-0 Ei;]tances . 1.86,2.83 1.86,2.80 1.98, 1.99 1.97, 2.00 1.91,2.85 2.04,2.04 1.85, 1.87
0-0 &S]tance . 1.42 1.41 1.35 1.35 1.43 1.35 1.39
O-H[A] - 0.97 0.97 2.01 3.31 0.97 1.77 1.93
<Fe-0-0 [°] - 119 117 70 71 116 71 69
Spin Density
Fe . 4.07 4.06 3.71 3.66 4.14 3.76 3.18
(o - 0.50 0.53 1.16 121 0.39 1.08 -0.28
1:17:»1:12 ?EO::;]] 329, 4243, 434,
¢ . N . 4408, 441, 478,
Fe-Ostretch | 628 530 526, 528 332, 354, 398%, 369, 385, 408 468, 479, 497 236,257, 317, 4913
’ 399 » 282, 30, >, 326%, 335%
0-Ostretch | 1279 929 918, 924 1100 1116 905, 922 1074 1032
Mossbauer
[mm s™]
8 1.32 0.45 0.50 0.94 0.94 0.52 0.95 0.67
AEq 3.28 0.96 0.98 231 2.44 0.96 2.56 3.11

2“N-Me down” — the TMCO N-methyl groups are trans to the hydroperoxide or superoxide ligand. “N-Me up” — the TMCO N-methyl groups are cis to the hydroperoxide or
superoxide ligand. * = symmetric and * = antisymmetric.
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5.7.1 Spin State

Among the structures listed in Table 5.1, complexes with an intermediate spin (is) state of
the iron(II) center (S = 1) can readily be discarded due to their high relative energy. For example,
in the corresponding five-coordinate structures with no axial ligand bound trans to the phenoxy
radical, the high-spin (hs) Fe'' state (S = 2) is favored energetically by 12 kcal/mol when compared
with an intermediate spin state of the iron center. Comparing ferromagnetic (FC, S; = 5/2) and
antiferromagnetic coupling (AFC, S; = 3/2) of the phenoxy radical with a hs-Fe!' center, the
ferromagnetically coupled species is favored by 3.3 kcal/mol. Note that AFC states were not

further considered, as our experimental data show that 2 is an S; = 5/2 species.

5.7.2 Structural Variations

Ferromagnetically coupled, six-coordinate hs-Fe''-phenoxy radical species in which either
solvent (CH3CN) or the counter ion (triflate, OTf") occupies the 6™ coordination site were further
evaluated, as shown in Table 5.1. Another structural variation concerns the position of the N-
methyl groups of the TMCO co-ligand, which can point to either side of the Fe(TMCO) plane.
Different structures of 2 with St = 5/2 that incorporate these structural variations were optimized
as well (Table 5.2). The energies of the different structures obtained in this way are close (within
the typical DFT error of + 4 — 5 kcal/mol) but show a slight preference for the N-methyl groups
on the opposite site as the CH3CN or triflate ligands. It is possible that a mixture of these species
exists in solution as well, which would explain the somewhat broad rRaman signals observed for
2.

Based on these results, either SC or 6C ferromagnetically coupled species are possible
candidates for 2, in line with the experimental data from EPR, MCD, and Mdssbauer spectroscopy
that uniformly indicate St = 5/2 for 2. For a representative selection of these complexes (Table 5.1),
a careful comparison of the calculated parameters, however, reveals that there is no single species
providing an equally good description of both the rRaman and the Mdssbauer parameters.

We thus also checked alternative interpretations of 2 as a Fe''(O>™) species. However, for
all of the Fe-superoxide and -peroxide complexes that were considered, none is able to reproduce

the experimental parameters, especially the vibrational properties, of 2 (Table 5.3).
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5.7.3 Discrepancies Between DFT and Experiment

We investigated the possible intrinsic deficiencies of our theoretical approach. For the
precursor complex [Fe'(TMCO)(OTf)(CH3CN)]" (1), the calculated Mdssbauer data (8 = 1.01;
AEq = 3.23 mm s™!) agree very well with the experimental values (§ = 1.15 mm s™!, AEq = 2.91
mm s'). However, 1 also has a relatively simple electronic structure in contrast to 2. Upon
formation of 2, the experimental data show that both the quadrupole splitting and the isomer shift
increase, which is not reproduced by the calculations. Over the variety of hs-Fe-OPh" structures
with St = 5/2 (ferromagnetically coupled) that we investigated, we found § = 0.6 — 0.8 mm s~! and
AEq=0.8 —2.1 mm s~! (Table 5.1 and Table 5.2). These results indicate a systematic error in the
DFT calculations, which overestimate the amount of electron donation from the hs-Fe!! center to
the phenoxy radical, giving the iron center too much ferric character, and hence, too low of an
isomer shift. Thus, even for the complex showing the closest match with the experimental
Méssbauer parameters, i.e. the 6C structure where the 6 coordination site is occupied by
acetonitrile, on the same side as the N-methyl groups of the co-ligand, the isomer shift and
quadrupole splitting are calculated too low (8 = 0.81 mm s~ and AEq = 1.95 mm s~!; see Table
5.1). Note that this model was used for the electronic structure analysis below.

Additionally, calculations of the normal modes reveal an underestimation specifically of
the Fe-O stretching frequency, which appears to be an intrinsic deficiency of the present DFT

approach.

5.7.4 Vibrational Assignments

The DFT results allow us to assign the rRaman spectra of 2. The band at 628 cm’
corresponds to a primary Fe-O stretching vibration, which is predicted between 530 and 570 cm™".
Only for the 6C complex with triflate coordinated to the Fe! center, this mode is predicted at
somewhat higher frequency (605 cm™), but this species shows quite low values for the predicted
Maossbauer isomer shift and the quadrupole coupling.

Based on the DFT results, the mode at 1279 cm™ is a mixed C-O stretch/phenyl ring
vibration (referred to as “O-Ph” in the following). Importantly, the nature of the exchange coupling

affects the O-Ph vibration: whereas a ferromagnetically-coupled hs-Fe''-phenoxy radical unit

reproduces the vibrational frequency of this mode well, antiferromagnetic coupling leads to an

158



overestimate of the energy of this vibration by 200 cm™'. This agrees well with the conclusions

from the EPR, Mossbauer, and MCD analysis, which all favor the S; = 5/2 ground state.

Figure 5.13. Left: arrow diagram of the Fe-O stretch, calculated at 539 cm!. Right: arrow diagram
of the O-Ph vibration, calculated at 1286 cm™.

In addition, the hs-Fe'-phenoxy radical model replicates the experimental vibrational
trends observed for the derivatives of 2 that carry a para-substituent on the phenoxy moiety (such
as in 2/2a; see Figure 5.6). The Fe-O stretch at 628 cm™! involves movement of the para-substituent
of the phenyl ring (H in 2 and Me in 2a), while the O-Ph mode at 1279 cm™' does not, as shown in
Figure 5.13. Correspondingly, in the rRaman spectrum of 2a, the Fe-O stretch shifts to lower
energy by 87 cm™! compared to 2 (see Figure 5.6), whereas O-Ph mode at 1279 cm™ is essentially
unaffected by this substitution. Interestingly, DFT also predicts a mixed in-plane phenyl ring
bending vibration with some C-O stretching character (referred to as dip(Ph)/C-O in the following)
at 865 cm! for 2. However, as discussed above, since the rRaman feature observed experimentally
in this energy region in the alternate synthesis (oxidation of 1 in presence of phenol and NO™)
shows a much lower intensity, it is unclear whether this band originates from 2. In any case, the

DFT-predicted mode in this energy region is included in Table 5.1 as well.
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In addition to the absolute frequencies, we also considered the '*0/!°O isotopic shifts in
which the systematic errors of DFT-calculated frequencies should be largely cancelled. The
130/'%0 isotopic shifts were calculated for the 5C hs-Fe!' ferromagnetically coupled species and
the analogous 6C complex with CH3CN as the 6™ ligand (see Table 5.1). The vibrations are *O
sensitive, as expected, and the predicted isotopic shifts for the Fe-O and 0ip(Ph)/C-O vibrations at
~600 and ~850 cm™!, respectively, show good agreement with the experimentally observed shifts.
The underestimation of the '30/'°0 isotopic shift of the O-Ph vibration at higher energy, observed
to shift ~20 cm™ and calculated as ~10 cm!, is likely due to variations in the exact composition of
this mode with respect to phenyl ring, C-O stretch and TMCO co-ligand contributions, where an
underestimate of the C-O stretching contribution in the DFT calculations would decrease the

magnitude of the '¥0/'°0 isotopic shift.
5.7.5 Electronic Structure Analysis

o-Cpp(py)/O(py) occupied radical

CPll(py) 78%
O(py) 18%

Fe(dy,) 1%

Figure 5.14. Occupied a-spin orbital, showing the unpaired electron of the phenoxy radical,
coordinated to the hs-Fe!' center. Calculated for the 6C structure with MeCN bound in trans
position to the phenoxy radical group, with S; = 5/2 spin. Calculated with B3LYP/TZVP.
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For an overall S; = 5/2 species with a hs-Fe!' center, all five majority spin (a-) d-orbitals
are singly occupied, plus one of the minority spin (-) d-orbitals is occupied as well, giving rise to
a hs-Fe!! center with S = 2. In addition, the O-Ph(nt*) orbital of phenolate, labeled Cpn(py)/O(py) in
the following, is oxidized by one electron, forming a phenoxy radical ligand (S = 1/2). In the
ferromagnetically coupled ground state, it is the B-Cpn(py)/O(py) orbital that is oxidized, creating
one additional a-spin on the phenoxy ligand, which leads to the observed S; = 5/2 ground state of
2. The singly-occupied phenoxy based MO shows delocalization of the hole throughout the phenyl
ring C(py) orbitals but has dominant O(py) character, as shown in Figure 5.14. According to this
electronic structure description, calculated spin densities of Fe and OPh" are +3.97 and +0.77
(Table 5.1), respectively. The o-bonds between the singly-occupied dx2-y2 orbital of iron and the
TMCO co-ligand further causes the transfer of some a-electron density to the co-ligand (in a

coordinate system where the Fe-OPh vector corresponds to the z axis).
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A) DFT MOs
B'dyLCPh(py)/ O(py) HOMO ﬁ'CPh(py)/ O(py)_dyz LUMO
¢

CPh(py) 34% CPh(py) 45%

O(py) 3% O(py) 23%

Fe(dy) 60% ] Fe(dy,) 30%

B) CASSCF MOs
dy, HOMO Cpu(py)/O(py) radical
(%

Con(py) 1% Con(py) 70%

O(py) 1% O(p,) 27%

Fe(d,,) 97% Fe(dy,) 2%

z

Figure 5.15. Images of the HOMO and LUMO, showing bonding and antibonding combinations
between the iron dy, and the phenoxyl radical O-Ph(n*) orbitals, respectively. A) the molecular
orbitals as calculated by DFT, left: the occupied B-dy, Cen(py)/O(py) MO, which corresponds to
the single B-d orbital of a hs-Fe'' center. Note that this MO has ~40% phenoxyl radical character.
Right: the unoccupied, antibonding B-Cpn(py)/O(py) dy. MO, which corresponds to the “hole” on
the phenoxyl radical ligand. B) the molecular orbitals as calculated by CASSCF(25,17), here, the
predominately Fe(dy,) orbital (left) is mostly doubly occupied and the Cpn(py)/O(py) (right) is
mostly singly occupied illustrating the phenoxy radical, see discussion in text. The percent
contribution of each component is listed. Calculated for the 6C hs-Fe"-OPh’ structure with MeCN
bound trans to the phenoxyl radical (see Table 5.1).

Importantly, the empty B-Cpn(py)/O(py) orbital of the phenoxy ligand further interacts with
the occupied B-dy, orbital of the iron center, as shown in Figure 5.15A. According to the DFT
calculations, the resulting bonding (occupied) MO, dy, Cpu(py)/O(py) (Figure 5.15A, left), has 60%
iron and ~40% phenoxy character. The exact amount of Fe/phenoxy character of this MO therefore

determines the oxidation state of the iron center, which then impacts the calculated Mdssbauer
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parameters. With ~40% phenoxy character, the DFT calculations predict the iron center to be too
ferric, causing the calculated Mdssbauer isomer shift to be too small. In the real system, this MO
must therefore have much more predominant B-dy, character (less phenoxy character), in

agreement with the iron center being ferrous in 2, and the experimental isomer shift of 1.32 mm/s.

Figure 5.16. OCpp, Ph, OPh, dy,, dxy, and OCpp* MO from CASSCF(25,17). Energies (hartrees)
are as follows: OCpn, -0.75; Ph, -0.54; OPh, -0.47; dy,, -0.45; dxy, -0.41; and OCpp*, +0.13. See
Table 5.4 for electron configuration contributions to the ground state and further description of
orbital abbreviations used here.

Figure 5.17. OCpp, Ph, OPh, dy,, dyy, and OCpn* MO from CASSCF(17,13). Energies (hartrees)
are as follows: OCpy, -0.73; Ph, -0.52; OPh, -0.47; dy,, -0.39; dxy, -0.40; and OCpp*, -0.31. See
Table 5.4 for electron configuration contributions to the ground state and further description of
orbital abbreviations used here.

Figure 5.18. OCpp, Ph, OPh, dy;, dxy, and OCpp* MO from CASSCF(13,11). Energies (hartrees)
are as follows: OCpy, -0.76; Ph, -0.56; OPh, -0.51; dy,, -0.43; dxy, -0.43; and OCpp*, -0.00. See
Table 5.4 for electron configuration contributions to the ground state and further description of
orbital abbreviations used here.
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Figure 5.19. OCpp, Ph, OPh, dy,, dyy, and OCpr* MO from CASSCF(13,10). Energies (hartrees)
are as follows: OCpy, -0.75; Ph, -0.56; OPh, -0.51; dy,, -0.43; dxy, -0.43; and OCpp*, -0.01. See
Table 5.4 for electron configuration contributions to the ground state and further description of
orbital abbreviations used here.

Figure 5.20. Relevant orbitals of the CASSCF(7,7): dxy, OPh_dy,, and dy, OPh. Note Fe/OPh mix
is nearly 50/50. Energies (hartrees) are as follows: dxy, -0.54; OPh_dy,, -0.48; and dy, OPh, -0.44.
This calculation predicted 77% (dxy)'(OPh_dy,)*(dy,_OPh)', 20% (dxy)!(OPh_dy,)'(dy, OPh)?, and
3% (dxy)*(OPh_dy,)!(dy, OPh)'.

We further interrogated this issue using complete active space self-consistent field
(CASSCF) calculations. A CASSCF(25,17) calculation with 25 electrons in 17 orbitals including
Fe-TMCO bonding MOs, Fe-OPh bonding MOs, the HOMO, SOMOs, and a few unoccupied OPh
MOs was performed (See Figure 5.16 and Table 5.4). Interestingly, this calculation gave an
electronic structure with mostly Fe''(OPh®) character, which is the dominant contribution to the
ground state (86%), and which has the electronic configuration (dy,)*(Cra(py)/O(py))!(dxy)! (Table
5.4). Importantly, in the CASSCF calculations the covalency of the Fe-OPh bond is greatly
reduced. Here, the HOMO is Fe based (dyz, 97%) and the phenoxyl radical SOMO only has 2% Fe
character, as shown in Figure 5.15B. In addition to this dominant electron configuration, there is a
6% Fe'(OPh") contribution, (dyz)!(Crn(py)/O(py))*(dxy)!, and a 3% contribution of ligand-field
excited states, where the B electron in the dy, orbital is excited into the dxy orbital,
(dy2)'(Crn(py)/O(py))'(dxy)>. Smaller CASSCF calculations, CASSCF(17,13), CASSCF(13,11),
and CASSCF(13,10) are also consistent with this result, giving 82% - 90% Fe''(OPh®) and 3-8%
Fe''(OPh") character in the ground state, again with minimal covalency of the Fe-OPh bond (Table
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5.4 ; Figure 5.17 - Figure 5.19). With an inadequately small active space, CASSCF(7,7), a similar
electronic structure as is predicted by DFT is calculated (see Figure 5.20). With CASSCF(7,7) a
covalent dy, Cpn(py)/O(py) bond is calculated which highlights the necessity of a sufficiently large
active space to obtain useful CASSCEF calculation results. Hence, with a large enough active space,
CASSCEF corrects the error in the DFT electronic structure description, which gives mixed Fe(dyz)
and phenoxyl radical MOs as described above and shows that the intermediate is in fact an
Fe'(OPh*®) complex, in agreement with the experimental Mossbauer data.

Table 5.4. Contributions of electron configurations to the ground state as calculated for the
CASSCEF active spaces listed. See Figure 5.16 - Figure 5.19 for visualizations and energies of the
orbitals here. Here, some orbital abbreviations are simplified for easy comparison of
configurations. “OCpy” refers to the m bonding MO O(py)/Cco(py) where C is primarily the C
directly connected to the O of phenoxy moiety, “OCpr*” is the corresponding antibonding orbital.
“Ph” is the m bonding orbital in the phenyl ring C(py). “OPh” refers to Cpu(py)/O(py)-

Configuration CASSCF CASSCF CASSCF CASSCF
(25,17) (17,13) (13,11) (13,10

(OPh)!(dy,)*(dyy)" 86% 80% 79% 81%

(OPh)%(dy,)'(dyy)! 6% 3% 8% 7%

(OPh)'(dyz) (dyy)? 3% 10% 3% 4%
(OCpy)! 1(OPh);(dyz)i(de)i(ocph*)l 1% 3% 3%

(Ph)!(OPh)%(dy,)*(dxy) 2%
(OPh)*(dy)*(dy) ' (OCpp*)’! 1% 2%

5.8 Reactivity Studies of 2 (Ray Group)

Reactivity studies were performed by our collaborators in the Ray Group. Complex 2
shows the typical hydrogen atom abstraction (HAA) reactivity expected for a metal bound radical.
For example, 2 performs HAA from xanthene to form xanthone and major iron(Il) products with
a KIE of 4.0. HAA is also observed in the reactions of 2 with fluorene, indene, dihydroanthracene
(DHA) and 2,4,6-tri-tert-butylphenol to form oxidized products of varying yields in presence of
excess Oz. Notably, for DHA exceptional high yields up to 200% (based on iron) of oxidized
products (anthracene 48%, anthrone 145%, antharachinone 4%) are detected. Different reaction
conditions for the reaction of 2 with substrates were employed, which revealed that significant
amounts of oxidized products are only obtained in the presence of excess O2. No products were
obtained in blank reactions in the absence of 2. Thus, 2 performs HAA from different substrates
to form radical species, which in the presence of O yields the products. Furthermore, Hammett

analysis of the reaction rates of 2 with different para-substituted 2,6-di-tert-butylphenols afforded
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anegative reaction constant (p) of —0.49, which reflects the electrophilic character of 2 in reactions
with phenols. In all these reactions, which were performed in the presence of excess O», the iron(II)
oxidation state stays unaltered. Remarkably, the HAA reactions rates of 2 are found to be
comparable to the rates observed for some high-valent oxoiron(IV) complexes known in the
literature, for example [Fe'V(O)(cyclam)(MeCN)]** 27 and [Fe™(O)(TMC)(OTH)]"?% 2 is,
however, a sluggish oxidant relative to [Fe!Y(O)(TMCO)(OTf)]".2¥

5.9 Conclusions

Intermediates in the reaction cycle of an oxygenase are usually very informative with
respect to the chemical mechanism of O activation and insertion. However, detection of these
intermediates is often complicated by their short lifetimes and the regulatory mechanism of the
enzyme optimized to ensure specificity. The present study demonstrates that model compounds
may provide important insights into the mechanism of such enzymatic reactions. For example,
based on this study an elusive iron(Il)-phenoxyl radical has now been included to the list of
commonly known metal-radical species that can be utilized in biology or chemistry for HAA
reactions. The spectroscopic markers of the hs-Fe'"-OPh® core in 2 include: a) a broad absorption
band of moderate intensity at 695 nm and b) Fe-O and O-Ph vibrational modes at 628 cm™ and
1279 cm™!, respectively. To the best of our knowledge, 2 is the only example of a well characterized
oxygen-derived iron(Il)-reactive intermediate; no precedents for a phenoxyl radical bound to a
ferrous center in chemistry or biology exist. We therefore hope that the unique spectroscopic
properties of 2 will form a basis for all future investigations targeted towards the identification of
novel reactive intermediates in various heme and non-heme oxygenases. The stabilization of the
ferrous center in the presence of PhO" and O> can be attributed to the weak ligand field associated
with the N3O macrocycle of the TMCO ligand, which makes the iron(IIl) and iron(IV) oxidation
states unstable. Accordingly, using the stronger donating N4 macrocycle of the TMC ligand in the
same reaction?*” led to the generation of the Fe!V=0 core. Thus, the present study not only provides
an opportunity to elucidate elementary steps in the biological dioxygen activation, but it also
underlines the importance of subtle electronic changes for the nature, stability, and reactivity of

the biologically relevant metal-dioxygen intermediates.
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5.10 Experimental Section

5.10.1 Resonance Raman Spectroscopy.

All rRaman spectra reported in this chapter were measured with 3-8 mM samples in 3 mm
EPR tubes. The 647 nm excitation line from a Kr gas ion Coherent Innova laser was used for
excitation, with a power of 20 - 40 mW. Samples were measured at liquid nitrogen temperature by
using an EPR coldfinger dewar with liquid nitrogen. The scattered light was focused onto an Acton
two-stage TriVista 555 monochromator and detected by a liquid nitrogen-cooled Princeton
Instruments Spec-10:400B/LN CCD camera. The spectral resolution was ca. 2 cm™!. Single-pixel
spikes due to cosmic rays were manually removed. Spectra reported here were baseline corrected
and then referenced and normalized to the known acetonitrile peak?®! at 920 cm™, for best

comparison between different samples.

