Femtosecond studies of the iodine—mesitylene charge-transfer complex
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Femtosecond laser studies have been performed to investigate the initial photodissociation reactions
of I,—mesitylene charge transfer complexes. Photodissociation occurs along bathrtesitylene

“bond” and the I-1 bond with a branching ratio of 2:3 for the two reaction coordinates. Following
excitation at 400 nm, geminate recombination occurs along both reaction coordinates. The reformed
l,—mesitylene complexes are formed vibrationally hot and relax on a time scale of 13 ps. The
I-mesitylene spectrum is fully developed within 500 fs of the pump pulse. Approximately 40% of
the I-mesitylene complexes undergo geminate recombination on a time scale of 14 ps. Most of the
remaining complexes recombine with their original partners on a time scale of 400 ps. The initial
anisotropy of the photoproduct absorption is 0H@02. This low anisotropy is a direct result of the
geometry of the complex and nature of the electronic transition rather than indicative of ultrafast
motion toward an asymmetric transition state preceding dissociatiod99 American Institute of
Physics.

I. INTRODUCTION one-dimensional problem, the photochemistry.gfdromatic
complexes represents to first order a two or three dimen-

One of the outstanding problems in chemical physicssional problem. The primary reaction coordinates involve the
remains a detailed understanding of chemical transformation,—aromatic stretching coordinate and the I-I bond. The
in fluid environments. With the advent of femtosecond lasergending coordinate may also be important. The internal co-
it has become possible to address this problem directly byrdinates of the aromatic may be neglected except as a bath
using real time spectroscopic techniques to study reactiofor dissipation of excess energy in the complex.
dynamics in a wide variety of environments. In this paper we  Several picosecond and femtosecond studies of the
report on the use of ultrafast pump—probe transient absorg,—mesitylengl,—MST) complex have been performét:2°
tion spectroscopy to study the photo-induced reactions iThe early picosecond studies established the rapid formation
what should be a very simple system, therhesitylene elec- of an I-MST complex but lacked the time resolution to elu-
tron donor—acceptor complex. There are several fairly basicidate the primary steps in the process. More recently, a fem-
reasons for choosing this system for investigation. The iotosecond study was performed using 310 nm radiation to
dine charge transfer transition has been the subject of innwexcite the charge transfer comp&XThe results of this study
merable experimental and theoretical investigations since ivere interpreted in terms of a very rapid reaction, branching
was initially reported by Benesi and Hildebrand nearly 50between the ,+MST and HI-MST dissociation channels
years agd.Excitation of |, in aromatic solvents is known to within 25 fs. Polarization anisotropy measurements were in-
produce aromatic—I atom complexes which are stable foterpreted in terms of a severely distorted geometry for the
microseconds, having lifetimes determined by the second of-,—MST transition state preceding dissociation.
der rate constant for recombinati®he absorption spectra The 310 nm excitation used in this earlier study lies on
of the L—aromatic complexes and their photoproducts arghe high energy side of the+MST charge transfer absorp-
relatively well characterized. Excitation into the-Bromatic  tion band. In this current investigation the excitation wave-
charge transfer band is also found to facilitate formation oflength is between 390 and 400 nm. Most of the data was
the transition state for halogen addition to methylatedobtained with 400 nm excitation, which lies on the red edge
aromatics® of the charge transfer absorption basde Fig. 1 Excitation