5.10.2 Magnetic Circular Dichroism Spectroscopy.

See Section 4.8.1 for description of Magnetic Circular Dichroism spectroscopy.

5.10.3 Computational Details

Geometry optimizations and frequency calculations were performed using the program
package Gaussian 09.2% All the calculations included here were performed with Becke’s three-
parameter hybrid functional, B3LYP,??*23! and TZVP?3324 a5 the basis set. Orca (version 4.0)**’
was used to perform Mdossbauer and EPR calculations on the Gaussian-optimized structures. For
the Mossbauer calculations all non-iron atoms were described with the TZVP basis set, while for
iron the larger CP(PPP) basis set**>%¢ was used. Mdssbauer isomer shifts were obtained from these
calculations using empirical correlations as established by Neese and co-workers.?®” MO images
were visualized in Avogadro (Avogadro: an open-source molecular builder and visualization tool.
Version 1.2.0. http://avogadro.cc/).?%® CASSCF calculations were performed in Orca with TZVP
as the basis set on the preferred structural model: hs-Fe!' [Fe(TMCO)(OPh)(MeCN)]**, with

overall S; = 5/2 (ferromagnetically coupled) and N-Me trans to the phenoxy moiety.

5.10.4 Synthetic Procedures (Ray Group)

Complexes 1, 2, and variations on 2 were prepared by the Ray Group. The synthetic

procedures are provided for the reader.
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Synthesis and characterization of 1. TMCO ligand, 1 and ’Fe-enriched 1 were

synthesized as previously reported.?*’

Generation and characterization of compound 2. The reaction of 1 with Oz, NaBPhy4
and HClO4 to form compound 2 was monitored by UV-Vis. In a typical experiment, | mL of a 1
mM solution of 1 in acetonitrile was placed in a 0.5 cm path-length cuvette. The quartz cell was
placed in the Unisoku cryostat of the UV-Vis spectrophotometer and cooled down to 0 °C. After
reaching thermal equilibrium a UV-Vis absorption spectrum of the starting 1 was recorded. Then,
100 pL of a solution of NaBPhs (1.5 eq) and 100 puL of a solution of HCIO4 (0.1 to 1 eq) in
acetonitrile were added in presence of O». The formation of a band at Amax [, M'em™!] = 360 nm
[4400] and 665 nm [2800] was observed. 2 was fully formed within 150 s and the half-life time
(t12) 1 0.75 h.

Chemical generation of 2. In a typical experiment 1 mL of a 1 mM solution of 1 in
acetonitrile was placed in a 0.5 cm path length cuvette in the aforementioned cryostat of the UV-
Vis instrument. Either 5 eq of phenol or 1.5 eq of KOPh dissolved in 100 pL of acetonitrile were
added under inert conditions. 1.1 eq of NO"SbFs were added and the formation of the typical

absorption feature of 2 at 665 nm was observed (though in lower yield for phenol).

5.11 Appendix for Chapter 5

5.11.1 Tables of Coordinates of DFT Structures

Table 5.5. Coordinates of the fully optimized structure of hs-Fe!! [Fe(TMCO)(OPh)]**, with overall

St = 5/2 (ferromagnetically coupled) and N-Me trans to the phenoxy moiety. Calculated using
B3LYP/TZVP.

-0.24786400 -1.25312100 2.91834700
-1.17517700 -1.33836800 3.48876500
0.59328100 -1.29811400 3.61292800
-0.09914700 -2.32578100 1.84344300
0.91939500 -2.30695100 1.45684100
-0.27589700 -3.31402000 2.28022000
-0.63912600 -2.91401300 -0.48718300
-0.81331500 -3.96794500 -0.24509300
0.43446700 -2.78665800 -0.63190300
-1.37532100 -2.58097800 -1.79140700
-2.44825900 -2.74853000 -1.69221800
-1.04934600 -3.33615500 -2.51182000
-1.08234400 -1.23004200 -2.45925700
-0.00572600 -1.10017300 -2.56366900
-1.51057200 -1.23852300 -3.46659000

-2.42126700 -2.37208500 1.11840000
-2.50893400 -3.41047900 1.45162400
-3.11188000 -2.21905600 0.29545600
-2.71966600 -1.71837000 1.93583900
-3.09315700 -0.00243700 -1.79376700
-3.43593400 -0.00339000 -2.83234400
-3.49520100 0.87739200 -1.30106100
-3.49494800 -0.88145600 -1.29944800
-2.42213400 2.37380700 1.11377100
-2.51013100 3.41290100 1.44472000
-2.72012200 1.72185300 1.93277700
-3.11289300 2.21875200 0.29130300
-0.62415000 0.00002500 0.13729800
-1.02564200 -2.07696900 0.69662900
-1.60493100 -0.00215000 -1.74977100

l--Rol--I--Nol--I--Kol--¥--Ro¥--¥--Fo!
ZZITZTZTIOQOITIZOZZTZO

168



-1.08281000 1.22443200 -2.46180800
-1.51089700 1.23062800 -3.46924600
-0.00610100 1.09488900 -2.56585800
-1.37662700 2.57662900 -1.79687200
-2.44969100 2.74362800 -1.69792500
-1.05126000 3.33056700 -2.51885600
-0.64055100 2.91294900 -0.49336000
0.43308400 2.78590500 -0.63789000
-0.81530000 3.96731900 -0.25361300
-0.09984500 2.33003400 1.83846800
-0.27693000 3.31915300 2.27310300
0.91864400 2.31077800 1.45175300
-0.24798500 1.25959900 2.91570500
0.59332700 1.30617300 3.60997800
-1.17518200 1.34586400 3.48617200

-1.02645900 2.07830500 0.69240000
-0.23359400 0.00249800 2.20809900
1.15437500 -0.00033300 -0.46769200
3.19054100 0.00061800 0.76238100
4.56933000 0.00067800 0.74729700
526170300 -0.00000100 -0.47167400
4.55939100 -0.00075100 -1.68307500
3.18008500 -0.00091700 -1.68627500
2.46808600 -0.00019700 -0.45878100
2.64235600 0.00121000 1.69551000
5.12223700 0.00121400 1.67783900
6.34389500 0.00007200 -0.47586100
5.10201900 -0.00125200 -2.61948000
2.62577600 -0.00166600 -2.61589500

TTOZTTOIDNTDOQOIZITOQOITTO
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Table 5.6. Coordinates of the fully optimized structure of hs-Fe'! [Fe(TMCO)(OPh)]**, with overall
St = 3/2 (antiferromagnetically coupled) and N-Me trans to the phenoxy moiety. Calculated using
B3LYP/TZVP.

0.37637300 3.01809900 -1.01386400
1.35734100 3.49729000 -0.96766800
-0.38444600 3.79886500 -1.08037900
0.24364300 2.05299200 -2.18449800
-0.79176800 1.71809000 -2.25314500
0.48619800 2.57164000 -3.11823900
0.66394300 -0.25644000 -2.91650300
0.84007200 0.05779700 -3.95141200
-0.41593600 -0.36182800 -2.79478400
1.33546900 -1.62065400 -2.70101500
241227900 -1.55295000 -2.85792400
0.98180700 -2.24980200 -3.52251200
1.01078200 -2.39919700 -1.41693900
-0.07063600 -2.47879000 -1.30305400
1.40066300 -3.41812400 -1.52163200
1.02541400 -2.58540700 1.03208400
1.41488400 -3.60833200 0.97625100
-0.05737200 -2.64692000 0.92084800
1.36764700 -2.00997000 2.41449500
244645400 -1.96803700 2.56684500
1.02204100 -2.75526900 3.13622700
0.70242200 -0.69342000 2.84173300
-0.37935600 -0.77860200 2.72051800
0.89348100 -0.53899300 3.90980200
0.27994400 1.70062300 2.47903700
0.54414800 2.07268400 3.47467800
-0.75501100 1.35982400 2.51880800
0.39276400 2.83132900 1.46416600
-0.36812700 3.59051400 1.65806400
1.37227000 3.31571300 1.47562200

2.51927300 1.21269400 -2.25858400
2.63822600 1.58479000 -3.28114400
3.17031200 0.35458700 -2.12925700
2.84625800 1.98816600 -1.56809100
3.03029100 -1.89583400 -0.15895400
3.34748600 -2.94140300 -0.22637800
3.45469900 -1.46807400 0.74327900
3.44141500 -1.36016100 -1.00801100
2.55268900 0.85607100 2.38212300
2.69695400 1.04620600 3.45036500
2.86242700 1.74057600 1.82855200
3.19900100 0.03590100 2.08892800
0.59108900 0.13154400 0.00896000
1.10317700 0.84633600 -1.99678000
1.54713900 -1.80934200 -0.14337800
1.13117600 0.53598800 2.09378300
0.17288400 2.22602900 0.17378100
-1.29289800 -0.60369300 -0.03904900
-3.20539500 0.80678400 0.05422600
-4.57114200 0.89508500 0.06309600
-5.35981600 -0.27507100 -0.00648500
-4.75829400 -1.54748000 -0.08582300
-3.39378100 -1.66083800 -0.09629100
-2.56567500 -0.48179000 -0.02667600
-2.57934200 1.68753600 0.10671200
-5.05808400 1.85992800 0.12359000
-6.43936100 -0.19242000 0.00118100
-5.38140000 -2.43087300 -0.13821100
-2.90551200 -2.62468800 -0.15658400
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Table 5.7. Coordinates of the fully optimized structure of is-Fe!' [Fe(TMCO)(OPh)]**, with overall
St = 3/2 (ferromagnetically coupled) and N-Me trans to the phenoxy moiety. Calculated using
B3LYP/TZVP.

0.08642900 1.26507200 2.85070900
0.94644400 1.43004900 3.50133100
-0.81730100 1.23607400 3.46108600
-0.05050400 2.29211700 1.73888200
-1.04296100 2.22216100 1.29778900

2.31542500 2.33923700 1.15622400
2.35648700 3.36423900 1.53385900
3.04882800 2.23922400 0.36419000
2.58563100 1.65891400 1.96153200
3.11677200 0.00026600 -1.59055700
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0.07665200 3.30227900 2.13925300
0.62234900 2.90419500 -0.52875600
0.78955700 3.94839400 -0.24568400
-0.44124400 2.78025400 -0.73137900
1.42314000 2.57596600 -1.78314000
248993300 2.75171000 -1.63933000
1.12341500 3.30713100 -2.53857400
1.14893100 1.20591500 -2.39468300
0.07722000 1.07934900 -2.53384300
1.62184000 1.15714300 -3.37962100
1.14911000 -1.20572500 -2.39477900
1.62211200 -1.15687400 -3.37966800
0.07740500 -1.07923900 -2.53404400
1.42334300 -2.57580000 -1.78328800
249013100 -2.75150200 -1.63938700
1.12371500 -3.30694500 -2.53877900
0.62246400 -2.90413800 -0.52899500
-0.44112000 -2.78018000 -0.73165700
0.78967100 -3.94835500 -0.24599300
-0.05037100 -2.29230000 1.73871900
0.07685300 -3.30248200 2.13902100
-1.04284400 -2.22237800 1.29766000
0.08648700 -1.26532000 2.85061700
-0.81725300 -1.23641400 3.46098300
0.94649700 -1.43029600 3.50124400

3.50272900 0.00031200 -2.61317000
3.49786100 -0.87953500 -1.08307600
3.49767500 0.88015000 -1.08306700
231556700 -2.33927600 1.15591700
2.35668200 -3.36429900 1.53348900
2.58582800 -1.65899300 1.96123800
3.04890700 -2.23920900 0.36382600
0.68571300 -0.00000700 0.24060500
0.94609000 2.03497600 0.64611500
1.62461300 0.00010700 -1.61567200
0.94618300 -2.03501700 0.64593900
0.24804700 -0.00009500 2.16073800
-1.04947100 -0.00002500 -0.49197300
-3.11909100 -0.00006200 0.70197800
-4.50118900 -0.00006000 0.66294000
-5.17161600 -0.00003000 -0.56411800
-4.44519200 0.00000000 -1.75786800
-3.06301500 0.00000000 -1.73423600
-2.37323800 -0.00003200 -0.49965000
-2.59624900 -0.00008100 1.64988800
-5.06830500 -0.00007900 1.58506500
-6.25335700 -0.00002700 -0.58866400
-4.96716100 0.00002400 -2.70607700
-2.49443200 0.00002500 -2.65545400
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Table 5.8. Coordinates of the fully optimized structure of hs-Fe'! [Fe(TMCO)(OPh)]**, with overall
St = 5/2 (ferromagnetically coupled) and N-Me cis to the phenoxy moiety. Calculated using
B3LYP/TZVP.

0.32036100 -1.24012700 2.91429600
-0.76496100 -1.36713100 2.89809300
0.65643000 -1.21028200 3.95208400
1.06624100 -2.31230400 2.14987700
2.13330900 -2.16436500 2.31288700
0.80456600 -3.30288200 2.53456300
1.91987400 -2.90845500 -0.04943200
1.80407100 -3.98990600 0.07595500
2.85471200 -2.63101200 0.44033800
2.02911400 -2.56979300 -1.53280000
1.08066200 -2.71179700 -2.05398200
2.70142500 -3.31166100 -1.97112200
2.65181200 -1.20755600 -1.83063500
3.50436100 -1.05659900 -1.16622800
3.04133000 -1.19962100 -2.85326200
2.65159800 1.20724500 -1.83103900
3.04113800 1.19901100 -2.85365500
3.50416500 1.05668600 -1.16656200
2.02863300 2.56947700 -1.53373400
1.08014600 2.71107300 -2.05496000
2.70078800 3.31130800 -1.97235500
1.91935000 2.90870300 -0.05050100
2.85424600 2.63162900 0.43936500
1.80334200 3.99018000 0.07445800
1.06584300 2.31322600 2.14903600
0.80398500 3.30389500 2.53336700
2.13294000 2.16556000 2.31210300
0.32017900 1.24119400 2.91386900
0.65631000 1.21178000 3.95164900
-0.76516500 1.36800300 2.89767600

-0.47883200 -2.91225000 0.36656700
-0.41591900 -3.97123600 0.63341100
-0.70235500 -2.83020900 -0.69393600
-1.29836800 -2.45812200 0.91748200
0.77636100 -0.00048800 -2.81477900
1.30864500 -0.00054200 -3.76975500
0.14198500 0.87979900 -2.76336700
0.14223500 -0.88094000 -2.76313100
-0.47935300 2.91221500 0.36550700
-0.41664900 3.97131000 0.63198000
-1.29879300 2.45812400 0.91659200
-0.70284700 2.82974700 -0.69496600
0.61812800 0.00005200 0.15702800
0.80408800 -2.22444100 0.68036100
1.75845300 -0.00021000 -1.68772600
0.80369800 2.22476800 0.67956300
0.66987100 0.00044600 2.26001900
-1.20756500 -0.00014200 -0.32919600
-3.35158500 0.00032000 0.68212300
-4.71931600 0.00024100 0.52825400
-5.28426600 -0.00039400 -0.75695000
-4.46262500 -0.00094600 -1.89353500
-3.09217200 -0.00086400 -1.75876500
-2.50369700 -0.00022700 -0.46197800
-2.90274000 0.00079600 1.66744400
-5.36431800 0.00066400 1.39743100
-6.36057500 -0.00045300 -0.87073100
-4.91000600 -0.00143700 -2.87901100
-2.44665600 -0.00127600 -2.62683400
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Table 5.9. Coordinates of the fully optimized structure of hs-Fe'' [Fe(TMCO)(OPh)(MeCN)]**,
with overall S = 5/2 (ferromagnetically coupled) and N-Me trans to the phenoxy moiety.
Calculated using B3LYP/TZVP.