In addition to the plethora of steady state spectroscopiat 310 nm results in the deposition of an additional 7250
investigations, 4 has also been much studied as a paradignem™Ymolecule when compared with 400 nm excitation. The
for elementary reaction dynamics in solution. A wide rangeeffect of excitation energy on the observed excited state dy-
of classic studies have been performed investigating the piamics is dependent upon the form of the excited state po-
cosecond to nanosecond photo-induced predissociatiotential energy surface and the ability of the complex to dis-
geminate recombination, vibrational, and electronic relaxsipate excess energy. It is reasonable to assume that
ation processes of ,1in a wide range of solvent excitation into the charge transfer band involves substantial
environment$ 8 These experiments have inspired a multi- displacement along both the I-I bond and the-MIST
tude of theoretical studié's ! Studies of § (Refs. 12—1%  “bond.” Unless excess energy placed into these modes is
and | (Ref. 15 have also contributed to our understandingrapidly dispersed by coupling with the MST bath, excitation
of elementary reaction dynamics and have inspired addiat 400 nm should result in reaction dynamics that are sub-
tional theoretical effort$®!’ The L—aromatic complexes stantially different from those observed following 310 nm
should prove to be equally fruitful as a model for more com-excitation. It is even possible that excitation at 400 nm will
plicated reactions in solution. Whilg photodissociation is a produce a bound, predissociative excited state, while excita-
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A white light continuum was generated for use as a
Charge-Transfer probe beam by focusing the other 800 nm beara atl cm
<—Band cell of flowing ethylene glycol. The desired wavelength was
selected using a set of interference filt€is) from Corion
(full width at half maximum of 10 nm A reference beam
was obtained by~4% reflection off of a glass slide, while
the remaining 96% was focused into the sample as the signal
beam. Neutral density filters were placed after the IF filter to
ensure that the probe beam was always much weaker than
the pump beam and within a factor of 3 of the same intensity
at all wavelengths. A probe wavelength of 400 nm was ob-
tained by using a 30@m potassium dihydrogen phosphate
Wavelength (nm) (KDP) crystal to generate the second harmonic of the laser
beam. A BG-39 Schott glass filter and neutral density filters
FIG. 1. The absorption spectrum of an iodine/mesitylene solution. The ref-ﬁ:ere used to remove the remaining fundamental and reduce
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erence cell contained neat mesitylene. The peak at 334 nm is assigned to tfje be b h . . | .
charge-transfer absorption while the peak at 490 nm is an electronic transk e probe beam to the proper intensity. A one-color transient

tion of iodine. The filled triangles indicate the excitation wavelengths usedabsorption experiment was also performed with 390 nm

in the current investigation and the excitation wavelength used by Lenderinpump and probe wavelengths by tuning the laser system to
et al. in Ref. 20. The open triangles indicate the probe wavelengths Where/80 nm

the anisotropy of the photoproduct absorption was measured. . .
Data were recorded by using shot-to-shot normalization

of the signal and reference beams. Basically the signal and
tion at 310 nm will be directly dissociative along both the 1—I reference beams were focused onto separate amplified diodes

and I-MST coordinates. The results presented in this papé:}roducing a current that was integrated in separate channels.

demonstrate that the reaction dynamics are indeed dependef{€ Signal from each channel was digitized using a standard
upon the energy of the excitation pulse, although the Com_12—b|t analog-to-digital board in the same computer that con-

plex is directly dissociative at both excitation Wavelengths.trOIS the delay stage. The signal for each pulse was recorded

Following 400 nm excitation, geminate recombination playsas the base-10 logarithm of the ratio of the signal and refer-

a dominant role in the recovery of ground state complexesSNce channels, according to the Beer—Lambert equation.

On the other hand, geminate recombination appears to mal;}ata points for a single scan were generated by averaging the
only a small role in the dynamics following excitation at 310 Signals from 200 laser pulses. Several scans were taken at

nm2 It is also shown that the initial low anisotropy of the each wavelength to average out long-term fluctuations in the

photoproduct is a direct result of the geometry of the com aser intensity. _
For most of the experiments the pump and probe beams

plex and nature of the electronic transition rather than indica- larized h ) | > with
tive of ultrafast motion toward an asymmetric transition were polarized at the magic angle of 54.7° with respect to
state. each other. The polarization of the probe beam was kept

vertical with respect to the experimental setup by means of a
polarizing cube following continuum generation. Separate
Il. EXPERIMENT cubes were used for the 400—700 nm and 600—1000 nm
The kinetics and anisotropy of iodine in mesitylene Sol_spec_tral regions. A \_Nav_eplate in the bump beam perr_nitted
vent were recorded using a standard transient absorptiorr(l)tatlon of the polarlzathn of the e_xcnatlon_pulse. An'SOtT
pump—probe apparatus. A self-mode-locked titanium sap"oPY data were_recorded in the fashion de_scrlbed_ above, W|_th
phire oscillator, running at 100 MHz and producing 20 fs, 2the waveplqte n the pump beam producing vertical or hori-
nJ pulses, was regeneratively amplified following the stan-Zontal polarizations.