-0.18883400 1.24404200 -2.77118000
-1.18711600 1.41244300 -3.18209000
0.52596700 1.22794800 -3.59712800
0.22758900 2.29832500 -1.74702600
1.27283700 2.14073100 -1.48894500
0.14048700 3.29435300 -2.19398400
0.11890400 2.88544600 0.64790300
0.09112000 3.96732000 0.47868400
1.16406000 2.58044300 0.62716700
-0.47102600 2.58654700 2.03444100
-1.54752500 2.76462100 2.05248300
-0.05736200 3.34528800 2.70404700
-0.11387000 1.24103400 2.68139800
0.95409000 1.07064900 2.57004200
-0.32715200 1.29989400 3.75345600
-0.11507600 -1.20353300 2.69726100
-0.32765300 -1.24768100 3.77015800
0.95302400 -1.03611700 2.58277800
-0.47439700 -2.55711300 2.06869700
-1.55120100 -2.73315800 2.08913500
-0.06207500 -3.30732500 2.74866800
0.11530400 -2.87617000 0.68637900
1.16100000 -2.57329400 0.66155400
0.08570600 -3.96023300 0.53216500
0.22595000 -2.32053600 -1.71621400
0.13881000 -3.32236000 -2.14999600
1.27109500 -2.15994900 -1.45964800
-0.18957000 -1.27974600 -2.75442400
0.52542500 -1.27517600 -3.58035500
-1.18789900 -1.45297400 -3.16322600
-1.89029200 2.85904700 -0.71931800
-1.75038300 3.92841800 -0.90542100
-2.53611400 2.73687000 0.14515500

-2.38820300 2.41772200 -1.57798900
-2.22276300 0.01920700 2.61497200
-2.25444600 0.02565200 3.70825100
-2.74429500 -0.86320800 2.25518000
-2.74318400 0.89812500 2.24500900
-1.89292500 -2.86638400 -0.68238800
-1.75368000 -3.93804500 -0.85547600
-2.39054200 -2.43534000 -1.54643400
-2.53852100 -2.73357500 0.18075300
-0.52110200 0.00047700 0.00324400
-0.57755400 2.20509800 -0.49136800
-0.81253800 0.01557200 2.14537200
-0.57983100 -2.21041500 -0.46237300
-0.15980000 -0.01326700 -2.07168800
1.42086500 0.00158600 0.31804500
3.24200100 -0.00938600 -1.22110200
4.60558600 -0.01169600 -1.42093500
5.48160200 -0.00515100 -0.32625800
4.97599900 0.00390200 0.97994800
3.61509700 0.00632700 1.19787300
2.70680400 -0.00035900 0.09957900
2.56125200 -0.01440300 -2.06092900
5.00594000 -0.01862400 -2.42671000
6.55112600 -0.00707600 -0.49143800
5.65842400 0.00894800 1.82007900
3.21821600 0.01320800 2.20469800
-2.83171800 -0.00172800 -0.42293000
-3.96293000 -0.00484900 -0.63191900
-5.39049700 -0.00928600 -0.88847400
-5.71083500 -1.00291600 -1.20660900
-5.93222300 0.26306200 0.01912000
-5.63248300 0.70910900 -1.67358100
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Table 5.10. Coordinates of the partially optimized structure of  hs-Fe'l
[Fe(TMCO)(OPh)(MeCN)]**, with overall S; = 5/2 (ferromagnetically coupled) and N-Me cis to
the phenoxy moiety. Calculated using B3LYP/TZVP. MeCN dissociates during the optimization;
therefore, in this structure the Fe-N(CCH3) bond was fixed at 2.3 A during the geometry
optimization (the rest of the structure was allowed to optimize).

-0.19911200 -1.25226800 -2.77355100
0.87937300 -1.39101800 -2.88303500
-0.65241300 -1.25654200 -3.76727200
-0.85011200 -2.32054500 -1.90205600
-1.92937200 -2.18712600 -1.94242300
-0.62221300 -3.31225600 -2.30648900
-1.40561000 -2.89806900 0.42593400
-1.31103300 -3.98093100 0.29091700
-2.40620800 -2.62195800 0.09548900
-1.25987400 -2.57079300 1.91865300
-0.23321600 -2.72068000 2.25592900
-1.83764700 -3.33156700 2.45006600
-1.81688600 -1.22383900 2.39872700
-2.79882300 -1.06643900 1.95634800
-1.95991100 -1.26951200 3.48313000
-1.81802700 1.22051000 2.39987300

1.62968600 -2.41253200 -0.99575500
0.19477300 -0.00105800 3.00841900
-0.13626200 -0.00147400 4.05083000
0.80586200 0.87824000 2.83056300
0.80632900 -0.87993000 2.83002600
0.90473900 2.86708500 -0.31968900
0.83016200 3.93554200 -0.54354200
1.62742000 2.41584600 -0.99337300
1.27500800 2.74450400 0.69380300
-0.40040600 0.00029000 0.00667600
-0.42198600 -2.21733100 -0.47426600
-0.98769000 -0.00113700 2.10220800
-0.42409400 2.21807500 -0.47220300
-0.46741000 0.00110500 -2.11973700
1.49770800 0.00117300 0.24698300
3.43982700 0.00152000 -1.12039600
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-1.96113000 1.26504100 3.48431400
-2.79979900 1.06262400 1.95731100
-1.26229200 2.56846500 1.92104900
-0.23577900 2.71904400 2.25845400
-1.84080600 3.32820100 2.45313700
-1.40839400 2.89700500 0.42864000
-2.40872400 2.62022800 0.09794000
-1.31484800 3.98008000 0.29463000
-0.85229400 2.32226200 -1.89990700
-0.62520400 3.31453400 -2.30342000
-1.93144600 2.18801200 -1.94039100
-0.20041100 1.25533800 -2.77242800
-0.65389900 1.26010000 -3.76606500
0.87791700 1.39523200 -2.88199500
0.90750800 -2.86514500 -0.32245500
0.83401400 -3.93346500 -0.54732400
1.27771900 -2.74315600 0.69112900

4.81561900 0.00109300 -1.20847000
5.59688300 -0.00001600 -0.04507900
4.98425600 -0.00069700 1.21385400
3.60912400 -0.00027400 1.31925800
2.80044100 0.00081600 0.14982000
2.83017500 0.00242400 -2.01483600
5.29689600 0.00163900 -2.17807300
6.67641000 -0.00034700 -0.12060500
5.59433900 -0.00152900 2.10792600
3.12895100 -0.00076500 2.28803700
-2.66525800 -0.00065900 -0.39387700
-3.76828100 -0.00123500 -0.72294600
-5.16054300 -0.00207300 -1.13094000
-5.37599100 -0.89216900 -1.72474400
-5.80705700 0.00155200 -0.25153600
-5.37511600 0.88364100 -1.73154300
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Table 5.11. Coordinates of the fully optimized structure of hs-Fe'! [Fe(TMCO)(OPh)(OT1)]*, with
overall S; = 5/2 (ferromagnetically coupled) and N-Me trans to the phenoxy moiety. Calculated
using B3LYP/TZVP.

0.13670600 -2.61769000 -1.24005800
-0.93856100 -2.76622000 -1.36172300
0.63373600 -3.59085200 -1.26611200
0.73890300 -1.69946100 -2.30050500
1.81627900 -1.65264500 -2.15133100
0.55258800 -2.11674800 -3.29574400
1.08577100 0.67918500 -2.86704500
1.04386400 0.51548500 -3.94987200
2.10595700 0.47900100 -2.54293800
0.73222000 2.14738300 -2.57752600
-0.32825600 2.33549600 -2.74963700
1.24912800 2.73662600 -3.33963200
1.19150000 2.73109800 -1.23408200
2.22279600 2.43685800 -1.05855600
1.16481700 3.82385600 -1.30134500
1.18781100 2.74526800 1.20645100
1.16111100 3.83874800 1.26077500
221954900 2.44882700 1.03765800
0.72402800 2.17768400 2.55523700
-0.33737400 2.36649800 2.72087800
1.23712700 2.77706400 3.31199700
1.07846400 0.71366300 2.86461100
2.10013900 0.51088600 2.54688500
1.03273800 0.56351800 3.94923700
0.73928800 -1.67177200 2.32337200
0.55463900 -2.07778900 3.32356300
1.81639500 -1.62352500 2.17266000
0.13919200 -2.60398300 1.27400800
0.63917600 -3.57529100 1.31090900
-0.93550900 -2.75453000 1.39805300
-1.14648500 -0.28964700 -2.85722400
-1.02964000 -0.47867800 -3.92942100
-1.64256600 0.66260900 -2.71018700
-1.78979300 -1.05022100 -2.42896000

-0.89467700 3.06591000 -0.01862500
-0.71099300 4.14451400 -0.02316000
-1.48119000 2.81248000 0.85929900
-1.47799000 2.80454500 -0.89633000
-1.15107000 -0.26122400 2.86134800
-1.03570200 -0.44085700 3.93531000
-1.79262900 -1.02634800 2.43854200
-1.64816300 0.68909900 2.70540000
0.29011500 0.16202800 0.00071600
0.18864700 -0.31564100 -2.20366400
0.40302000 2.33799400 -0.01271400
0.18526000 -0.29072600 2.21038200
0.40183000 -1.96993900 0.01323500
2.17841300 0.17120800 0.00359500
3.75012600 -1.63757400 0.00611600
5.07273500 -2.05567700 0.00495400
6.11100400 -1.12609300 0.00093800
5.81364100 0.23565800 -0.00176800
4.49662800 0.66756400 -0.00070800
3.43806600 -0.26298400 0.00300600
2.94670200 -2.36029400 0.00943600
529789600 -3.11506700 0.00723800
7.14048700 -1.45910900 0.00001000
6.61480600 0.96407000 -0.00469500
4.27075100 1.72608600 -0.00268700
-4.19142700 -1.04507100 0.00173400
-3.88718200 -1.76415700 1.09199300
-3.88362100 -1.77461900 -1.08056300
-5.48602800 -0.77814800 -0.00168600
-3.19199300 0.57155100 -0.00447300
-1.75965600 -0.00571300 -0.00025800
-3.51074000 1.24999600 1.26019000
-3.50796700 1.23843100 -1.27597500
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Table 5.12. Coordinates of the fully optimized structure of hs-Fe'! [Fe(TMCO)(OPh)(OTf)]*, with
overall St = 5/2 (ferromagnetically coupled) and N-Me cis to the phenoxy moiety. Calculated using
B3LYP/TZVP.

-0.49515500 -1.13843800 -2.73715100
-1.56512000 -1.16652100 -2.96249100
0.02360500 -1.84768400 -3.38537700
0.12077600 0.24447700 -2.90499500
1.19878300 0.14637800 -2.81221400
-0.10783000 0.62441100 -3.90634400
0.60523800 2.33440000 -1.70652500
0.53740200 2.96610500 -2.59948800
1.60658300 1.91218800 -1.67954000
0.38864700 3.21145100 -0.46452700
-0.64922000 3.54133500 -0.38849800
0.95923600 4.12646400 -0.64447500
0.90566900 2.66816300 0.87420000
1.89979000 2.25749900 0.72736000
0.99140100 3.50058800 1.58095300
0.88503600 0.99610000 2.65395400
0.98147100 1.75755600 3.43559300
1.87796100 0.79980800 2.26068200
0.33276800 -0.28846400 3.28414200
-0.70313300 -0.16245000 3.60460600
0.89637000 -0.41969600 4.21178400
0.52063500 -1.59301600 2.49728000
1.52796000 -1.63376800 2.08896300
0.41368700 -2.43681700 3.18847600
0.01139700 -2.93234400 0.49917500
-0.27710700 -3.88897500 0.94716800
1.09593700 -2.90307300 0.43495500
-0.56653500 -2.83818700 -0.90682200
-0.06604100 -3.55869200 -1.55730400
-1.64484400 -3.01874200 -0.94349400
-1.68896300 1.73128900 -2.26066800
-1.59565800 2.31808700 -3.18013300
-2.10423800 2.35944700 -1.47840600
-2.38607000 0.91608500 -2.43180300

-1.14337900 2.22848200 2.11118100
-0.85935400 2.99200900 2.84181900
-1.75910300 1.47825400 2.59760000
-1.73478700 2.68718500 1.32503500
-1.78753900 -2.10657500 1.90342400
-1.73465400 -2.98439000 2.55533900
-2.48263700 -2.30898900 1.09382600
-2.17941900 -1.26802500 2.47072400
-0.41421900 0.05096500 0.07577400
-0.36136000 1.20233000 -1.86280500
0.07485500 1.60192600 1.53769100
-0.43965300 -1.79802200 1.36473800
-0.28576000 -1.50327800 -1.36151200
-2.25901100 0.24050000 0.20323400
-4.12298100 -0.83713800 -0.82157700
-5.49715000 -0.94585700 -0.97237600
-6.35339500 -0.10251200 -0.26656100
-5.82044600 0.85479700 0.59536400
-4.44862800 0.97316000 0.75643500
-3.57597300 0.12564700 0.04813600
-3.45901400 -1.49121800 -1.37206800
-5.90484300 -1.69115000 -1.64391800
-7.42504700 -0.19023000 -0.38716300
-6.48103800 1.51286500 1.14586400
-4.03676800 1.71574700 1.42627800
1.72063400 -0.03476000 -0.00840800
2.92015000 -0.83062600 -0.55690400
3.10313700 -2.10869500 0.15255600
2.97940200 -0.81901400 -2.02784000
4.35209900 0.27799700 0.01647500
4.20722500 1.50471000 -0.50587600
4.33863700 0.38428900 1.35158400
5.50705100 -0.23332300 -0.37425800
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Table 5.13. Coordinates of the fully optimized structure of [Fe(TMCO)(OOH)]**, with overall S
= 5/2 and N-Me trans to the hydroperoxide moiety. Calculated using B3SLYP/TZVP.

1.26051600 -2.79714900 -0.43080700
1.39709800 -3.07460900 -1.47735700
1.24927000 -3.70140100 0.17920200
231516100 -1.82746100 0.08815500
226794700 -1.79685400 1.17605000
3.31323600 -2.16969900 -0.20106000
2.92141500 0.54327200 0.34145900
3.96801000 0.37433500 0.06938000
2.81499700 0.30195500 1.39937300
2.57775600 2.01818400 0.11545400
2.73290500 2.30925400 -0.92407900
3.33106600 2.58368700 0.67064100
1.22623500 2.51319300 0.64083500
1.10344900 2.21956700 1.68363500
1.21364200 3.60674800 0.60689700
-1.22819800 2.51235800 0.64103500
-1.21646200 3.60592000 0.60698500
-1.10495600 2.21895100 1.68384900
-2.57946100 2.01623400 0.11605800

-3.31182300 -2.17211900 -0.20083800
-2.26663600 -1.79871300 1.17620500
-1.25863500 -2.79806700 -0.43087400
-1.24671400 -3.70239600 0.17900900
-1.39506800 -3.07547600 -1.47745600
236295700 -0.37401000 -1.87789400
3.39570600 -0.67751400 -2.06982500
2.22883300 0.63657000 -2.25000400
1.69680300 -1.03422800 -2.43009300
-0.00118500 2.58997800 -1.48388500
-0.00104700 3.68213600 -1.43680900
-0.88131100 2.26921000 -2.03192900
0.87853700 2.26897900 -2.03245000
-2.36314900 -0.37553600 -1.87750100
-3.39591200 -0.67916400 -2.06917200
-1.69706300 -1.03568700 -2.42985700
-2.22920700 0.63505100 -2.24965500
0.00001400 -0.07882300 0.12545400
2.07100900 -0.43663900 -0.41897600
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-2.73520700 2.30719600 -0.92341400
-3.33306900 2.58107800 0.67151000
-2.92176500 0.54102700 0.34212800
-2.81475000 0.29976000 1.40000300
-3.96833400 0.37121400 0.07047800
-2.31395900 -1.82921300 0.08830500

-0.00089900 2.02723900 -0.10319100
-2.07084400 -0.43816000 -0.41866100
0.00066800 -2.09912900 -0.28796600
0.00087500 -0.11800600 1.98168900
0.00140100 -1.36689400 2.64833600
0.00115100 -1.09604600 3.58348600
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Table 5.14. Coordinates of the fully optimized structure of [Fe(TMCO)(OOH)]?", with overall S
= 5/2 and N-Me cis to the hydroperoxide moiety. Calculated using B3LYP/TZVP.

-1.24525500 -2.67106000 -0.79225400
-1.37957900 -3.13541800 0.18621000
-1.19712900 -3.44838200 -1.55577900
-2.30300300 -1.64887700 -1.13992400
-2.15109700 -1.32760500 -2.17006500
-3.30038000 -2.09256400 -1.07052500
-2.88919300 0.70770700 -0.92039700
-3.96751200 0.52646700 -0.87978600
-2.60407400 0.70000400 -1.97385600
-2.57090100 2.07686500 -0.33126700
-2.73433200 2.10731400 0.74706200
-3.30780500 2.77081900 -0.74367500
-1.20693300 2.63236300 -0.72504900
-1.05090100 2.46900100 -1.79271900
-1.19059100 3.71381900 -0.56313600
1.20784000 2.63216800 -0.72453700
1.19166500 3.71360800 -0.56251300
1.05216700 2.46896400 -1.79228300
2.57152200 2.07628200 -0.33030700
2.73442100 2.10626400 0.74811900
3.30877500 2.77023800 -0.74208300
2.88975400 0.70726500 -0.91979300
2.60510200 0.69997800 -1.97337700
3.96799700 0.52569600 -0.87875100
2.30248300 -1.64892400 -1.14057400

3.29983800 -2.09275500 -1.07172800
2.15024800 -1.32712600 -2.17050500
1.24474500 -2.67115700 -0.79302100
1.19629900 -3.44811700 -1.55689800
1.37937300 -3.13599200 0.18517300
-2.87272200 -0.73912700 1.04850000
-3.93050600 -0.95227200 0.87507400
-2.78800400 0.11124100 1.71898700
-2.40965700 -1.59608300 1.53010900
0.00004700 2.56803700 1.40584200
0.00022400 3.66063500 1.40511500
0.87988900 2.21403800 1.93552500
-0.88014300 2.21433800 1.93514000
2.87242200 -0.74047400 1.04835400
3.93005300 -0.95433800 0.87487900
240873600 -1.59720800 1.52975000
2.78832500 0.10978500 1.71906200
-0.00006100 -0.07276300 0.13953600
-2.19938600 -0.44607200 -0.25418300
0.00026900 2.06791300 -0.00946400
2.19932000 -0.44652300 -0.25424200
-0.00021800 -1.92407900 -0.79413300
-0.00006300 -0.37598000 1.97261100
-0.00043200 -1.72074600 2.39929400
-0.00037100 -1.62970600 3.36914400
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Table 5.15. Coordinates of the fully optimized structure of [Fe(TMCO(H))(00)]*", with overall S;
=5/2 and N-Me cis to the superoxide moiety. Calculated using B3LYP/TZVP.