dard scheme of Saliat al?! Following compression, the re- Samples of iodine(Aldrich 99.9%, as purchasgdn

sulting laser beam is centered at 800 nm, with a bandwidtmesitylene(Aldrich 99+%, as purchasgdvere prepared to

of approximately 25 nm, providing 30, 100-200 fs give a solution of approximately 0.01 M iodine, resulting in

pulses at a repetition rate of 1 kHz. The pump and prob%n optical density 0fv0.8. at 400 nm fqr al mreath length.
beams were produced by splitting the amplified Ti:sapphire he sample was kept_ln a reservoir at 11°C an_d flowed
output using a 50-50 beamsplitter. The probe pulses wer@rf)wh a quaer cell wita 1 mmpath length. Ultraviolet—
delayed with respect to the pump pulses by a computer Cory_lsmle absorption spectra were recorded before and after
trolled motorized translation stage from KlingéMewpor. each set of measurements_ N iduratiakds fresh sample was
The pump pulses at 400 nm were generated by focusing th%repared each day to avoid sample degradation.

800 nm beam it a 1 mmgB-barium borate(BBO) crystal
and collimating. A Schott glass BG-39 filter was used to
remove the residual fundamental. This produced pump Transient absorption measurements were made of |
pulses with pulse energies 6f40 uJ. Neutral density filters mesitylene (MST) for twelve probe wavelengths ranging
were used to further reduce the pump energy-Bud/pulse.  from 750 to 400 nm. These measurements are summarized in
The signals were determined to vary linearly with pump en-the surface plot shown in Fig. 2. At early times the raw
ergy between approximately 1 and AQ/pulse. signal exhibits an increase in absorption that is peaked

lll. RESULTS
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FIG. 4. Transient absorption signahagic angl¢and anisotropy obtained in
a one-color pump—probe measurement of iodine in mesitylene at 390 nm.
The data have been fit to a model consisting of bleaching signal with an
initial anisotropy of 0.1 and a photoproduct absorption with an initial an-
FIG. 2. Transient absorption signal obtained between 750 and 400 nm for igotropy of —0.2. The photoproduct absorptios 8 m o.d. at the earliest
sample of iodine in mesitylene pumped at 400 nm. times and decay®t4 m o.d. with a time constant of 14 ps. There is a 65%
recovery of the bleaching signal to a vibrationally hot ground state which
appears in 7.3 ps and relaxes with a 12.5 ps time constant. The anisotropy of
. . the bleaching signal decays on a time scale of 20—25 ps while the anisotropy
around 600 nm. The spectrum observed-dtps is shown in ¢ e photoproduct absorption decays on a time scale of 6 ps. This does not
Fig. 3. At shorter wavelengths, where the B« X and represent a unique fit to the data. See the text for an explanation of the

I,—MST charge transfer absorption bands occur, the Signéjgnificance of this model. The transient bleaching signal can be fit equally
a?(ell using a model containing no photoproduct absorption. There is still a