3.30085700 -0.82042000 -0.47302500
3.79650900 -1.15113600 0.43956000
4.06616200 -0.58578500 -1.21289800
2.32450600 -1.84600200 -1.03437400
2.00862200 -1.51821200 -2.02535800
2.82354600 -2.81398600 -1.14799700
0.00772000 -2.64950600 -0.97619300
0.17803200 -3.72900500 -0.95968700
0.10222100 -2.33667900 -2.01755700
-1.41940800 -2.35505900 -0.48323700
-1.45179700 -2.38292500 0.60744400
-2.06578000 -3.15867800 -0.83711800
-1.92433100 -1.00513100 -1.00966100
-1.10975400 -0.28402100 -1.06925400
-2.34017500 -1.09797500 -2.01366000
-3.22576100 1.11406400 -0.55140700
-4.18606300 1.37072900 -0.10817900
-3.34611800 1.13137500 -1.63517500
-2.17415100 2.11648800 -0.05173900

1.62814100 3.27418000 -1.51684900
1.19869500 1.67604100 -2.13013700
2.82098400 1.65843400 -0.73324300
3.51551400 1.54960600 -1.56681100
3.29283200 2.27758600 0.02961800
1.39236900 -2.79013900 1.03197300
1.73139100 -3.79128800 0.75130600
0.50112100 -2.87860400 1.64983300
2.16577200 -2.31156400 1.62989300
-4.28118000 -1.12223300 -0.17818800
-4.69161800 -1.09555900 -1.18551000
-4.97439600 -0.66139900 0.52126500
-4.08893800 -2.14813500 0.12381000
0.59634900 3.06381900 0.87792200
0.57427900 4.08659800 0.48972100
1.55307900 2.89170200 1.36644900
-0.17998000 2.95243100 1.63053500
0.63594200 0.04590100 0.61951600
1.09432400 -1.97655700 -0.18721900
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Table 5.16. Coordinates of the fully optimized structure of [Fe(TMCO(H))(00)]**, with overall S
= 5/2 and N-Me trans to the superoxide moiety. Calculated using B3LYP/TZVP.
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Table 5.17. Coordinates of the fully optimized structure of [Fe(TMCO)(OOH)(OTf)]", with
overall St = 5/2 and N-Me cis to the hydroperoxide moiety.
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-1.90968500
-2.70969200
-0.90971900
-0.93577200
-0.90136500

1.49776000

-2.98510500
-3.10724000
-3.95038200
-1.94090900
-1.99453700
-2.17055300
0.45336900
0.25214500
0.25678500
1.95077900
2.19595200
2.46053400
2.61591600
2.19219000
3.68285800
2.61603500
3.68299400
2.19238000
1.95080000
2.19593400
2.46058000
0.45335400
0.25681400
0.25215900
-1.94101500

-1.37253400
-2.45494500
-0.92181300
-0.71809100
0.36153000
-0.99077000
-0.12567600
-0.21322300
0.86903600
-0.29386400
-1.31953800
0.30038200
0.23129200
1.22108100
0.32871700
0.23101300
0.32837400
1.22085900
-0.29440800
-1.32006600
0.29979800

1.87081000
3.06453800
2.34684900
1.72880200
3.38379600
2.22398000

-1.25802900
-1.16634000
-1.52386400
-2.30720300
-2.48790700
-3.25052900
-2.79559600
-3.81321100
-2.78520900
-2.52239900
-2.60843800
-3.37398800
-1.28595300
-1.06354900
-1.46004400
1.28589000
1.45993600
1.06353300
2.52236700
2.60847500
3.37392500
2.79559500
2.78506000
3.81326900
2.30724300

1.25050900
1.36307200
1.24612200
2.32769800
2.21984800
3.31573800
2.87377400
3.95597500
2.57882000
2.56875800
2.74668600
3.32211000
1.22006800
1.04950100
1.27040900
-1.22034800
-1.27074500
-1.04998600
-2.56891200
-2.74672100
-3.32238200

0.97732000
0.01872800
-0.91685500
-1.81554300
-1.26684700
-1.23475200

-0.53600200
-1.61765700
-0.10184100
-0.14485200
0.92973200
-0.65172000
0.18381800
-0.16833600
1.25731000
-0.06797000
-1.12839200
0.39084000
0.55766800
1.53272300
0.68620700
0.55767100
0.68611600
1.53277100
-0.06789600
-1.12832000
0.39094900
0.18401000
1.25751000
-0.16799000
-0.14482700

-2.64594700
-2.73890500
-3.64036700
-1.79133700
-1.85918900
-2.17647600
0.54008500
0.39222600
0.21327100
2.03645200
2.36393800
2.56047300
2.54498000
2.13238700
3.63452700
2.54497100
3.63452100
2.13242700
2.03639600
2.36399100
2.56030300
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-2.98948400
0.39680800
2.53416800

-2.64414000
0.16985000

-0.91435000

-2.17067600
-1.99468600
-2.98518800
-3.95045500
-3.10737900
-0.35104200
-0.44182300
0.62945600
-1.09903100
3.53383500
4.52551100
3.40490800
3.40465500
-0.35092000
-0.44152000
-1.09894500
0.62954900
-0.57259200
-0.53421300
2.51832800
-0.53427700
-2.52738400
-0.90438900
0.41581700
1.59852800

-0.34657500
2.07960300
0.36547000
-0.34137700
0.12519300
-0.24959700

3.25054700
2.48797900
1.25798500
1.52375700
1.16632800
-1.86074300
-2.87393800
-1.47628900
-1.23346300
0.00000700
-0.00022000
0.88962400
-0.88933600
1.86090800
2.87414100
1.23376300
1.47631300
0.00009100
-1.86417100
-0.00005500
1.86427700
-0.00003600
-0.00046300
0.00006200
0.00001100

-0.16145400
-0.22853300
-0.15048100
0.80544600
2.54473800
1.83041200

-0.65172900
0.92975100
-0.53594600
-0.10172400
-1.61759600
-1.93566700
-2.33925500
-2.21018800
-2.41245500
-1.39682200
-0.95056900
-2.00769200
-2.00804200
-1.93555700
-2.33909000
-2.41247000
-2.20997100
0.66890900
-0.46209400
-0.28318200
-0.46200700
0.00302200
2.63899500
2.37164800
-0.72463600

Calculated using B3LYP/TZVP.

-2.45561200
3.67266200
-2.45815000
-2.40116100
-2.81372600
-3.17603400
-1.81466500
-1.52241100
-2.42210500
-2.42203900
-2.45898900
-2.40233800
-3.17675500
-2.81449400
3.60552900
3.60577200
4.81650800
-1.05688100
-1.11856800
-0.59775100
-1.11924300

-1.36241300
0.00005800
2.81504700
3.88906300
2.65991200
2.35720600
0.00008000
0.00014100
-0.87608400
0.87625700
-2.81441300
-3.88849200
-2.35650900
-2.65892600
1.08695200
-1.08624400
-0.00006000
0.00017600
2.20128100
-0.00004700
-2.20108600

-2.73861300
0.17913600
-0.16986500
-0.37285000
0.84377100
-0.84324300
3.08627100
4.14046800
2.88161400
2.88148400
-0.16963100
-0.37238400
-0.84309600
0.84397400
0.95905200
0.95987400
-0.48264900
0.10783500
-0.35585600
2.22921000
-0.35581300



-0.12643100 -2.87386300 0.54000200
0.86831900 -2.57913700 0.21310200
-0.21425800 -3.95603700 0.39209600
-0.71898500 -2.32768600 -1.79133200
-0.99208400 -3.31562800 -2.17642700
0.36067600 -2.22029100 -1.85929700

-1.08641700 0.00006800 -1.98696000
1.03185000 -0.00017000 -0.05078800
2.31634400 -1.27079700 -1.77819700
2.31628200 1.26903700 -1.77934900
2.21792900 -0.00054900 -1.04273500
-2.92904600 0.00036400 0.48327300
-1.37314000 -1.25027100 -2.64586900 -3.80167500 0.00054400 -0.65461900
-0.92261800 -1.24608000 -3.64037900 -4.67098800 0.00057800 -0.22533300

Table 5.18. Coordinates of the fully optimized structure of [Fe(TMCO(H))(OO)(OTf)]*, with
overall St = 5/2 and N-Me cis to the superoxide moiety. Calculated using B3LYP/TZVP.

TOQOTZ DT @O
ZTOO©nwQOOOO0

-0.56549800 -2.89726100 1.28663300
0.25530900 -3.61559000 1.36694200
-1.51394300 -3.42662200 1.40226800
-0.48495500 -1.77237400 2.33053700
-1.35594400 -1.13461800 2.20464800
-0.53231000 -2.21565000 3.33113700
0.54409500 0.43224800 2.81329900
0.53810200 0.30730600 3.90188300
-0.43666300 0.80216400 2.52520400
1.61439600 1.50678900 2.47454600
2.60777600 1.05952000 2.39568200
1.66860400 2.14793500 3.35629200
1.35445800 2.47249600 1.29061400
0.29591800 2.53194700 1.07047900
1.69444500 3.47385200 1.54847700
1.34746900 2.46883500 -1.30442700
1.68706800 3.46896600 -1.56757000
0.29012500 2.52998600 -1.07865300
1.60035900 1.49926300 -2.48669600
2.59453800 1.05289100 -2.41292700
1.64831200 2.13761300 -3.37083800
0.52892400 0.42271600 -2.81517500
-0.45023100 0.79273700 -2.52230300
0.51651700 0.29414200 -3.90328900
-0.49512900 -1.78151400 -2.32020400
-0.54657800 -2.22863500 -3.31890500
-1.36623400 -1.14427600 -2.19269200
-0.56996800 -2.90248700 -1.27164400
-1.51823100 -3.43345800 -1.38132000

0.25131800 -3.62021500 -1.35259100
1.88534800 -1.60508700 2.84017700
1.69986800 -1.71536600 3.91398800
2.80451600 -1.04470200 2.69237800
2.03659900 -2.58694700 2.39913800
3.47791000 2.68967500 -0.01268300
3.40719600 3.77514000 -0.01403400
4.00301900 2.34575800 -0.90032400
4.00757500 2.34827400 0.87322400
1.87230500 -1.61300000 -2.84227800
1.68145500 -1.72725100 -3.91473100
2.02711000 -2.59309600 -2.39857700
2.79148200 -1.05093400 -2.70107700
0.91528900 -0.77216700 0.00028500
0.74192400 -0.91788000 2.19063300
2.09109500 2.11837500 -0.00832900
0.73135600 -0.92512200 -2.18915400
-0.51989800 -2.24280000 0.00609600
2.23783300 1.10179000 -0.00712700
2.64424500 -1.84977200 -0.00277200
2.94068100 -0.52795300 -0.00616000
-3.46644000 0.25903700 -0.00344200
-3.43188500 -0.50751200 -1.10263200
-4.59230900 0.95139700 0.01245000
-3.42287400 -0.54257500 1.07027800
-2.07555200 2.20390300 -1.25263700
-0.77421400 0.50749100 -0.00122400
-2.07609300 2.17626900 1.28768000
-1.98263000 1.44944600 0.00946700

Table 5.19. Coordinates of the fully optimized structure of [Fe(TMCO(H))(00)]?*", with overall S;
= 3/2 and N-Me cis to the superoxide moiety. Calculated using B3LYP/TZVP.
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3.27103400 -0.91713800 -0.29508900
3.66123800 -1.31524000 0.64030600
4.11555500 -0.70324700 -0.94897900
2.28055200 -1.84367900 -0.97850900
2.04246300 -1.44867300 -1.96692000
2.72262500 -2.83563100 -1.11488900
-0.06054000 -2.56137700 -1.07000000
0.12763400 -3.63687600 -1.11743800
0.06823500 -2.17726100 -2.08345400
-1.50392000 -2.31485500 -0.60654200
-1.56904500 -2.40587900 0.47876600
-2.12526400 -3.11084700 -1.01758600
-2.02358600 -0.94807400 -1.07885200
-1.19376400 -0.26038400 -1.22398200
-2.54813900 -1.02415800 -2.03168600
-3.19787000 1.19979900 -0.49313800
-4.11337900 1.48496200 0.02173200

1.71582400 3.06205400 -1.69307100
1.27968800 1.41331000 -2.14752600
2.86603400 1.53868600 -0.70096900
3.59156800 1.32724400 -1.48569100
3.31421500 2.23855600 0.00178800
1.20498700 -2.80091800 1.00798500
1.54711100 -3.79491000 0.70892600
0.27659300 -2.88738800 1.56516400
1.94818300 -2.35949900 1.67058200
-4.26025700 -1.00050600 0.03952200
-4.80515900 -0.95884800 -0.90163200
-4.83982900 -0.52677800 0.82817300
-4.05713000 -2.03335400 0.30926200
0.70887600 3.04239100 0.74942700
0.78033700 4.03463200 0.29401700
1.63150300 2.82903200 1.28370100
-0.09357600 3.03512900 1.47934200
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Chapter 6 Electronic Structure of Mononuclear Nonheme Iron-Peroxo Complexes: Ring

Size Effects of Macrocyclic Ligands

In this chapter, a series of Fe'l'(n-TMC)(peroxide) complexes with different ring sizes and
reactivities are investigated via MCD spectroscopy and DFT calculations. Our collaborators in
Prof. Wonwoo Nam’s group synthesized and performed the initial characterization of the
complexes. Prof. Binju Wang’s group optimized the DFT structures and performed the reaction
coordinate DFT calculations. Adapted from Zhu, Wenjuan; * Wu, Peng; ' Larson, Virginia; '
Kumar, Akhilesh; ‘' Li, Xiao-Xi; Seo, Mi Sook; Lee, Yong-Min; Wang, Binju;* Lehnert, Nicolai;*
and Nam, Wonwoo;* “Electronic Structure and Reactivity of Mononuclear Nonheme Iron-Peroxo
Complexes as a Biomimetic Model of Rieske Oxygenases: Ring Size Effects of Macrocyclic
Ligands”, J. Am. Chem. Soc. 2024, 146 (1), 250-262."%% The double dagger indicates Wenjuan
Zhu, Peng Wu, Virginia Larson, and Akhilesh Kumar contributed equally to this manuscript.

6.1 Introduction

Mononuclear nonheme metal-oxygen species, such as high-valent metal-oxo,
hydroperoxo, -peroxo, and —superoxo complexes, have been invoked as reactive intermediates in
biological and biomimetic oxidation reactions,!!!:113:136:208.289-293 A5 discussed in the Introduction,
such complexes are intermediates in renewable energy related reactions such as the oxygen
evolution reaction and the oxygen reduction reaction, see Section 1.3.1.''"!'¥ In biology,
mononuclear nonheme iron enzymes are highly versatile in nature and are involved in
metabolically vital oxidative transformations, !!1-262:289-292:294-296 Thege enzymes activate dioxygen
to carry out a broad range of oxidative reactions, including hydroxylation, halogenation,

desaturation, epoxidation and cis-dihydroxylation, and aromatic ring cleavage reactions. 126228~

292,294-296
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6.1.1 Relevance to Rieske Oxygenases

One category of the nonheme iron enzymes that has received renewed attention recently is
Rieske oxygenases.”?’*® These Os-activating enzymes catalyze the cis-dihydroxylation of
aromatic compounds.??*3%! More recently, Rieske oxygenases have been shown to be involved in
monooxygenation(s), demethylations, desaturation, C—H activation, and cyclization reactions.>**-
399 The Rieske oxygenase family has a Rieske-type [2Fe2S] iron—sulfur cluster as an electron
transfer site and a mononuclear Fe!' site for O, activation.’!” All of the reactions catalyzed by
Rieske oxygenases are presumed to follow the same mechanism of O activation, where Oz binding

11

to an Fe!! center leads to an Fe'-superoxo intermediate, which may further undergo one-electron

11T I 309,311 In

reduction from the Rieske center to afford an Fe™-peroxo or Fe™'-hydroperoxo species.
aromatic  cis-dihydroxylation, the Fe'-(hydro)peroxo or a corresponding FeV(O)(OH)
intermediate, which is formed via the (hydro)peroxo O—O bond cleavage, have been proposed as
reactive intermediates in enzymatic and biomimetic reactions.’'?!> However, despite the recent
discovery of the diverse oxidation reactions by Rieske oxygenases, the nature of the reactive

oxygenating intermediate(s) still remains elusive.

6.1.2 (n-TMC) Metal-Peroxo and Metal-Superoxo Complexes

Our understanding of such mononuclear nonheme metal-oxygen intermediates has been
advanced greatly by synthesizing their model compounds, characterizing them structurally and
spectroscopically, and investigating their reactivities and mechanisms in various oxidation
reactions, !-108:115:116,134,136208.293.316 The oxidation state of the O ligand affects reactivity; for
example, it has been shown that side-on metal-peroxo species are nucleophiles in aldehyde
deformylation reactions,?!” whereas end-on metal-superoxo species are electrophiles in the
oxidation of organic substrates.*!¥3%3

In particular, mononuclear nonheme metal-dioxygen species (M-O2) with macrocyclic
ligands, such as N-tetramethylated cyclam (n-TMC), have been extensively investigated;>?*?° the
n-TMC ligands frequently used are 1,4,7,10-tetramethyl-1,4,7,10-tetraazacyclododecane (12-
TMC), 1,4,7,10-tetramethyl-1,4,7,10-tetraazacyclotridecane (13-TMC), and 1,4,8,11-tetramethyl-
1,4,8,11-tetraazacyclotetradecane (14-TMC) (see Figure 6.1a). With these macrocyclic n-TMC

n+1)+

ligands, metal-O, complexes, such as side-on M®™"D*_peroxo and end-on M™"-superoxo (Figure

6.1b), have been successfully synthesized and characterized spectroscopically and/or
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structurally 326327:336-338.328-335 Bor example, an end-on Ni-superoxo complex was synthesized
with the 14-TMC ligand,**® whereas a side-on Ni-peroxo complex was obtained with the 12-

TMC ligand.*?” Interestingly, in the case of the 13-TMC ligand, both end-on Ni-superoxo and

I

side-on Ni " -peroxo complexes were synthesized depending on the bases present in reaction

solutions, such as an end-on Ni-superoxo 13-TMC complex in the presence of

tetramethylammonium hydroxide (TMAH) and a side-on Ni'!

-peroxo 13-TMC complex in the
presence of triethylamine (TEA).3?® The ring size effect of the TMC ligands on the formation of
the side-on M®™D*_peroxo and end-on M™ -superoxo complexes was also observed in Cr-O

M_superoxo complex with 14-TMC and a side-on Cr'V-peroxo

species, such as an end-on Cr
complex with 12-TMC.*?%%% In contrast, in the cases of Mn-O2, Fe-O», and Co-O2 complexes,

only side-on M-O> complexes were synthesized irrespective of the ring size of the n-TMC

ligands.315’331‘338
(a)\/ N VA V4 NN\
N N N N
[12 TMC:l [13 TMC <:14-TMC:>
/ \ / N /N\ /N /N\ /N\
(b) -------eeeeeee (M = Cr, Mn, Fe, Co, Ni)--------------------
5
0—O0 o
\
—M(n+1)+— —Mn+—
Side-on Peroxo End-on Superoxo
O—oO
(c) 2+ N/ At

/ \ /
H,O,/TEA wsFegm
NNSZ KN BeOATEA (N2 KN
Q) CNTRTONY
R g
2 R4 =(CHy), 2
R1 and R2 (CH2)2 R2 — (CH ) R1 and RZ = (CH2)3
for 12-TMC (1) for 13-TMC (2) for 14-TMC (3)

Figure 6.1. (a) n-TMC Ligands, (b) Side-on vs End-on Metal-O, Complexes, and (c) Synthetic
Procedure for Iron(Ill)-Peroxo n-TMC Complexes. Figure made by Wenjuan Zhu in the Nam

group.!»
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6.1.3 Previous Ferric-Peroxide Complexes

An early well characterized example of a ferric-peroxide species, [Fe(O2)(EDTA)J*, shows

I center by electron paramagnetic resonance (EPR) and an O-O stretch at 816 cm™,

a high spin Fe
and an Fe-O2 stretch at 459 cm’!, by resonance Raman (rRaman).’*° Other early examples —
[Fe(O2)(TPEN)]" and [Fe(O2)(trispicMeen)] - reported very similar properties.>****! The ligands
abbreviations for these complexes are ethylenediaminetetraacetate (EDTA), N-methyl-N,N*,N*-
tris(pyridylmethyl)ethane-1,2-diamine (trispicMeen), and N,N,N’,N’-tetrakis(2-
pyridylmethyl)ethane-1,2-diamine (TPEN). These research efforts near the turn of the millennium
focused on spectroscopically characterizing the side-on bound Fe-peroxide species, especially in
comparison to the end-on bound Fe-hydroperoxide.*** Upon protonation of [Fe(O2)(TPEN)]" and
[Fe(O2)(trispicMeen)]", the end-on bound Fe-hydroperoxide shows a stronger Fe-O stretch (by
~150 cm™) and a minor (~20 cm™) reduction in the O-O stretch energy.**® Roughly a decade later
ferric-peroxides with n-TMC co-ligands began to be investigated.