0008 \\\\\\\

contains a SUbStantlal, COI’]tI’IbUtIO!’] du? to the bIeachmg c_)f th 5% recovery of the bleaching signal with a 7.3 ps appearance of the vibra-
ground state absorption. At no time is an absorption signaionally hot complex and a 12.5 ps relaxation.
indicative of an ion paifMST™,l;] observed. ] is charac-
terized by a strong UV absorption bad385 nm in polar
solvent$?) and a somewhat weaker near-IR absorption bangient species may be consistent with the presence of a'MST
peaking around 740 nm in both polar and nonpolarabsorption. However, neither of thg hbsorption bands are
solventst*?® MST* exhibits a visible absorption band at observed.
~456 nm in the gas phagé A ~35 nm red shift of this On the red edge of the transient absorptior,600 nm,
absorption in solution is expected, based on the observeitie observed signals consist of a biexponential decay of the
shift for the hexamethylbenzene cation from 463 to 500transient absorption with decay components of24ps and
nm2° As will be seen below, the spectrum of the initial tran- 35050 ps. The relative magnitudes of these two compo-
nents vary with probe wavelength, indicating a slight nar-
rowing or blue shifting of the transient spectrum with time.
0.035 Data obtained in a one-color experiment at 390 nm demon-
= : strates that the initial bleach of the charge transfer transition
o recovers substantially in a few tens of picoseconds. The data
shown in Fig. 4 have been fit to a model consisting of a
coherence artifact and an instrument limited bleach with a 7
ps recovery to a vibrationally hot complex. The hot com-
plexes then cool on a time scale of 12—13 ps. The residual
bleach has an amplitude35% of the initial bleach and re-
covers on a time scale of 400 psharacteristic or 1¢ time
. ‘ : when fit to an exponential functipn
380 The data obtained for 480\ ,,e<600 nm contain com-
peting contributions from photoproduct absorption and the
bleaching of the ground state absorption. In order to analyze
FIG. 3. Transient absorption spectrum 1 ps after excitation of gamsT  this data, the magnitude of the bleaching component must be
charge transfer band at 400 nm. The squares represent the raw data. Tiistimated. The amplitude of the bleach observed at 400 nm

data has been corrected for the contribution of gmea_ch in two ways(1) and 390 nm indicates that at least 2.2% of the ground state
The circles represent the corrected spectrum assuming that only 35% of the | h b ited by th | E h
complexes initially excited result in a bleaching of thedcal absorption. complexes have been excite y the pump pulse. From the

This is a lower limit on the magnitude of the bleaching contributi@The ~ pump energy~2 wJ) and spot size at the focus, it is esti-
triangles represent the corrected spectrum assuming that all of the conmated that 2.5% of the,+MST complexes have been ex-
plexes initially excited contribute to the bleaching of théokcal absorption. cited. The discussion that follows will assume that the pump
This is an upper limit on the magnitude of the bleaching contribution. The ’

actual spectrum of the initial transient photoproduct lies between these wUIS€ places 2:50.3% of the }—MST complexes present
limits. The solid line is the spectrum of in mesitylene for reference. initially into the excited electronic state.
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TABLE I. Equilibrium constants for the iodine—mesitylene complexation reaétion.

Equilibrium  Temperature Percent of iodine
Sample type constant (°C) complexed Reference

lodine/MST in carbon tetrachloride

1 0.43 25 0.76 26
2 0.58 0.81 27
3 0.82 0.86 28
4 0.72 22 0.84 1
lodine/MST in heptane
1 0.53 22 0.79 1
2 0.71 25 0.84 29
3 0.882 24 0.864 30
4 1.0454 14 0.883 30
lodine/MST “free from solvent interaction”
1 1.64 24 0.922 31

@Density of mesityleng20 °C), 0.8652 g/mL; molecular weight of mesitylene, 120.2 g/mol; concentration of
neat MST, 7.198 M.

The visible absorption band shown in Fig. 1 consists of = The concentration of I-MST complexes is too low for
contributions due to both complexed and uncomplexed | the 400 ps decay of the I-MST absorption to be attributed to
Excitation at 400 nm or 390 nm should excite only com-second order diffusional recombination. If 2.5% of the
plexed L. The equilibrium constant for the,+mesitylene 1,—MST complexes have been excited in a solution with an
complex has been measured on several occasions in baititial iodine concentration of 1& M, the concentration of
carbon tetrachloride and-heptane solutions. These values residual I-MST complexes after the 14 ps geminate recom-
are summarized in Table |, and are dependent upon bothination is approximately[I-MST]=(0.009 M) X(0.025
solvent and temperature. The percentage,aoimplexed is  x(0.35x2=2x10"* M. The second order rate constant for
calculated for each of the equilibrium constants reported irthe recombination of I-MST is-10.4x10° L mol~* s~ %29
Table I. Based on these measurements we may safely assuffieis will result in a halflife for I-MST of (10.4x10°
that in our experiments 884%4% of the available,lis com- M™1s 1x2x1074 M) 1=0.5 us. Clearly the 400 ps decay
plexed in the initial solution. The 400 nm pump pulse will of the I-MST signal and the,+MST bleaching signal is
therefore bleach 2.5% of 88%r 2.2% of the visible ab- dominated by the recombination of pairs of I-MST com-
sorption band. This estimate provides an upper limit to theplexes before diffusional escape. We did not obtain data for
magnitude of the bleach. delay times longer than 200 ps, and thus cannot estimate the