The Nam group has previously reported each of the Fe'''((O2)(n-TMC) complexes discussed
herein. Recently, a side-on iron(IIl)-peroxo complex bearing the 14-TMC ligand, [Fe'"(02)(14-
TMC)]", was characterized structurally and spectroscopically with X-ray crystallography and
various spectroscopic methods.**® This species was also used to further understand the differences
in the nuclear resonance vibrational spectra between Fe-O2 and Fe-OOH.*** More recently, a side-
on iron(I11)-peroxo complex bearing the 13-TMC ligand, [Fe"(0,)(13-TMC)]*, was successfully
synthesized and characterized. This complex shows unprecedented electrophilic reactivity in the
C-H bond activation and oxygen atom transfer (OAT) reactions.?*® The observation of the
electrophilic reactivity of [Fe(0,)(13-TMC)]" provided a new mechanistic insight into the
unexpected reactivity of nonheme iron-peroxo species in biomimetic oxidation reactions. More
interestingly, by reducing the ring size of the n-TMC macrocyclic ligand, such as from 13-TMC
to 12-TMC, a side-on iron(III)-peroxo complex, [Fe'(0,)(12-TMC)]*, was obtained, which shows
an interesting reactivity in the cis-dihydroxylation of olefins and naphthalene derivatives to yield
the corresponding cis-diol products.’!?

As alluded above, the ring size of the macrocyclic n-TMC ligands, as well as the nature of
the metal ions, plays a vital role in determining the geometric and electronic structures of metal-

O intermediates as well as their reactivities in oxidation reactions. It has also been shown that

iron(IIl)-peroxo n-TMC complexes exhibit diverse reactions depending on the ring size of the
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TMC ligands, such as nucleophilic versus electrophilic reactivity and olefin epoxidation versus
cis-dihydroxylation.?!3334336 Thus, the structurally and spectroscopically well characterized
synthetic [Fe'(02)(n-TMC)]" complexes provide us with a unique opportunity to systematically
investigate the ring size effect of the macrocyclic TMC ligands on the physicochemical properties
of iron-peroxo complexes. As part of our ongoing efforts to elucidate the physicochemical
properties of metal-O> complexes, we decided to investigate the ring size-electronic structure-
electrophilic reactivity correlation in oxidation reactions by using the structurally and
spectroscopically well characterized mononuclear nonheme iron(IIl)-peroxo complexes bearing

different n-TMC ligands, [Fe'(O2)(n-TMC)]".

6.1.4 Scope of Chapter

Herein, the series of iron(Ill)-peroxo complexes, [Fe''(02)(12-TMC)]" (1), [Fe™(O2)(13-
TMC)]" (2), and [Fe(0,)(14-TMC)]" (3), prepared by the Nam group under identical reaction
conditions (Figure 6.1c),>!>334336 are studied. Specifically, they are spectroscopically
characterized with UV-Vis and rRaman by the Nam group, and magnetic circular dichroism
(MCD) spectroscopy by me. I also performed density functional theory (DFT) calculations to
elucidate the electronic structures of the iron(Ill)-peroxo complexes, 1 — 3, in conversation with
the experimental spectroscopic data. The complexes were carefully analyzed to understand the
origin of the drastic reactivity difference in HAT reactions of 1 — 3; that is, the ring size effect of
the n-TMC ligands on the reactivity of iron(IIl)-peroxo n-TMC complexes in C—H bond activation

reactions.
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6.2 Synthesis and Characterization of 1 —3 (Nam Group)

1.5 4 Amax =670 nm (1)
S Y695 nm (2)
S 40 11 7350m (3)
S L)
) Ll
O
< 05-

0.0 -

400 600 800 1000
Wavelength, nm

Figure 6.2. UV—-Vis spectra of 1 — 3 obtained in the reaction of [Fe''(n-TMC)]*" (1.0 mM) and
H>0: (5.0 mM) in the presence of TEA (5.0 mM) in CF3CH,OH:CH30H (1:1 v/v) at =60 °C; Amax
= 670 nm for 1 (blue), Amax = 695 nm for 2 (red), and Amax = 735 nm for 3 (green). Figure by
Wenjuan Zhu in the Nam group, who also collected and analyzed the data shown in the figure. !>

The iron(I1l)-peroxo complexes were synthesized by the Nam group. The iron(III)-peroxo
complex [Fe(12-TMC)(02)]" (1) (see Figure 6.1 for structure), was synthesized by reacting
[Fe'(12-TMC)(CH3CN)2** (1.0 mM) with H,02 (5.0 mM) in the presence of TEA (5.0 mM) in
CF3;CH,0H:CH30H (1:1 v/v) at —60 °C.*!3 1, with an electronic absorption band (Amax) at 670 nm
at —60 °C (Figure 6.2), was fully generated in the solvent mixture of CF3CH>,OH and CH3OH (1:1
v/v), similar to the previous report,*!® and this solvent mixture was used for the generation of other
iron(I1I)-peroxo species. Intermediate 2 bearing 13-TMC, [Fe"(0,)(13-TMC)], was generated by
adding H,0> (10 mM) to a solution containing [Fe'(13-TMC)(CH3CN)]** and TEA (5.0 mM) in
a solvent mixture of CF3CH>OH and CH3OH (1:1 v/v) at —20 °C.>* Interestingly, the maximum
absorption band (Amax) of the iron(IlI)-peroxo complexes was found to vary depending on reaction
temperatures, and complex 2 exhibits Amax at 695 nm at —60 °C (Figure 6.1). Intermediate 3 bearing
14-TMC, [Fe'(0,)(14-TMC)]", was prepared and isolated as a solid for further reactions.?*’
Complex 3 was highly stable in CF3CH>OH:CH3OH (1:1 v/v) at 10 °C with Amax at 770 nm, but
the absorption band shifts to 735 nm at —60 °C (Figure 6.1).
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Figure 6.3. rRaman spectra of 1 (green line), 2 (red line), and 3 (blue line) in MeOH at 77 K (4ex
= 785 nm). Gray line shows the spectrum for solvent only. The peak marked with asterisk (*) is
from solvent. Data acquired and figure made by the Nam group.'>?

The iron(Ill)-peroxo complexes were then characterized with various spectroscopic
techniques.’!>¥3433¢Although the rRaman spectra of the intermediates 1 — 3 were reported
previously,?!°333336 the rRaman spectra of 1 — 3 were remeasured to compare the Fe-O stretches
of 1 — 3 under identical reaction conditions (Figure 6.3). In the rRaman experiments, we observed
an interesting trend, such as the increase of the Fe-O stretching frequency as the ring size of the n-
TMC ligands decreases (e.g. at 493 cm™! for 3 and at 514 cm™! for 1) (Figure 6.3). We also observed
that there is a linear correlation between the Fe-O stretching frequencies and the electronic
absorption bands in the UV-Vis spectra (Figure 6.2 and Figure 6.3), such as complex 1 with the
highest Fe-O stretching frequency shows the most blue-shifted absorption band in the UV-Vis
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spectrum (Figure 6.2). This trend is further analyzed in the electronic structure section below. EPR

measurements show that complexes 1 — 3 are all in the high-spin ferric state with EPR signals

centered at g = 4.3, as reported previously.?!>333-336

6.3 Magnetic Circular Dichroism
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Figure 6.4. Comparison of MCD and UV—Vis spectra for intermediates 1 — 3. UV—Vis data were
acquired in CH3OH:CH3CH>OH (4:1 v/v). MCD VTVH data were acquired for2 - 50 K, 0-7T
on frozen glass samples of intermediates 1 — 3 in CH3OH:CH3CH>OH (4:1 v/v). (a) 2 K7 T MCD
data are shown here for intermediates 1 — 3, see Figure 6.6 for further temperatures and higher
energy data. Each of the samples shows MCD bands at higher energy, >25,000 cm™', as well, some
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of which are also present in decay samples as shown in Figure 6.7. Intermediates 2 and 3 were 4.0
mM and intermediate 1 was 2.0 mM, for both UV—-Vis and MCD measurements. (b) Correlated fit
of the UV—Vis absorption and 2 K 7 T MCD spectra for complex 3, which is by far the most stable
complex in the series. See Figure 6.5 for further details on this Gaussian fit. Note that band 9 may
be due to the decay product; see Figure 6.7.

MCD spectroscopy was used to gain further insight into the electronic structure of the
intermediates. For 1 — 3, variable temperature variable field (VITVH) MCD data were collected
from2—-50K and 0 —7 T. The 2 K 7 T MCD spectra are compared with the UV—Vis spectra for
each species in Figure 6.4a. The UV—Vis spectra of 1 — 3 show a major absorption feature in the
13,000 — 15,000 cm™' range, which appears upon formation of the iron-peroxo intermediates.
Interestingly, the energy of this band is solvent sensitive, shifting to higher energy in hydrogen-
bond donating solvents. For example, the Amax of 3 shifts from 11,500 cm™ in MeCN to 13,300
cm™! in trifluoroethanol (TFE) (Table 6.1), suggesting that this band corresponds to an electronic
transition that involves the peroxo moiety. There is also a less intense absorption band at 21,980

cm™!, which is visible for the most stable complex 3.
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Figure 6.5. Further details of the Gaussian fit of the UV-Vis absorption spectrum and 2 K 7 T
MCD spectrum for 3, left and right, respectively. Top left: the individual Gaussians sum up to give
a fit of the UV-Vis spectrum with R?=0.997. Bottom left: the residuals of the fit of the UV-Vis
spectrum. Top right: the individual Gaussians sum up to give a fit of the 2 K 7 T MCD data with
R?=0.9995. Bottom right: the residuals of the fit of the MCD spectrum.
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Figure 6.6. VTVH MCD data for complexes 1 — 3. Shown here are the 7 T data for each

temperature 2 — 50 K. The full spectra are shown on the left, and the low energy region is shown
on the right. For each data set, MCD spectra are cut when the voltage curve raises above 750 V.
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Figure 6.7. Comparison of the full range 2 K 7 T MCD data for intermediates 1 — 3. Asterisks
mark bands that also appear in the decay samples, and therefore indicate the presence of decay

products. Each MCD spectrum is shown for the range where the corresponding voltage curve is
below 750 V.

The MCD spectra show features that match well with those observed in the absorption
spectra, as shown in Figure 6.4. As 3 is the most stable compound, the 2 K 7 T MCD and UV—-Vis
spectra of 3 were fitted with Gaussians to deconvolute the spectra and identify the major
contributing bands. As shown in Figure 6.4b, a very good agreement between the fits of the MCD
and UV—Vis spectra was obtained. Interestingly, MCD resolves the bands in the 13,000 — 15,000
cm! range into two features with opposite intensity (see bands 1 and 2 in Figure 6.4b), with the
shape of a pseudo-A type signal.??® This is not an A-term signal, which would be temperature
independent (see Figure 6.6 for temperature dependence of this signal), but instead results from
two C-term signals with opposite signs, close in energy. In the case of a pseudo-A type signal, the

two corresponding excited states would be coupled by spin-orbit coupling, in orthogonal direction
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to the two transition-dipole vectors of the two underlying electronic transitions. This putative
pseudo-A term signal is conserved across the series of complexes, shifting to lower energy upon
increasing the size of the co-ligand ring. It should be further noted that the maximum of the broad
absorption band in the 13,000 — 15,000 cm™! range for each compound lines up with the lower
energy component of the putative pseudo-A term signal in the MCD (band 1 in the fit). The MCD
signals for 2 and, especially, 1 are less intense than those for 3 due to the increased decomposition
of the intermediates 2 and 1 resulting from their decreased stability, which is reflected in an
increase in the signals of decay species in their MCD spectra (Figure 6.7). Therefore, we only
obtained reliable MCD VTVH saturation curves for 2 and 3, which are shown in Figure 6.8—Figure
6.10. These show nominally the same behavior. The fitting of the MCD VTVH saturation curves
is further discussed below, with input from time-dependent density functional theory (TD-DFT)

calculations, to ultimately assign the underlying electronic transitions.

189



1.0
(o]
0.8
2 :
a — 2Kfit
I — 4Kfit
= 0.6 - )
o — 8Kfit
g — 12 Kfit
g 20 K fit
% 0.4 - — 50K fit
E O 2Kdata
S O 4Kdata
0.2 O 8Kdata
O 12K data
20 K data
0.0 O 50Kdata
0.0 0.2 0.4 0.6 0.8 1.0
BH/2kT
1.0 1
0.8
2
3 — 2Kfit
% — 4K fit
a 0.6 — 8Kfit
g — 12Kfit
8 20 K fit
% 0.4 1 —— 50K fit
£ O 2Kdata
S O 4Kdata
0.2 O 8Kdata
O 12K data
20 K data
0.0 O 50Kdata
0.0 0.2 0.4 0.6 0.8 1.0

BH/2kT

Figure 6.8. VTVH MCD saturation curves and fits for (top) 2 at 742 nm (13477 cm™") and (bottom)
3 at 811 nm (12330 cm™'). Spectra were obtained with temperatures of 2 — 50 K and magnetic
fields of 0 — 7 T. The data were fit with Si=5/2, E/D =0.3,and g=2, 2, 2. For 2, D =-0.25 cm™'
and for 3, D =-0.28 cm™'. For 2, top, this fit gave a X? of 3.23, and polarizations of 7% x, 10% y,
and 83% z. For 3, bottom, this fit gave a X? of 0.93, and polarizations of 7% x, 9% y, and 84% z.
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Figure 6.9. VTVH MCD saturation curves and fits for (top) 2 at 580 nm (17241 cm™") and (bottom)
3 at 615 nm (16260 cm™). Spectra were obtained with temperatures of 2 — 50 K and magnetic
fields of 0 — 7 T. The data were fit with S;=5/2, E/D=0.3,and g =2, 2, 2. For 2, D =—-0.25 cm™'
and for 3, D =-0.28 cm™!. For 2, top, this fit gave a X* of 13.5, and polarizations of 8% x, 14% y,
and 78% z. For 3, bottom, this fit gave a X? of 8.37, and polarizations of 7% x, 11% vy, and 82%
Z.
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Figure 6.10. VTVH MCD saturation curves and fitting for 3 at 469 nm (21322 cm™"). Spectra were
obtained with temperatures of 2 — 50 K and magnetic fields of 0 — 7 T. The data were fit with S; =
5/2,D=-0.28cm™!, E/D=0.3, and g =2, 2, 2. Top left, this fit gave a X? of 0.64, and polarizations
of 9% x, 12% y, and 79% z. Top right, this fit gave a X? of 1.77, and polarizations of 83% x, 1%
y, and 16% z. Finally, bottom, the fit gave a X? of 2.69, and polarizations of 1% x, 95% y, and 4%

Z.
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6.4 Density Functional Theory Calculations

6.4.1 Structure Optimization (Wang Group)

[Fe(0,)(12-TMC)]* [Fe(O,)(14-TMC)]

J&J

?ﬁ* 3 . Y
2, o -9y’
" 2 (I} -

e b S
[Fe(Oz)(lzJ-TMC)J]Jf ,3 TFE [Fe(0,)(13-TMC)]*, 3 TFE [Fe(O,)(14-TMO)*, ;TFE

Figure 6.11. Structures of 1, 2, and 3 optimized alone (top) or in the presence of 3 TFE molecules
(bottom). The structures were optimized by the Wang Group with B3LYP/def2-SVP, an SMD
solvent field with TFE, and the gd3 dispersion correction. Figure was prepared by myself.

With two groups working on DFT calculations on this project, it was important that we use
the same structures, functionals, and basis sets: the Wang group optimized structures for their
calculations (see Section 6.7) and we used the same structures for our analysis. DFT calculations
were used to obtain fully optimized structures of intermediates 1 — 3 to better understand their
geometric and electronic structural differences. The [Fe(O,)(n-TMC)]" structures were
optimized alone and in the presence of 3 TFE molecules, as the intermediates are known to show
slight differences in properties with different solvents (Table 6.1 and Table 6.2). The optimized
structures (B3LYP/def2-SVP, with TFE solvent field and dispersion correction) are shown in
Figure 6.11.

6.4.2 Analysis of DFT Structures
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The optimized structure of 3 matches well with the experimental structure of this species,
obtained with X-ray crystallography.> Extended X-ray absorption fine structure (EXAFS)
measurements are also available for 3 (see Table 6.3). Calculated bond distances are within 0.05
A for Fe-O and Fe-Nmvc bond lengths compared to the experimental data. Similarly, complex 2
gives a good agreement between structural data from EXAFS and DFT. The EXAFS measurement
for 1 was previously reported and suggests two distinct Fe-Ntmc bond distances,**® which was not
replicated in the DFT calculations. According to DFT, the rhombicity of the structure of 1 is largely
due to the two nitrogens in the co-ligand that are located on the y axis (in the coordinate system
used here) bending away from the peroxo unit, but not due to a difference in the Fe-Ntmc bond
lengths. However, our results also show that 1 is particularly susceptible to structural distortions
induced by strong H-bonding from solvent molecules (here by including 3 TFE molecules in the
calculations; see Figure 6.11 and Table 6.3), causing a distortion of the Fe-peroxo unit with two
significantly different Fe-O bond lengths. Hence, since the solvent mixture used for EXAFS
measurements on 1 contained TFE, the two different Fe-ligand bond lengths observed by EXAFS
could also result from a distorted Fe-peroxo unit. Within this interpretation, the EXAFS data match
the DFT-predicted structure within 0.05 A for Fe-O and Fe-Ntmc bond lengths (see Table 6.3).

Table 6.1. The UV-Vis Amax of the low-energy absorption band of 3 shifts with the hydrogen
bonding ability of the solvent. Data in table acquired by the Nam group. '*2

Solvent T (°C) Amax, nm (cm™!)
TR 0 750° (13,333)
TFE:MeOH (1:1 v/v) 0 765 (13,071)
McOH 0 780 (12,820)
MeCN 0 870 (11,494)
acetone:TFE (3:1 v/v) —40 782°(12,787)

2 Taken from the cited reference.’* ® Taken from the cited reference.?**
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Table 6.2. rRaman vibrational frequencies (cm™') of 2 and 3 in different solvents. Data in table

acquired by the Nam group.'>

2 3
Solvent vs(Fe-O) v(0-0) vs(Fe-0) v(0-0)
acetone 502 822 487 8252
MeCN 504 822
MeOH 503 820, 789 493 820
acetone: TFE 506 n.d.b¢
TFE 512 790 501 n.d.>*

# Taken from the cited reference.?*’ ® n.d.: not detected. © Vibrational frequencies of O—O could not be detected because
they probably overlapped with the solvent peaks.

Table 6.3. Summary of DFT-calculated geometric parameters and comparison to experimental
values obtained by X-ray crystallography and/or EXAFS. See Experimental Section (6.9) for
further details. Each structure was fully optimized using B3LYP/def2-SVP by the Wang group. I

tabulated the calculated geometric parameters. X-ray crystal structure by the Nam group. '*2
Ligand 14-TMC 13-TMC 12-TMC
X-ray a w/o explicit a w/o explicit a w/o explicit
crystal | XAFS' g TFE | EXAFS" qpg 1FE | EXAFS" ppg TFE
Geometry: bond distances (A) and angles (°)

0-0 1.46 1.42 1.43 1.43 1.44 1.40 1.44
Fe-O1 1.91 1.92 1.96 1.95 1.92 1.94 1.94 1.91 1.97 1.89
Fe-0O2 1.91 1.92 1.95 1.95 1.92 1.95 1.96 1.91 1.97 2.07
Fe-N 2.23 2.22 2.27 2.26 2.20 2.26 2.25 22 1225’ 2.27 2.23

O-H N/A 1.52 N/A 1.53 N/A 1.46

<O-Fe-O 45.0 42.7 43.0 43.1 43.4 41.4 42.4

3 EXAFS data were collected on 1%, 2¢, and 3¢ in CF;CH,OH:CH;0H (1:1 v/v), CF;CH,OH, and acetone, respectively.
b Taken from the cited reference.’'® ¢ Taken from the cited reference.?*® 4 Taken from the cited reference.’*
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Table 6.4. Summary of DFT-calculated vibrational parameters and comparison to experimental
values obtained by rRaman. Each structure was fully optimized using B3LYP/def2-SVP by the
Wang group. I calculated the vibrational frequencies. See Experimental Section (6.9) for further
details. The rRaman data were obtained in CH3OH solution, see Table 6.2 for further solvents, by
the Nam group. Values are given in cm™.

ligand 14-TMC | 13-TMC | 12-TMC
w/o explicit w/o explicit w/o explicit
rRaman TFE TFE rRaman TFE TFE rRaman TFE TFE
v(0-0)
(caled. rel. | 820 857 17 | 820,789 866 00 808 928 AL
intensit M (L (L
y)
vs(Fe-0)
488 519 551
(calcd. rel. 493 440 503 467 514 238
intensity) (0.23) (0.16) (0.34)
vas(Fe-0) 326,
(calcd. rel. 330 (3%21) 360 (3%3) 356 394
intensity) ) ) (0.07)

2 The vibrations reported for this complex were calculated using ORCA.

® Note that if the structures without explicit TFE are allowed to reoptimize in Gaussian with TPSSh instead of B3LYP,
the vy(Fe-O) frequencies are calculated to be 444, 467/(456, 481), and 463/(487) cm™! for [Fe(O2)(14-TMC)]",
[Fe(O2)(13-TMC)]*, and [Fe(O2)(12-TMC)]*, respectively.

Table 6.5. Summary of DFT-calculated spin densities. Each structure was fully optimized using
B3LYP/def2-SVP by the Wang group. I tabulated the calculated spin densities. See Experimental
Section (6.9) for further details.

ligand 14-TMC 13-TMC 12-TMC
w/o TFE explicit TFE w/o TFE explicit TFE w/o TFE explicit TFE
Fe 4.01 4.07 4.02 4.07 3.93 4.09
Sum O, 0.75 0.63 0.73 0.60 0.87 0.56
0O1 0.37 0.35 0.37 0.33 0.43 0.34
02 0.38 0.28 0.36 0.28 0.43 0.22

The DFT calculations are further able to reproduce key trends in the rRaman data. For
complexes 1 — 3, the O—O stretching modes are somewhat difficult to assign and are observed as
very weak features in the 790 — 860 cm™! range in the rRaman spectra, with no clear trend among
the complexes (see Table 6.2 and Table 6.4). Our DFT calculations generally overestimate the
frequencies of the O—O stretching modes, predicted around 860 cm™! for 2 and 3 (without hydrogen
bonding), which is, however, not unusual for the B3LYP functional.>**3%7 For 1, despite the good
agreement between the optimized structure and the EXAFS data, there are significant deviations
in the calculated spectroscopic properties for the structure without explicit TFE compared to
experiment, indicating that DFT is less accurate in predicting the properties of 1. The O—O stretch,

for example, is clearly overestimated at 928 cm™'. In the side-on Fe-peroxo structures of 1 — 3,
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both symmetric (vs) and antisymmetric (vas) Fe-O stretches exist. Experimentally, the Fe-O stretch
is easily identified as an intense mode in the rRaman data, but the exact Fe-O mode to which this
feature corresponds has not previously been determined. DFT predicts vs(Fe-O) at higher energy
and with distinctively larger Raman intensity, and based on these results, we assign the
experimentally observed Fe-O mode to the symmetric stretch. The calculated vibrational
frequencies of vg(Fe-O) for 1 — 3 match the experimentally observed trend of decreasing Fe-O
stretching energies with increasing ligand ring size. The exception to this is again 1 modeled
without explicit TFE, which predicts vs(Fe-O) at unreasonably low energy, when using B3LYP.
This can be mostly corrected if the structures are allowed to reoptimize in Gaussian, using TPSSh
as the functional instead, and the frequencies recalculated (see Table 6.4 footnote b).

Like the optical band 1 (see Figure 6.4), vs(Fe-O) is sensitive to the H-bonding ability of
the solvent. The energy of this mode increases by 10 and 14 cm™! for 2 and 3, respectively, upon
switching the solvent from acetone to TFE (see Table 6.1). A mixture of acetone:TFE (3:1 v/v)
produces shifts in between these two extremes. Unfortunately, due to the instability of 1, rRaman
data for this species were only acquired in methanol, so no further trends could be derived in this
case. Nevertheless, these results again show that the peroxo ligand in 1 — 3 is susceptible to H-
bonding interactions, in agreement with the DFT results. Here, H-bonding causes a stabilization
of the Ox(n*) orbitals in energy, as further discussed below, and desymmetrizes the Fe-O stretching

vibrations.
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6.5 Electronic Structure and Assignment of Optical Spectra

32 % Fe
67 % O,

d,,_O,(m,,*) ps. ¢* 0,(74y*)_dyy, 6%

2

79 % Fe
18 % O,

55 % Fe
37%0,

¢ ¢

dy, O,(my,*) ps. ¢* dyy_Oy(my,*) 0%

3

79 % Fe
518 % O,

58 % Fe
33 %0,

dy,_O,(my,*) ps. ¢* dyy_Oy(my*) 0%

Figure 6.12. Fe-O; bonding interactions in complexes 1 — 3. Shown are the corresponding,
antibonding combinations, which generally correspond to the d-orbitals of the iron center and
which are singly occupied. Left: dy, Ox(my.*) pseudo-c*; right: dxy O2(mxy*) 6* (note that for 1,
this orbital interaction is inverted, so the singly-occupied orbital is labeled O2(nxy*) dxy). Depicted
here are the unoccupied -MOs, calculated with PBEO/def2-SVP.
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Figure 6.13. A scheme showing the pseudo-c bond between the dy, orbital and the n* orbital of
the peroxo ligand in the yz plane.

The Fe-peroxo complexes 1 — 3 contain high-spin Fe"

centers (S; = 5/2), as evident from
EPR spectroscopy. This means that in each case, five d-orbitals of iron are singly occupied with
all electrons having parallel spin, and the O»-derived ligand corresponds to a closed shell peroxo
unit. The calculated molecular orbital (MO) diagrams of these complexes generally match this
electronic structure description. Full MO diagrams can be found in Figure 6.14 — Figure 6.16.
These were derived using PBEO/def2-SVP calculations, which show the closest match between
the TD-DFT calculated and experimental absorption spectra of the complexes (vide infra). For the
following discussion, we use a coordinate system where the z axis is located within the Fe-O»
plane, between the two Fe-O bonds, and the y axis is parallel to the O—O bond. The MO diagram
of complex 3 is shown in Figure 6.16. Here, the lowest lying d-orbital corresponds to the
antibonding combination of the dxy orbital of iron and the n* orbital of the peroxo ligand in the xy
plane, forming an unusual d bond. The antibonding MO, dxy O (7t *), is singly occupied and has
79% iron and 18% peroxo character (see Figure 6.12). The corresponding, bonding combination
O2(mxy™) dxy constitutes the HOMO of the complex. Although this is a quite covalent Fe-O2 bond,
this interaction makes a smaller contribution to the overall Fe-O» bond strength, due to the limited
orbital overlap between the dxy and the Ox(mxy*) orbitals. To higher energy are the dx, and d.
orbitals, which show minimal interaction with the peroxo ligand. Next in energy is the dx-.y» orbital,
which binds to the nitrogen donors of the 14-TMC ligand in the xy plane. The highest energy d-
orbital, dy, Ox(my.*), corresponds to a strong pseudo-c bond between the dy, orbital and the *
orbital of the peroxo ligand in the yz plane. This bond is called a pseudo-c bond as the orbital

overlap between the iron and each O is as a sigma bond, see Figure 6.13. Due to the excellent
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orbital overlap, this is a strong Fe-O> bond, causing the antibonding MO, dy, Oaz(my.*), to be the
highest energy d-orbital of iron (see Figure 6.12). This MO is singly occupied and has 58% iron
and 33% peroxo character. Figure 6.12 shows the main Fe-O> antibonding d-orbitals, dxy O (7 *)
and dy; Ox(my,*), for the series of complexes 1 — 3. As evident from the figure, all three complexes

show the same 6 and pseudo-c bonds between iron and the peroxo ligand.
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dy .y Nae(p) 6%
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3% 0O, 2% 0O,
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32 % Fe z

67 % O,
29 eV y
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dy_Oy(m*) & 0,(ny,*)_dy, ps.o

66 % Fe 12 % Fe
31% 0, (- 62 % O,
58 eV -72 eV

Figure 6.14. MO diagram of 1. Molecular orbitals were calculated with PBEO/def2-SVP and
imaged using Avogadro.
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LUMO

SOMO
dy,_O,(m,,*) ps. 6™ A2 Nme(p) 6
55 % Fe 81 % Fe
37 % O, 0% O,
-1.2 eV -1.3 eV
d, d,,
88 % Fe 90 % Fe
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18 % O,
2.4 eV X y

HOMO

O,(m*)_dyy 6 0,(m,*)_dy, ps.o

18 % Fe 29 % Fe
80 % O, 52 % 0,
58 eV 72 eV

Figure 6.15. MO diagram of 2. Molecular orbitals were calculated with PBEO/def2-SVP and
imaged using Avogadro.
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Figure 6.16. MO diagram of 3. Molecular orbitals were calculated with PBEO/def2-SVP and
imaged using Avogadro.

While the MO diagrams for 2 and 3 are very similar (Figure 6.15 and Figure 6.16), complex
1 shows some interesting differences (Figure 6.14). Here, the O2(mx,*) dxy 6* orbital is much lower

in energy (see Figure 6.17), indicating that in the distorted coordination geometry of 1, the dxy
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orbital experiences less interaction with the four nitrogen donors of the TMC ligand in the xy plane,
causing a shift of dxy to lower energy. This causes an inversion of the Fe-O; o bond, with the
bonding combination showing 66% Fe character, whereas the singly-occupied, antibonding
combination has 67% O: character (see Figure 6.12 and Figure 6.14). This means that according
to the DFT calculations, complex 1 has distinct Fe''-superoxo character. This is supported by an
increase in spin density on the O ligand in 1 compared to 2 and 3 (see Table 6.5). At the same
time, the pseudo-c bond is predicted to be weaker in 1 compared to 2 and 3 (see Figure 6.12).
While the dy, Oa(my.*) pseudo-6* and dx2y> Ntmc(p) o* orbitals are close in energy in 2 and 3,
the weaker pseudo-c bond combined with the altered ligand field (due to the distorted geometry)
in 1 cause dx2.y2 Ntmc(p) o* to be located higher in energy than dy, O(my.*) in 1 (see Figure 6.17).
However, these DFT predictions must be taken with some skepticism. First, the DFT calculations
overestimate the O—O stretching frequency of 1 (predicted at 928 cm™') compared to 2 and 3
(predicted around 860 cm™), indicating that the DFT calculations clearly overestimate the amount
of superoxo character in complex 1. Second, since complex 1 has the highest energy Fe-O stretch,
we posit that the weaker pseudo-c bond predicted by DFT for 1 is likely incorrect. Based on these
considerations, we conclude that 1 still contains a strong Fe-O; pseudo-c bond, and that the
strength of the Fe-O» & bond is increased, due to the weaker ligand field of 1 in the xy plane, and
as evident from the UV—Vis data (see next), but not to a point where the bond is actually inverted
(based on the EPR data for 1, which are similar to 2 and 3 and show high-spin Fe'" complexes in

all cases).
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Figure 6.17. Relative energies of the SOMOs for 1 — 3.

From the TD-DFT results, we can assign the electronic transitions observed by MCD and
UV-Vis spectroscopies. We investigated four different functionals for TD-DFT using complex 3
as a test model, as it is the most well characterized and most stable complex in the series, to identify
the functional that gives the best match to the experimental UV—Vis absorption spectrum of 3. For
each functional, the [Fe(02)(14-TMC)]" structure and that with 3 TFE molecules were
investigated. The results of these eight TD-DFT calculations are shown in Figure 6.18. B3LYP
and PBEO both give the best match with the experimental UV—Vis spectra of 3. As shown in Table
6.1, H-bond donating solvents cause a significant shift in the low-energy absorption band of 3 to
higher energy, and this shift is best reproduced by PBEOQ. Therefore, PBEO was used for the MO
analysis (see above) and the assignment of the optical spectra of 1 —3. TD-DFT calculated UV—-Vis
spectra for 1 and 2 are shown in Figure 6.19. In general, 2 and 3 give very similar predicted spectra,

with only slight shifts in energy. In contrast, 1 is more distinct, which may reflect its more distorted

205



geometric structure and its somewhat increased superoxo character. Summary tables of the
electronic transitions calculated by TD-DFT are provided in Table 6.6 — Table 6.8. Note the
orientation of the coordinate system for 2 and 3 aligns well with the orientation of the d-tensors as
calculated, see Figure 6.20, but for 1 the x and y directions of the D tensor are swapped. The

polarizations listed are for the D tensor, but the MO names are kept consistent across the series.

Fe(0,)(14-TMC) with 3 TFE

1 Expr. 121978 13072
2 _\/X’_\/\
0 T y T — T " T g
2000 —~— B3LYP ;
Q 0 4——— e . s . |
2 2000 \"\TQDSSh ' T '
S ‘
= e | -
S . AR
2 0 ™ T = T T
2000 4 —~— PBEQ
\\\_7 — o T K/”\
0 T ‘ ™  E—— —T— T — ——
2000{ ——BP86 _——
\\\ // '\\\\ ' /'_/' \\
- \\:7-\% // \\\ / RN
0 T ' T y \—7;7_“‘7/:/ T 2%
30000 25000 20000 15000 10000
Energy (cm™)

Figure 6.18. Comparison of TD-DFT predicted UV-Vis spectra for 3 and the experimental
spectrum. The absorption spectra were calculated with def2-SVP and the functional listed. The
Amax Of the experimental UV-Vis bands in CH;0OH:CH3CH>OH (4:1 v/v) are shown to guide the
eye.
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Figure 6.19. Comparison of TD-DFT predicted UV-Vis spectra for 1 — 3. These absorption spectra
were calculated with PBEO/def2-SVP.

J
y

9 (JJ. a )

[Fe(0,)(12-TMC)]* [Fe(0,)(13-TMC)]* [Fe(O,)(14-TMC)]*

Figure 6.20. Calculated principal axes of the D tensors in 1 — 3. Note how the x and y axes of 1 are
swapped compared to those of 2 and 3.
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Table 6.6. Summary table of the TD-DFT (PBEO/def2-SVP) results for 1. Select TD-DFT
excitations and their energy/wavelength, oscillator strength, description of molecular orbitals in
order of decreasing contribution to the excitation, and the calculated polarizations of the transitions

are shown.
TD-DFT Energy Wavelength  Oscillator Molecular Orbital Polarization®
excitation# (cm™) (nm) Strength Transitions, in order of X y zZ
Decreasing Contribution
2 7077 1413 0.0002 3 — dy, 100% 0% 0%
3 12692 788 0.0002 ps. o, 0% 100% 0%
Fe-TMC ¢ — 6*
4 13262 754 0.0398 o — 0% 0% 0% 100%
5 13751 727 0.0002 6 — Fe-TMC o* 0% 0% 100%
6 16018 624 0.0001 d — ps. c* 0% 100% 0%
7 28320 353 0.0006 Nrvc(p) — &* 99% 1% 0%
9 30414 329 0.0003 ps. 6 — 0* 0% 100% 0%
10 31115 321 0.0028 ps.c —do 100% 0% 0%
13 38089 263 0.0001 Fe-TMC 6 — d, 0% 0% 100%
14 38798 258 0.0036 Nmve(p) — da 0% 100% 0%
15 39020 256 0.0006 ps.c — dp 100% 0% 0%
16 39655 252 0.0339 Fe-TMC 6 — dx, 0% 100% 0%
19 42151 237 0.0005 ps. 6 — Fe-TMC o* 100% 0% 0%

Abbreviations used to denote MOs are as follows: Ntvc(p) = p orbitals located on the Ns of the TMC co-ligand, Fe-
TMC 6 = dx2-y2. Nmc(p) ©, ps. 6= Oa(mty,*)_dy, pseudo 6, 8 = dxy_Oa(7txy*) 8, 6* = Oa(7xy*) dxy 6%, Fe-TMC o* = dx»-
y2_ Ntme(p) o*, and ps. o* = dy,_Oa(my,*) pseudo c*.
2 The polarizations listed here are with respect to the calculated principal axes of the D tensor for 1, shown Figure
6.20. This is different than the orbital names, which are defined in the MO diagram in Figure 6.14. We chose to do
this to keep the orbital names consistent for the whole series 1 — 3. The difference between the two coordinate systems
is the orientation of the x and y axes, which are roughly swapped between the two coordinate systems.

Table 6.7. Summary table of the TD-DFT (PBEO/def2-SVP) results for 2. Select TD-DFT
excitations and their energy/wavelength, oscillator strength, description of molecular orbitals in
order of decreasing contribution to the excitation, and the calculated polarizations of the transitions

are shown.
TD-DFT Energy Wavelength Oscillator Molecular Orbital Polarization®
excitation# (cm™) (nm) Strength Transitions, in order of X y z
Decreasing Contribution
1 11677 856 0.0082 & — 6%; 1% 2% 96%
ps. c — ps. o*
2 12569 796 0.0013 S — dy, 1% 19%  80%
4 15073 663 0.00005 ps. 6 — 0%; 56% 2% 42%
d — ps. o*
5 16212 617 0.0002 d — ps. 6%; 77% 2% 22%
ps. ¢ — &*
6 18206 549 0.00001 8 — Fe-TMC o* 29% 6% 65%
7 19491 513 0.0002 ps. 6 — dxz; 0%  100% 0%
NTMC(p) - dxz
8 20486 488 0.0033 ps. 6 — dp; 0% 99% 0%
NTMC(p) — dp
9 26316 380 0.0002 ps. 6, Nrmc(p) — Fe-TMC c* 0% 94% 6%
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10
11

12
13
16

18

20

29146
31244

32173
33262
35722

36468

36940

343
320

311
301
280

274

271

0.0006
0.0024

0.0040
0.0204
0.0362

0.0823

0.0331

Nr™c(p), Fe-TMC ¢ — 6*
Fe-TMC o, NTMC(p),
ps.c — 0*
NTMC(p), Fe-TMC ¢ — 0&*
Fe-TMC 6 — dy,
Nrmc(p) — dxz;
Fe-TMC 0 — d;
Fe-TMC o — Fe-TMC c*;
ps. 6— ps. 6%;
N1mc(p) — dz
ch(p), Fe-TMC 6 — dzz

32%
73%

53%
75%
5%

1%

54%

67%
27%

47%
0%
2%

0%

2%

1%

0%

0%
25%
92%

99%

44%

Abbreviations used to denote MOs are as follows: Nrwvc(p) = p orbitals located on the Ns of the TMC co-ligand, Fe-
TMC 6 = dx2.y2. Ntme(p) 0, ps. 6= Oa(my,*) dy, pseudo 6, & = Ox(Ty ™) dxy 8, 6% = dxy Oa(7xy*) 8%, Fe-TMC c* = dx»-
v2_ Ntme(p) o¥, and ps. 6* = dy, Os(my,*) pseudo c*.