One hypothesis regarding dynamics on the excited stateltimate quantum yield for formation of the I-MST complex
potential is that excitation provides an ultrafast partitioningobserved in microsecond experiments, except that it must be
between two directly dissociative reaction pathways, one in~10% or less.
volving the breaking of the,MST bond and one involving In addition to measurements of population kinetics with
the breaking of the 11 bon. In this case the initial bleach magic angle polarization, we have also made polarization
of the visible transition may be quite a bit smaller than thatanisotropy measurements at probe wavelengths of 390 nm,
estimated above. Assuming that the dissociation correlates @00 nm, 600 nm, and 720 nfsee Figs. 4—6 The anisot-
ground state,l, complexes which dissociate via the breakingropy is calculated from
of the L—MST bond will not bleach the visible transition.

Thus a lower limit for the bleaching of the visible transition LO=1.(t)  1,(t)—=1.(1)
is obtained from the slow recovery component observed in  M(1)= (D +21, (1) = Iror() 1)
the 390 nm data. At least 35% of the complexes initially

gxg:;ed%g/)rogg;e_olz;’ylSTf frﬁgmentgt;l Thus, at I?“"]‘St\/\/herelu(t) and |, (t) are the transient absorption signals
SYBX35%x88%=0.8% of the visible transition IS ,piained with parallel and perpendicular pump—probe polar-

bleaﬁh?d' he ab . for th ibuti f th ization geometries, respectively. For a signal from one spe-
sing the above estimates for t € contri ut‘l‘ons 9 Nies the anisotropy is directly related to the average angle
ground state bleach to the observed signal, the “pure” tran

etween the pumped and probed transition di ,, b
sient absorption spectrum is estimated and plotted in Fig. g pump P " Ipates, by

for both limits. From this estimate, the spectrum of the initial 5

transient specieé~1 ps is seen to be very broad, spanning  '(t)= 5 (Pz[cos6(t)]). @

the entire visible spectrum. Note in particular the peak at 500

nm, in the region where a MSTabsorption is expected. The If more than one species contributes to the observed signal,
magnitude of this peak is very sensitive to the estimate of th@s is clearly the case here, the calculated anisotropy is given
ground state bleach, but it seems clear that the data do nby

rule out the presence of a small MSTEontribution at early

times. r(t)y=A(t)r(t)+A()ro(t)+--- . €)]
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FIG. 5. Transient absorption signals farih mesitylene obtained with par- N . . . ]
allel (solid line) and perpendiculatdashed ling pump—probe polarization
0.20 0.40 0.60 0.80 1.00

geometries. The pump and probe wavelengths are 400 and 600 nm, respec-

tively. The resulting anisotropy is also plotted in the figure.
r (nm)

wherer ,(t) is related by Eq(2) to the average angle be- FIG. 7. Potential energy curves foy &nd . The solid lines are Morse
tween the pumped and probed transition dipoles for Speciégscillator potentials for the ground and excitBdstate of } (parameters
A - i dl is th I si I d from Refs. 32 and 43 The dashed line is the potential for the ground state
n, An(t)=1n(t)/I1o1(t), andly(t) is the total signal due to of I, (parameters from Ref. 32The energy of the;l potential has been
the nth component E,1 ,(t) =11o1(t)]. At 600 nm and 720 adjusted so that the vertical transition is at about 3.71 eV, consistent with the
nm the signals are dominated by contributions from the phoobserved peak of the charge transfer absorption band. The dash—dotted lines
. . i .. . i 3 3% —(n*
toproduct absorptions. These signals exhibit an initial ansotﬁ;"j‘é%?i“)mattets fOfvffJ"g bfmégmﬁ’\ top, tiﬂtg(zg)' H_g(ﬂlg)' 2gﬂ(]og )t')a”d i
Oy — _ g (1) states o ef. 33. These states may influence the absorption
r_opy of I‘(t 0) o 0.09+0.02 followed py an exponen spectrum or predissociation dynamics of the-MST" complexes.
tial decay of~8=2 ps. The decay of the anisotropy observed
following excitation at 400 nm is much slower than that

observed following excitation at 310 nm. An anisotropy mea-approximately 0.4. At longer times an anisotropy of 0.22 is
surement at 620 nm is reported in Ref. 20. These data alsghserved which exhibits an overall decay ofZ5 ps.

exhibited a low initial anisotropy 0f-0.10 which was fol- The signals measured at 500 nm contain contributions
lowed by a biexponential decay with time constants of 320 f§yom poth the ground state bleach and the photoproduct ab-
and 1.5 ps. sorption, greatly complicating the interpretation. The data

~_ The anisotropy of the bleach of the charge-transfer trannowever, clearly indicate that the anisotropy of the bleach
sition was made in a one color experiment at BQQ nm. At thisand the anisotropy of the photoproduct absorption are ap-
wavelength the anisotropy decay curve is complicated by thgyoximately the same. Because the signals are of comparable

vibrational relaxation of the recovered complex and a cohermagnitude and opposite sign, the contributions roughly can-
ence artifact when the pump and probe pulses are temporallyg|.

overlapped. The coherence artifact has a high anisotropy of

IV. DISCUSSION
15 > A. Initial dynamics
8 101
’ ’ 2 It is generally accepted that the UV transition of an io-
0 2 dine complex involves a transition from the ground elec-
01 < tronic state of the complex to an excited state whose primary

electronic configuration involves a donor/acceptor ion pair.
The ground state potential energy surfaces of bgtramd
MST™ are bound. At first glance then, we would expect the
charge-transfer state of the—-MST complex to be bound,
with a potential surface resembling that gf &long the 1-1
stretching direction, a potential resembling that of MST
along the MST coordinates and a Coulombic ion-pair poten-
tial along the J —MST" bond. In this case, application of the
Franck—Condon principle to the excitation gf &t 400 nm
(3.10 eV leads to the prediction of a bound complex, while
310 nm(4.00 eV excitation is expected to lie above the T-I
FIG. 6. Same as Fig. 5, except that the probe wavelength is 500 nm. dissociation limit as shown in Fig. *%.

A Absorbance (mOD)

-25 0 25 50 75 100

Time Delay (ps)
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Experimental data may be used to make a more accurate 0.030
estimate of the vertical 1 potential in mesitylene. The verti-
cal transition from MST—Jto MST'—I; peaks at 334 nm 0.024
(3.71 e\). In work reported by Stronga broad absorption
transition corresponding to I-MST and assigned to an
I-MST to I"=MST" charge-transfer transition is observed
peaking at~600 nm (2.07 e\). The dissociation limit of
isolated } is 1.58 e\?#33This will be reduced slightly in the
donor—acceptor complex, where thefitequency is lower
and the potential appears more anharmdhiout it is cer- ‘ ‘ , ‘ o
tainly not less than 1 eV. Therefore the MST1™ +1 state is “%%0 s s0 s ew e 70
placed approximately 3.350.3 eV above the ground state of Wavelength (nm)
the MST—L complex. This dissociation limit also supports
the prediction that excitation at 310 nm will lie above the FIG. 8. Photoproduct absorption spectra 1 and 50 ps after excitation of the