Table 6.8. Summary table of the TD-DFT (PBEO/def2-SVP) results for 3. Select TD-DFT
excitations and their energy/wavelength, oscillator strength, description of molecular orbitals in
order of decreasing contribution to the excitation, and the calculated polarizations of the transitions

are shown.
TD-DFT Energy Wavelength  Oscillator Molecular Orbital Polarization®
excitation# (cm™) (nm) Strength Transitions, in order of X y Z
Decreasing Contribution
1 11412 876 0.0067 d — o* 0% 0% 100%
2 11597 862 0.0007 S — dy, 26%  36% 38%
4 14494 690 0.0001 ps. ¢ — 8*; & — ps. o* 60% 39% 1%
5 15658 639 0.0002 8 — ps. 6*; ps. 6 — 0%; 53% 47% 0%
6 — Fe-TMC o*
6 18174 550 0.0001 ps. 6 — dx, 0% 2% 98%
7 18488 541 0.00003 &6 — Fe-TMC o*, ps. o* 6% 4% 89%
8 19960 501 0.0031 ps. 6 = dz; Nrme(p)— d2 - 26%  74% 0%
9 26465 378 0.0007 ps. ¢ = Fe-TMC o*, ps. 6*  46% 52% 2%
11 30903 324 0.0047 Ntmc(p), ps. 6 — o* 95% 5% 0%
12 32348 309 0.0101 Fe-TMC 6 — dx, 77%  21% 2%
14 33538 298 0.0147 Nrume(p) — duz 1% 0% 99%
Fe-TMC 6 — dj;
16 35884 279 0.0446 Nrme(p) — duz 1% 0% 99%
Fe-TMC 6 — d,;
ps. ¢ — ps. o*
18 36635 273 0.0762 Nrve(p) — dwz 0% 0% 100%
Fe-TMC ¢ — Fe-TMC o*;
ps. ¢ — ps. o*
21 39662 252 0.0234 Nrvc(p) — dye 61% 39% 0%

Abbreviations used to denote MOs are as follows: Nrwvc(p) = p orbitals located on the Ns of the TMC co-ligand, Fe-
TMC 6 = dx2:y2. Ntme(p) 0, ps. 0= Oa(my,*) dy, pseudo 6, & = Ox(Ty ™) dxy 8, 6* = dxy Oa(7xy*) 8%, Fe-TMC c* = dx»-
y2. Ntmc(p) o*, and ps. 6* = dy, Oa(my,*) pseudo o*.
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The TD-DFT results allow for the assignment of the main charge transfer band of 1 — 3,
observed in the 13,000 to 15,000 cm™! range. This electronic transition, band 1 in our fit in Figure
6.4, is mainly comprised of the S-spin electron being promoted from the Ox(mxy™*) dxy O to the
dxy_Oa(mxy*) 6* orbital, and hence, corresponds to the 6 = &* ligand-to-metal charge-transfer
(LMCT) transition of the Fe-O, unit. Experimentally, this band shifts to higher energy from 3 to 2
to 1, and this is reproduced in the TD-DFT calculations (see Figure 6.19). In this way, the energy
of the LMCT transition directly probes the strength of the Fe-O2 & bond, as indicated in Figure
6.12, right, with 3 having the weakest and 1 having the strongest 6 bond. Correspondingly,
complex 1 has the largest degree of Fe'-superoxo character. The § = §* transition is calculated to
be polarized along the z-axis. This agrees with the fitting of the VTVH saturation curves of this
band for 2 and 3 (see Figure 6.8). Interestingly, the EPR spectra can be fit with either a small
positive or negative D value. However, to obtain a z polarization for this transition, a small negative
D value was necessary for the MCD VTVH fit (see Figure 6.21). This assignment of band 1 to a
LMCT transition is further in agreement with the sensitivity of the energy of this band to H-
bonding solvents, with the H-bonding solvents strongly interacting with the peroxo n* orbitals.
Here, a stabilization of the Ox(myy*) orbital through H-bonding interactions causes a shift of the &
—> 0* transition to higher energy, as a function of the strength of the hydrogen bond(s). In this way,
the energy of the 6 = 6* LMCT band is not only diagnostic for the strength of this interaction

(comparing 1 — 3), but for a given complex, it is also a sensitive probe for H-bonding with solvent.
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polarization (%)

Figure 6.21. Goodness of fit and polarization for MCD VTVH saturation curves fit with varying
D values. Here the VTVH saturation curves for 3 at 811 nm are fit with E/D =03 and g =2, 2, 2
while D was set to the value on the x-axis. The polarizations were allowed to optimize until a
stable X? was achieved.

By MCD, we determined that the broad, low-energy absorption band of 1 — 3 is resolved
into two transitions, bands 1 and 2 (see Figure 6.4), a potential pseudo A-term signal as discussed
above. Band 2 is generally observed at 3,500 — 4,000 cm™! higher in energy compared to band 1.
If the two excited states giving rise to bands 1 and 2 are spin-orbit coupled to give the pseudo A-
term signal, as they appear to be, then band 2 cannot be polarized in the same direction as band 1.
TD-DFT gives two probable transitions for band 2, both of which correspond to transitions
originating from the Oa(mxy*) dxy & orbital, either into the dy, Oa(my,*) pseudo-c* or the dy-
y2. Ntmc(p) o* orbital. The former is x/y polarized, and the latter is dominantly z polarized. Both
transitions are calculated to have low intensity by UV—Vis; however, as they are d-d transitions,
they would be stronger in the MCD spectrum. Experimentally, analysis of the VITVH saturation
curves for band 2 shows z polarization (see Figure 6.9), although the data are not well fit, probably,
due to the interference of the neighboring higher energy bands, which makes this assignment less
certain. This indicates that band 2 corresponds to the O2(7txy*) dxy 6 t0 dxo-y2 Ntmc(p) o* d-d

transition and that the band 1/band 2 couple is not a true pseudo-A term signal. Nevertheless, since
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both bands 1 and 2 correspond to transitions that originate from the same orbital, O2(mxy™®) dxy 9,
they are both sensitive to the size of the n-TMC ligand and show related shifts along the series 1 —
3.

In the UV—-Vis and MCD spectra of 3, there is another band visible at 22,000 cm™', which
is reproduced in the TD-DFT calculations. From the Gaussian fit, this region has a few contributing
bands, bands 3 — 7. Bands 5 and 6 are the most prominent features, with band 5 matching best with
the Amax 0of the UV—Vis absorption band (see Figure 6.4). Band 5 is assigned to the relatively intense
excitation 8 from the TD-DFT calculations (see Table 6.8), which is primarily a S-spin electron
promotion from the dy, Ox(my.*) pseudo-c bonding MO into the d,, orbital. Excitation 8 is
calculated to be y polarized. The VTVH data for band 5 are best fit with z polarization but can also
be fit quite well with x or y polarization, as shown in Figure 6.10. For 2, this transition is calculated
at similar energy, and while not distinguishable in the UV—Vis spectra, it is observed by MCD.
For 1, the same transition is calculated 10,000 cm™' higher in energy and is not observed by

UV-Vis nor MCD spectroscopy.

6.6 C-H Bond Activation by 1-3. (Nam group)

The relative reactivities of 1 — 3 were studied by the Nam group. To understand how the
ring size of n-TMC ligands affects the chemical properties of iron-peroxo complexes, the C—H
bond activation of hydrocarbons by 1, 2, and 3 were systematically studied under identical reaction
conditions. The most reactive species, 1, was measured to have a second-order rate constant (k2)
of 6.5 x 107! M! s7! at =50 °C. The KIE of this reaction indicates that 1 reacts with xanthene by
abstracting an H-atom, which is the rate determining step in the oxidation of xanthene by 1.>** The
reactivity of 2 in H-atom transfer reactions was investigated in the same solvent. Due to the low
reactivity of 2 at low temperature (e.g., =50 °C), temperature-dependent kinetic studies for 2 were
performed to estimate its reactivity at —50 °C; the k> value at —50 °C was calculated to be 5.0 x
1073 M s7!. By comparing the k» values of 1 and 2 at =50 °C, 1 was found to be ~130 times more
reactive than 2 at —50 °C. Similar reactivity studies were carried out in the oxidation of xanthene
by intermediate 3. As 3 reacts less readily than 1 and 2, for comparison with intermediates 1 and
2, the k» value at =50 °C was determined by carrying out temperature-dependent kinetics study,

giving the value of 3.7 x 107> M ! s7! at =50 °C. The above results clearly show that intermediate
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3 is able to abstract an H-atom from hydrocarbon substrates, but the reactivity is about 130 times

less than that of 2 and that 1 is about 18,000 times more reactive than 3.

6.7 Mechanistic Insights into the Hydrogen Atom Transfer Reaction by Iron(IlI)-Peroxo

Complexes (Wang Group)

The C-H activation mechanism was investigated theoretically by Peng Wu in the Wang
Group. To understand the mechanism of the C—H activation by iron(III)-peroxo complexes and
the ring size effect(s) of the macrocyclic n-TMC ligands in oxidation reactions, DFT calculations
were performed for the reactions of 1, 2, and 3 with cyclohexadiene (CHD) that was used as a
probe substrate. For the C—H bond activation reaction, we have considered two plausible
mechanisms: The first is initiated by the homolytic O—O bond cleavage of the peroxo ligand,
affording a dioxo (or a dioxyl) species. Then, one oxo ligand performs hydrogen atom abstraction
(HAA) from CHD, which involves a small barrier of 4.4 kcal mol~'. The second is initiated with
the cleavage of one Fe-O bond, leading to the end-on Fe'l-superoxo species. The process is
endothermic by ~4 kcal mol™, suggesting that such a transient species is challenging to be captured
and identified by spectroscopy. Then, the end-on Fe''-superoxo species can carry out HAA from
substrate. The iron(Il)-superoxo mediated HAA route is favored over the O—O bond cleavage
mechanism. It is also noted that when we investigated the direct HAA of CHD by the side-on
peroxo species, the reaction led to the end-on superoxo species. These results suggest that the Fe!!-
peroxo complex is not reactive towards C—H bonds but is first activated by converting to the
iron(I)-superoxo. The calculated HAA barriers were found to correlate well with the C—H
activation rates determined experimentally. Interestingly, the HA A barriers are also well correlated
with the Frontier Orbital energies of the end-on iron(Il)-superoxo species for different n-TMC
ligands. This is mainly because the singly-occupied n* superoxo Frontier Orbital functions as the
electron acceptor during the HAA reaction. The stronger the electron-donating ability is (e.g., 14-
TMC > 13-TMC > 12-TMC), the higher in energy is the o antibonding Fe-O(superoxo) n* orbital,

causing a higher barrier for the HAA reaction.

6.8 Discussion and Conclusions

In this study, we have analyzed the ring size effects of macrocyclic n-TMC ligands (n =

12, 13, and 14) on the physicochemical properties and reactivity of a series of synthetic
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mononuclear nonheme iron(Ill)-peroxo complexes, such as [Fe™(0.)(12-TMC)]" (1),
[Fe(02)(13-TMC)]" (2), and [Fe(02)(14-TMC)]" (3), that show interesting co-ligand ring size
dependent spectroscopic features, drastically different reactivities and model the corresponding
Fe-peroxo intermediate in Rieske oxygenases. MCD and other spectroscopic methods along with
DFT calculations were used to better understand the geometric and electronic structural differences

in the Fe''-peroxo complexes, 1 — 3. First, all three Fe'!

-peroxo complexes show the same 6 and
pseudo-c bonds between iron and the peroxo ligand; however, the strength of these interactions
varies depending on the ring size of the n-TMC ligands. It is important here to consider the
experimental data along with the DFT calculations, as the DFT calculations can reproduce
experimental spectroscopic trends, but not quantitatively. Experimentally, there is a gradual
transition from 3 to 1, indicated by the stepwise increase of the overall Fe-O bond strength,
reflected by the increase in vs(Fe-O) (493-503-514 cm™), and the strength of the Fe-O, § bond,
reflected by a gradual shift of the low-energy 6 = * LMCT band to higher energy (13605-14388-
14925 cm™). In this regard, MCD spectroscopy played a key role in assigning the characteristic
low-energy & = 6* LMCT band, which provides direct insight into the strength of the Fe-O; 6
bond along the series, and which is correlated with the amount of superoxo character of the
complexes. The energy of this LMCT band is also a sensitive probe for hydrogen bonding between
the peroxo unit and the solvent. Taken together, these results demonstrate that the ring size of n-
TMC ligands affects the coordination geometry of the complexes in a way that reduces its overall
donicity in the order of 14-TMC > 13-TMC > 12-TMC in a gradual way. Correspondingly, the
Fe-peroxo interaction increases gradually in the order 14-TMC < 13-TMC < 12-TMC, with the
12-TMC complex featuring both the most exposed peroxo ligand and the compound with the
largest amount of superoxo character. The DFT calculations can overall reproduce these trends,
although they lack quantitative agreement with the experimental data.

Interestingly, our results demonstrate that the end-on Fe'-superoxo form of the complexes
is ultimately responsible for their reactivity towards the C—H bond activation. Importantly, in the
case of the C—H bond activation, such as the HAT of xanthene, the reaction rate of 1 is ~10? and
~2 x 10* times greater than those of 2 and 3, respectively. DFT calculations support the reactivity
order of 1 >2 > 3 in the C—H bond activation reaction, reproducing the experimental results well.
The DFT calculations show that the HAA barriers in the reactions of 1 — 3 are well correlated with

the Frontier Orbital energies of the end-on iron(Il)-superoxo species bearing different n-TMC
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ligands; the decrease of n-TMC ring size from 14-TMC to 13-TMC to 12-TMC lowers the energy
barrier in the rate-determining HAA step by the end-on iron(II)-superoxo species, by lowering the
singly-occupied n* superoxo Frontier Orbital in energy that serves as the electron acceptor during
the HAA reaction.

Besides elucidating the ring size effects of the n-TMC ligands on the properties of the

11T

corresponding Fe"'-peroxo complexes, we believe that the present study also provides valuable

insight into the mechanism of the HAT reaction by Rieske (mono)oxygenases. Previous

mechanistic studies have shown that a side-on Fe!"

-peroxo complex is a likely intermediate of O
activation by Rieske oxygenases;*!? however, our DFT results demonstrate that these species are
not reactive towards C—H bonds. Instead, we have shown that, with a suitable ligand environment
and promoted by hydrogen bonding, the Fe!'-peroxo form can be easily transformed into the Fe'-
superoxo valence tautomer, which, as demonstrated for [Fe''(O2)(12-TMC)]", is highly reactive
towards aliphatic C—H bonds. The Fe-superoxo adduct is therefore a suitable intermediate in C—H
bond activation by Rieske (mono)oxygenases, as demonstrated here for the first time. Previous
work has also shown that the [Fe(0,)(12-TMC)]" complex is also able to mediate the cis-
dihydroxylation of aromatic compounds.*!*> Therefore, the [Fe'"'(02)(n-TMC)]" complex supports
two key reactions of Rieske oxygenases, and more biomimetic studies for the reactions of Rieske

oxygenases are underway with the mononuclear nonheme iron(Ill)-peroxo complexes bearing

macrocyclic n-TMC ligands.
6.9 Experimental

6.9.1 Magnetic Circular Dichroism Spectroscopy

See Section 4.8.1 for description of Magnetic Circular Dichroism spectroscopy.

6.9.2 DFT Calculations

All calculations were performed with the Gaussian 16 software package.>*° The geometries
of interested species were optimized by Peng Wu in the Wang group in conjunction with the
SMD*° continuum solvation model at the B3LYP?*%2*1:351/def2-SVP3>? level of theory, in which
the solvent of TFE was used. Gibbs energy corrections were obtained at 222.15K. The electronic
energies were further refined with the larger basis set def2-TZVP3> for all atoms. Dispersion

d353f355

corrections computed with Grimme’s D3 metho were included. Electronic structure
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calculations were performed on the structures optimized as described above by me. The same
solvation model and dispersion corrections as listed above were included. TD-DFT calculations
were performed by me in ORCA (version 5.0.3)*® with the functionals B3LYP, PBE(,>*
BP86,72%2%2 and TPSSh?*** and the basis set def2-SVP with auxiliary basis sets def2/J*>” and def2-
SVP/C.**® Molecular orbitals were calculated by me in Orca with PBE0/def2-SVP and visualized

in Avogadro.?®

6.9.3 Synthesis of Intermediates (Nam Group)

Synthesis of intermediates 1 — 3 were prepared by the Nam group, and have been reported

previously.?!3333336 Below, a brief preparation of the rRaman samples is provided here for the
reader.
Generation of Intermediates 1 — 3 for rRaman measurements. Samples for resonance Raman
were prepared as follows: a solution of [Fe'(O2)(n-TMC)]" (n = 12, 13, and 14) was prepared by
mixing 0.40 mL of MeOH solution containing [Fe''(n-TMC)]** (32 mM for 1, 16 mM for 2 and 3)
with H202 (5 eq for 1, 10 eq for 2 and 3) and TEA (5.0 eq) in MeOH at —80 °C. '80-labeled
[Fe'('80,)(n-TMC)]" were prepared by the same procedure from iron(Il) starting, but in which
H,'%0, was replaced with H>'%0, (2.7% H>'%0 in water).
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Chapter 7 Conclusions and Future Directions

7.1 Overall Summary

Understanding the water splitting reaction will ultimately allow for the clean production of
hydrogen, a useful commodity chemical and promising clean fuel, aiding our transition to a
sustainable society. Chapters 2 and 3 focus on the use of a family of molecular catalysts, cobalt
bis(benzenedithiolate)s, for hydrogen production, the reductive side of water splitting. Chapters 4,
5, and 6 use spectroscopic techniques and density functional theory (DFT) calculations to
investigate metal oxygen intermediates, which are relevant to the oxidative side of water splitting,
the reverse reaction (O> reduction) in fuel cells, and oxidative reactions mediated by

metalloenzymes in bioinorganic chemistry.

7.2 Co Bis(benzenedithiolate) Type Catalysts for Hydrogen Production: Summary and

Future Directions

The first two data chapters of this thesis focus on the use of Co bis(benzenedithiolate) type
catalysts for the hydrogen evolution reaction (HER). Chapter 2 describes the synthesis and
characterization of a graphitic thin film material which has been covalently modified with Co
bis(benzylaminedithiolate). The thin film material is highly active for electrocatalytic HER and
the thermodynamic and kinetics of electrocatalysis are reported. This provides insight into the
nature of the thin film, further adding to the scientific discussion of how immobilized catalysts
interact with electrode surfaces electronically. Additionally, this thin film shows high Faradaic
efficiency for HER even under an atmosphere of ambient air. However, the catalytic activity of
the catalyst declines over the course of several hours. This led us to further investigate the
mechanism of catalysis by this family of catalysts. In Chapter 3, the reaction of reduced Co(II)
bis(benzenedichlorodithiolate) with protons was investigated in further detail. The reduced form

of the complex was found to be reactive with protons, returning to the starting Co(IIl) complex.

7.2.1 Future Connections with Co Bis(benzylaminedithiolate) HER Catalyst
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The first data chapter in this thesis describes the synthesis of an amine-modified
benzenedithiolate ligand. This ligand provides a new and useful version of the traditional
benzenedithiolate ligand, allowing it another moiety for reactivity. This ligand was metalated with
Co, which gave a new version of the Co bis(benzenedithiolate) complex family of adept HER
catalysts. In Chapter 2, the amine modified Co bis(benzenedithiolate) complex is shown to be
attached to graphene oxide (GO), through the appended amine reacting with the epoxide groups

of GO. However, amine moieties exhibit diverse reactivities and can be bound to many other useful

substrates.
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Figure 7.1. The amine-functionalized Co bis(benzenedithiolate) complex allows for advantageous
attachment to (a) pyrene, (b) other graphitic electrode surfaces such as epoxidized carbon felt, (c)
quantum dots, (d) modified GaP semiconductor surfaces, (¢) monomers that could be incorporated
into a polymer thin film, or (f) any of the above catalyst systems could be improved by modulating
the non-covalently attached benzenedithiolate type ligand.

The amine functionality could be used to improve the attachment of the catalyst to other useful
catalyst supports, as we are generally interested in immobilizing catalysts to electrode surfaces for

HER. A few different options are depicted in Figure 7.1. First, in Figure 7.1a, physisorption to a
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graphitic electrode surface could be improved by connecting the Co bis(benzylaminedithiolate)
type complex to a carboxylic acid-modified pyrene. Pyrenes are well known to physisorb strongly
to graphitic surfaces and can increase the catalyst loading and retention of the catalyst under
catalytic conditions.’”'>> Another option to increase catalyst loading, per geometric area of the
electrode, is to use graphitic carbon felt as a high surface area catalyst support. Graphitic carbon
felt can be epoxidized to give epoxide functional groups on the surface that, as shown in Chapter
2, could be reacted with Co bis(benzylaminedithiolate) to yield a covalently modified electrode.
This system is shown in Figure 7.1b.

Additionally, our group has been interested in expanding the use of these Co
bis(benzenedithiolate) type catalysts from electrocatalytic HER to photo(electro)catalytic HER.
As amines are common ligands for quantum dots and nanoparticle surfaces, there is an opportunity
to use this catalyst to enhance the HER ability of quantum dots, as depicted in Figure 7.1c. The
opportunities for photo(electro)catalytic HER with quantum dots is discussed further in Section
7.2.3. Another option for photoelectrocatalytic HER is the covalent attachment of Co
bis(benzylaminedithiolate) to a modified gallium phosphide semiconductor surface, as illustrated
in Figure 7.1d. Direct covalent attachment limits the electrode coverage to a monolayer of catalyst.
Another option to increase the catalyst loading is to deposit a transparent, conducting, thin film
material onto the electrode surface. Our group has developed reduced graphene oxide (RGO) thin
films embedded with catalyst, but these need to be very thin, less than 200 nm, to ensure that they
are transparent enough to allow light to pass through to the underlying semiconductor. Another
option is to deposit a polymeric thin film with embedded catalyst. An option for such a film is
shown in Figure 7.1e, where a primarily poly(3,4-ethylenedioxythiophene) (PEDOT) thin film is
interspersed with thiophene monomers modified with Co bis(benzylaminedithiolate). The
modified thiophene monomers could be synthesized from the commercially available 3-
(bromoacetyl)thiophene through an Sn2 reaction with the amine moiety of Co
bis(benzylaminedithiolate). Thin films that include these monomers could then be
electropolymerized on a variety of electrode surfaces and characterized for electrochemical and
photoelectrochemical HER.

Finally, when a highly active and durable variation of immobilized Co
bis(benzylaminedithiolate) is found, one of the benzenedithiolate ligands could be modulated to

optimize the catalytic activity and onset potential. Such a non-symmetric Co complex could be
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prepared by mixing both ligands in the initial metalation phase and separating the statistical mix
of complexes. It is also possible that these mixed-ligand complexes could be prepared after
synthesis and purification by ligand exchange, as under specific conditions, the benzenedithiolate

ligands appear to be labile, see discussion in the first paragraph of Section 3.3.1.

7.2.2 Further Thin Film Studies

The GO-Co bis(benzylaminedithiolate) catalyst system explored in Chapter 2 was shown to be
highly active for HER. The electrochemical characterization of this system revealed that it shows
some properties associated with an adsorbed species on the electrode surface and some properties

associated with a metal-like catalyst. For example, the electrodes modified with the GO-Co

g

bis(benzylaminedithiolate) thin film show a clear Co couple. However, unlike molecular

catalysts in solution, or attached to electrode surfaces outside of the electrochemical double layer,
the onset potential of these catalysts changes with pH in a nearly Nernstian manner. This suggests
very close electronic interaction between the catalyst and the RGO support. Further studies
exploring the factors that control these interactions are recommended. It is possible that some of

the catalyst is already within the electrochemical double layer at the beginning of catalysis, which

/11

would allow it to contribute to catalysis, without contributing to the Co™"" couple. Changing the

g

degree of reduction of the RGO film while measuring how closely the Co™" couple integration

correlates with observed turnover frequency (TOF) could reveal whether this is the case. The active

/11

catalyst as given by the Co™" couple could be compared with the amount of Co complex in the

film as determined by the preparation of the film or by an independent measurement. A more

/11

reduced film would be expected to have more catalyst that does not contribute to the Co™" couple,

but that may contribute to catalysis. Additional studies by X-ray absorption spectroscopy could

I /11

confirm if some catalyst remains Co"" under applied potentials more reducing than the Co
couple, and if so, this would suggest that the catalyst is merging with the electrode’s band structure.
We have previously assumed that any catalyst we know is on the electrode surface but does not

contribute to the Co™!

couple is electronically insulated from the electrode and does not contribute
to catalysis. Note that including this “silent” catalyst would not fully explain the interesting fact
that Co bis(benzenedithiolate) complexes have a higher TOF when immobilized on electrode
surfaces than when in solution, as in solution a TOF of 0.39 s™! was reported,*” while our group

has reported immobilized Co bis(benzenedithiolate) type catalysts with TOFs four orders of
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magnitude higher.>® Also, the degree of reduction of GO may impact the change of onset potential
with pH, with a more reduced GO becoming closer to Nernstian. The GO degree of reduction
should be controllable via the amount of reducing charge passed electrochemically and can then
be further assessed by Raman and X-ray photoelectron spectroscopy. However, if controlling the
exact degree of GO reduction should turn out to be difficult, other conductive and nonconductive

polymer mixtures could be utilized to provide similar conditions.

7.2.3 Photocatalytic HER: Preliminary Results and Future Directions

This thesis focuses on electrocatalytic HER, wherein electricity provides the energy
necessary to drive the reaction. However, as electricity is being produced, stored, transferred, and
used, there are small losses that add up. Ideally, the sun’s energy could be used more efficiently to
produce hydrogen directly through photochemical or photoelectrochemical HER. The relative
efficiency of photocatalytic HER depends on the quantum yield of the photocatalytic HER,
compared to the combined efficiency of solar electricity formation, storage, transportation, and
Faradaic efficiency of electrocatalytic HER. As Co bis(benzenedithiolate) type catalysts are
effective catalysts for HER, they can be useful in developing, testing, and characterizing the
chemistry of molecular photo(electro)catalytic HER systems. Preliminary research on both Co
bis(benzenedithiolate) type catalysts immobilized in thin films with photosensitizers for
photoelectrocatalytic HER and in solution for homogeneous photocatalytic HER has been

conducted. These two types of HER systems are visualized in Figure 1.1.
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Figure 7.2. The photoelectrocatalytic current of a thin RGO film embedded with
[TBA][Co(Cl;bdt),] and with Eosin Y, crystal violet, or no dye as indicated. The thin films were
made with 50 pL 0.5 mg/mL RGO, 10 uL. 1 mM dye, 2 uL. 1 mM [TBA][Co(Cl;bdt),] mixed and
drop-cast on a glassy carbon electrode. Once dried, the films were held at -0.4 V vs Ag|AgCl at
pH 2.5, in 0.1 M KPFs, with a Pt wire counter electrode, under N». The electrode was illuminated
(on) and not illuminated (off) with a halogen light alternatingly every 30 s as indicated.

First, RGO thin films with embedded catalyst and photosensitizer were shown to have slight
improvement in photocurrent. Here, crystal violet or Eosin Y dye was used as a photosensitizer,
and [TBA][Co(Cl;bdt).] was used as the catalyst, with both mixed into an RGO thin film. The
electrode was held at a set potential, positive of electrocatalytic HER, so in the dark there was less
than the necessary driving force for electrocatalytic HER. Upon illumination of the electrode
surface, with a photosensitizer present in the film together with the catalyst, one would expect an
increase in the current at a voltage positive of the electrocatalytic HER onset potential. Both the
dyes show a moderate photocatalytic current, which is slightly improved over a film with no dye
present, see Figure 7.2. This shows that the dyes are able to transfer some of the energy from the
light to the catalyst to allow it to turn over protons to hydrogen at a potential that would otherwise
be too positive for HER. The film with no dye also shows minor photocurrent, which might be due
to the RGO itself being able to absorb light and act as a poor photosensitizer, or due to heating of
the GC electrode from the IR radiation of the halogen lamp, thus facilitating the reaction. However,

this observed photocurrent is a minor improvement over the background current, and subsequent

222



efforts were not able to further improve photocatalytic performance with these dyes. As discussed
below, a more effective photosensitizer is likely necessary.

Cobalt
bis(benzenedithiolate)
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2H* H
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L B0
H +2H"

o) O
dehydroascorbic acid

HO OH
ascorbic acid

Figure 7.3. Scheme showing homogeneous photocatalytic HER with a photosensitizer, ascorbic
acid as a sacrificial electron donor, and Co bis(benzenedithiolate) as the catalyst.

Second, homogeneous photocatalytic HER allows hydrogen to be generated in solution,
without immobilizing the catalyst onto an electrode surface. For Co bis(benzenedithiolate)
catalysts, there is precedent for this: Eisenberg and co-workers were able to generate hydrogen
with [Ru(bpy);]*" and with CdSe nanoparticles acting as photosensitizers in homogeneous
solution.*’** We are interested in finding a more sustainable yet still compatible photosensitizer,
to improve on the literature precedent that relies on rare and toxic metals. To do this, screening
tests were performed under halogen light, with Co(bdtCl»), as the catalyst, an organic dye or non-
catalytic metalloporphyrin as the photosensitizer, and ascorbic acid as the sacrificial electron
donor. This expected reaction scheme is illustrated in Figure 7.3. For these tests, any hydrogen
produced was detected by Hatape, a commercial tape that changes color to a darker gray in the
presence of hydrogen gas. A control reaction with [Ru(bpy)s;]** as the photosensitizer confirmed
that hydrogen was produced and detected, repeating the results of Eisenberg et al.*” However, upon
testing Eosin Y, crystal violet, and ZnTPP, none of these photosensitizers were found to produce
hydrogen at a comparable scale (TPP?~ = tetraphenylporphyrin dianion). Additionally, under this
intensity of light, the Eosin Y showed significant photobleaching, see Figure 7.4. To be effective

photosensitizers, dyes must be stable under the conditions used and compatible with both the
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sacrificial electron donor and the catalyst. A screen of further organic dyes and other green

photosensitizers is suggested, especially utilizing the photoreactor our group recently acquired.

a b
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Figure 7.4. Change in UV-Vis absorption spectra of dyes after exposure to light. Left, 10 mM
Eosin Y (EY) exposed to light shows a decrease in absorption after 10 and 20 minute light
exposure. Right, 20 mM crystal violet shows less photobleaching under the same conditions. The
inset shows a photo of the dye solution in a cuvette under halogen light illumination. The cuvette
is submerged in a water bath to limit changes in temperature.

Quantum dots are a promising photosensitizer as well. They are often less susceptible to
photobleaching than organic dye photosensitizers and can provide multiple high energy electrons.
The amine groups on Co bis(benzylaminedithiolate) complexes could function as ligands for the
commercially available ZnS/CdSe core-shell quantum dots. Ideally, the proximity of the Co
catalyst to the quantum dot would yield higher HER activity than a non-bound catalyst in solution.
Quantum dots could be useful as a homogeneous photosensitizer for HER with Co
bis(benzenedithiolate) type catalysts. They could also be mixed with RGO to give thin films that
could be tested for photoelectrochemical HER. ZnS/CdSe core-shell quantum dots are an ideal test
system for this approach, and if this system proves promising, the new and quickly expanding field
of quantum dots and nanocrystalline semiconductors could be further explored, to reduce the
amount of heavy toxic metal in this system. Of particular interest and promise are carbon, CulnS,

and InP quantum dots which feature less toxic elements and are already commercially available.

7.2.4 Non-HER Reductive Catalysis by Co Bis(benzenedithiolate) Type Catalysts

As Co bis(benzenedithiolate) complexes are adept proton reduction catalysts, they may be

catalysts for other useful reductive reactions as well. Two features that suggest that this is the case
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are the noninnocent dithiolate type ligands that the catalysts feature and their pH switchable HER
activity. These catalysts show limited HER above pH 4, which provides conditions under which
the Faradaic efficiency toward HER is limited. Such conditions are available by utilizing a higher
pH in aqueous solution or using a weaker acid in organic solution. A few examples of such
reductive reactions that Co bis(benzenedithiolate) type catalysts may be tested for include O»
reduction, CO» reduction, nitrate reduction, and reduction of organic functional groups. If any
reactivity is observed, the ligand and metal may be optimized as many related catalysts have been

reported in the literature,®%-61:35%-360
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Figure 7.5. Changes observed in the cyclic voltammogram under air versus dinitrogen. Left, two
consecutive CVs are shown for a GC electrode under air without catalyst present (black), for the
catalyst under dinitrogen (blue), and the catalyst under air (red). Right, comparison of the ratio of
the reductive current to the oxidative current, over multiple CV cycles, with the solution of catalyst
under air (black) or nitrogen (red). The inset graphs show the corresponding CVs, offset for clarity.
This experiment was conducted in a one-part cell with 1 mM [TBA][Co(bdtCl>).] and 0.1 M
[TBA](PF¢) in DMF. The solution was purged with air or dinitrogen as indicated. The working
electrode was glassy carbon, the counter electrode was Pt wire, the pseudo-reference electrode was
Ag, and the potentials were referenced to Fc¢'/Fc after the experiment was complete.

Preliminary work shows that Co(Clzbdt): is active for the O> reduction reaction. In Chapter
3, while studying the mechanism of this catalyst for HER, the reduced Co(II) species was found
to be reactive with dioxygen, returning the Co(III) form of the catalyst upon exposure to ambient
O: in air, see Figure 3.4. This suggests that the Co(II) form is capable of dioxygen reduction and
this catalyst family could therefore be further developed into an O» reduction electrocatalyst. Initial
studies show a 70 mV oxidative shift of the dioxygen reduction catalytic wave compared to bare

glassy carbon. Additionally, the Co(III/II) couple is less reversible under exposure to Oz, which

225



suggests that dioxygen reduction is occurring on a small scale. The catalytic activity in this initial
test may have been limited by the availability of protons in solution. Further trials titrating in weak

acid sources and further optimization are recommended.

7.3 Summary of Investigations of Reactive Metal-Oxygen Intermediates

Chapters 3-6 of this thesis explore three metal-oxygen moieties. In general, for these
studies, we used spectroscopy and density functional theory to define the species’ identity and
electronic structure. These species are very reactive and unusual, requiring careful study.
Vibrational spectroscopies, like resonance Raman and nuclear resonance vibrational spectroscopy
(NRVS) show the often-characteristic vibrations of the metal-oxygen species and reflect the subtle
changes in bond strength due to ligand effects and hydrogen bonding. UV-Vis and magnetic
circular dichroism spectroscopy characterize the electronic structure of the species. Magnetic
circular dichroism offers many data points under temperature and magnetic field variation, which
can determine the spin state of the complex and, with Time Dependent Density Functional Theory
(TD-DFT) calculations, often allow assignment the observed electronic transitions. Combining the
data from different spectroscopies gives us different views of the same species and the true
chemical species explains all the experimental data. Density Functional Theory (DFT) allows us
to corroborate that the proposed structure is a good model for the spectroscopic data and see if the
trends we observe are explained by calculations. Further, when a good DFT model is obtained for
a species of interest, its electronic structure and reactivity can be further understood and properties
that were not measured can be predicted. The chemical knowledge gained in this way helps
scientists understand fleeting intermediates in important reactions and recognize similar species.

First in Chapter 4, a high valent Ni-O intermediate is presented. By spectroscopic and DFT
investigations, this complex is shown to be best described as a S; = 1 Ni-oxyl species. The
bonding inversion of the Ni-O 7 bond generates a hole primarily located in one of the p-orbitals of
the oxyl ligand. This explains the electronic structure of a formally Ni'V=0 species, which would
otherwise not be expected to exist because of the “oxo wall”. The next two chapters explore iron
complexes, with cyclam derived ligands and oxygen containing ligands. The Fe(cyclam)
precursors are known to react with O, and can support a variety of interesting Fe-oxygen derived
moieties.! 1627280324 Chapter 5 examines the effect of changing a nitrogen for an oxygen donor

atom in the cyclam scaffold on the reaction of the Fe" complex with O, protons, and NaBHa. This

226



allowed for the identification of a unique Fe'-phenoxy radical intermediate. Careful DFT
calculations ruled out the initially suspected structure, a Fe(Il)-superoxide type species. Then
magnetic circular dichroism (MCD) and resonance Raman spectroscopy, together with synthetic
and spectroscopic efforts by our collaborators, showed the identity and characteristics of the
intermediate in question as an Fe''-phenoxy radical complex. Finally, Chapter 6 focuses on the

M_peroxide complexes, elucidating how the electronic structure changes with

characterization of Fe
the ring size of the co-ligand. The Fe-O, moieties in these complexes were found to exhibit
consistent electronic structures across the series, which explains their similar spectroscopic
properties. Their electronic structures feature two interesting bonding interactions: a Fe-O» & and
pseudo-c bond. The electronic excitation of the electron in the 6 bonding molecular orbital (MO)
to the 6* MO is responsible for the main band observed by UV-Vis and MCD spectroscopy. This
band allowed us to track the strength of this bond, and we found that the CT band increases in

energy as the ligand size decreases, showing a more tightly bound peroxide unit in the 12-TMC

when compared to the 13- or 14-TMC species.

7.3.1 Future Directions

The studies conducted in this thesis have spectroscopically examined individual earth
abundant transition metal intermediates in oxidation reactions. Our collaborators — the Nam group
in Seoul, Korea and the Ray Group in Berlin, Germany — were able to trap these intermediates
under careful synthetic conditions and to generally show stoichiometric reactivity. Future
directions on this project could involve the study of intermediates that are capable of catalytic
turnover. To do this, one must complete the cycle and return to the starting complex, which could
then be re-oxidized to make the active intermediate. This could be accomplished by
electrocatalysis. The cyclic voltammetry (CV) data of a few of the compounds with cyclic ligands
that we study show clean M™™*! couples, if not multiple clean oxidation couples. A good example
is the Ni(TAML) species studied in Chapter 4.!° This suggests that return to the starting oxidation
state after catalysis should be possible. Our collaborator Dustin Kass has shown phenol
electrooxidation by Fe(TMCO). Further in-depth titrations and controlled potential electrolysis
experiments would be useful to quantify and optimize these types of reactions. Further, it would
be interesting, now that we have identified the spectroscopic markers of these species, to see if

they can be detected during catalysis. Already established molecular oxidation catalysts could be
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examined to see if similar intermediates could be detected under catalytic conditions, and their
electronic structures could be compared to those we found on the slightly more stable
stoichiometric model complexes that our collaborators trapped.

These efforts to understand the electronic structures of reactive intermediates expand our
understanding of what chemical species could occur in oxidative reactions, and how their nature
determines reactivity. In turn, this helps chemists who are developing catalysts for oxidative
reactions imagine and report accurate reaction mechanisms and tune the active site environments

of their catalysts to optimize their reactions, as desired.
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