. . - . o - 1,—MST charge-transfer band at 400 nm. The circles represent the spectrum
dissociation limit, while excitation at 400 nm lies below the at 1 ps corrected for the bleaching of the visible transition, &yl assuming

direct dissociation limit. that 60% of the )-MST complexes initially excited dissociate along the I-I
The transient absorption results obtained above do ndtond. The other 40% dissociate along theMST bond and do not contrib-
support this simple picture however. The data show no evilte to the blegchmg of the visible transition. The t_rlangles re_pr_esent thz_a

. . spectrum obtained at 50 ps corrected for the bleaching of the visible transi-
dence for a stable ion-pair state. There are at least tWo pOggy, by assuming that 35% of theIMST complexes initially excited form
sible explanations for this(l) The I-MST to '=MST"  solvent separated I-MST complexes which recombine on a time scale of
transition is highly displaced along the |I-MST coordinate~350 ps. Therefore 30% of the-IMST complexes initially excited are

and the minimum for the =MST" state lies at much lower found as I-MST complexes at 50 ps. The squares represent the |[-MST
spectrum obtained at 50 ps multiplied by 2. Aside from a small amount of

gnergies.(Z) The .eXCited Stfflte may be predis§ociative, V\_’ithrelaxation, I-MST complexes are formed within 300 fs. All further dynam-
internal conversion and dissociation occurring on a timeics involve recombination of these complexes.
scale fast compared to our temporal resolution~@50 fs.

These two possibilities are not mutually exclusive and may ) ) )
both play a role in the experimental observations. If the excited state potential energy surface is weakly

The first possibility involves a reasonable assumptiont?o””d' it i§ clearly predissociative with bond breaking oceur-
based on the observed absorption band for the I-MST trarfiN9 0N @ time scale 0250 fs. The model most consistent
sition, which is quite broad and structurelésse Ref. 2, Ref. with the observed data involves d'r?Ct dlssqmat.lon a]ong
19, as well as the spectra reported hete addition, the both the I-I anq J—MST bonds. The signal which is .attrlb-
I-MST bond length is expected to be highly sensitive to the!t€d t0 absorption by the I-MST complex appears instanta-
charge distribution. Therefore, the origin of the highly dis- neously within the resolution of the present experiments. The
placed I-MST-1"—MST* trar;sition undoubtedly lies be- spectrum of this species changes very little with time there-
low 1.77 eV (700 nm. Further support for this hypothesis after_as S*?OV_V” n F'_g‘ 8. The bran(():hlng ratlc_) TQFMST t(.)
comes from the calculation of Maslen all’ These workers I-1 dissociation is 2:3. At least 35% of the initially excited
explored the effect of a static electric field on theplotential l,-MST complexes form |-MST complexes. Because some

energy curves and came to the conclusion that such a ﬁe@:‘nthttie ﬁot”r]]pleﬁz ]imrt'tilily f?]rmn(nedllx:ﬁerq[o gljlenglnatemre\j:vtr)]mt—
will have a large effect on the dissociation limit in the ground ation, the yield for this channe actuafly be somewna

state. In the presence of a field of 0.006 a.u., the calculate jgher. The ratio between the 1 ps and 50 ps spectra of the

— i i 0,
I; and 1~ states are approximately isoenergetic with a. MST photoproduct indicates that 40% of the complexes

barrier to dissociation. From the above discussion it is appr:lr'-mt'aIIy formed undergo geminate recombination on a 14 ps

. 0 i X
ent that the J potential in the J—MST* complex is highly time scale. Therefore 60% of the initially exciteg-MST

perturbed by the presence of the MStation. As a result, complexes d'SSOC'at.e _along the I_I. bond form_mg two
the observation of a spectrum reminiscent of isolated grountlj_MST complexgs V\."th'n L ps. There IS a ;ubstanhal gemi-
. . : . Nate recombination in both of the dissociation channels.
state } is not expected, even if the excited state complex is
weakly bound. A spectrum reminiscent of isolated MST
may be expected at the earliest times. However, the be
self-consistent interpretation of the present results indicates The data obtained between 570 nm and 390 nm contain
that such an ion-pair state is very short lived. a substantial component due to the vibrational relaxation of
The second possibility deals with the excited states of,—MST complexes produced either through ultrafast internal
lodine ofg symmetry which are predicted to lie in the region conversion to the ground state or, more likely, through gemi-
of the charge-transfer absorptidrisee Fig. 7. These states nate recombination resulting in the formation of vibrationally
are all dissociative correlating with thél,,+2l3, or  hot complexes. This is highlighted by the data obtained be-
2l40+25, dissociation limits. Thus, even if the charge- tween 540 nm and 400 nm, which is plotted in Fig. 9, scaled
transfer state is bound, it may be predissociative or mix within such a way as to emphasize the blue shift of the spectrum
the locally excited ] states in such a manner as to be directlyas a function of timésee also Fig. 2 The time constants are
dissociative along the I-I bond. The charge-transfer statsummarized in Table Il. A small 1 ps rise is seen in the data

may also be predissociative along theMST bond. obtained at 600 and 633 nm. This may be due to vibrational

0.018 |

0.012

Absorbance

&. Ground state relaxation
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FIG. 9. Transient absorption kinetics fg—IMST complexes excited at 400
nm and probed at 540 nidash—dotted line, labelgd500 nm(light-solid 0.20
line), 470 nm(dashed ling 430 nm(shaded ling and 400 nm(solid line,
labeled. Note the time shift of the peak absorption intensity as a function of
probe wavelength.

0.00
0 10 20 30 40 50
relaxation of the I-MST complexes or it may be attributed to
the very earliest appearance of the hgtMST ground state
complexes. However, no rise is observed in the 660—750 nm

tral . Th th d t to b . FIG. 10. The anisotropy in a one-color pump—probe experiment at 390 nm.
Spectral region. us, there does not appear (o be an equiVese gashed line represents the calculated anisotropy assuming that the

lent narrowing and red-shifting of the visiblg $pectrum. |,—MST complexes that are reformed have essentially the same orientation
This leads to the conclusion that geminate recombinatioms the }-MST complexes originally dissociated. For the bleagk-0.2
produces an,-MST complex which contains little excess with a reorientation time of 25 ps. The initial anisotropy of the recovered
. h ibrati [ rel . . . absorption is 0.16 in this fit, consistent with a limited amount of random
energy in the I-I bond. The vibrational relaxation is prima- ocomplexation. This slight randomization is required to account for the
rily along the L—MST bond, as is expected for fast cage hump in the measured anisotropy near 12 ps. The solid line is the best fit
recombination following dissociation along the reaction co-obtained if the recovery of the bleach is assumed to be isotropic due to the
ordinate leading to,iMST. The portion of the signal ob- rand(_)m form_atlon of complexes. Note that a random recomplex_atlon is in-
. . . . . onsistent with the flat anisotropy observed at early times and with the long
served at 570 nm tha_t is attrlbut_ed to vibrational reIaxau_on Obverall decay time for the anisotropy.
I,—MST complexes rises on a time scale of(3 ps. This
sets a lower limit for the rate of ground state recovery,
Krecombinatio=0-7 PS ™. the absorption of the vibrationally hot product appears with a
For samples of Jl in pure mesitylene, as were used in time constant of 7.30.3 ps and relaxes on a time scale of
these experiments, the recombination could conceivably b&2.5+0.3 ps. If the recomplexation was random, the absorp-
either geminate recombination, where the iodine recombinetion due to the recovery of ground state-MST complexes
with the same mesitylene molecule with which it was ini- would be isotropic. As shown in Fig. 10, this is inconsistent
tially complexed, or random fast complexation with any of with the observed data. The dominant mechanism for recom-
the mesitylene molecules in the immediate vicinity. Follow- plexation following excitation around 390 or 400 nm is
ing excitation at 390—400 nm, it appears that the dominanieminate recombination.
mechanism for recomplexation involves geminate recombi-
nat|on.. This conclusion is necessrt'ated by the observation qf Anisotropy measurements
the anisotropy at-390 nm. The anisotropy of the bleach of .
the ground state complex starts -a0.22+0.02 and decays The anisotropy measurements presented above are ca-

with a time constant of 255 ps. At this probe wavelength Pable, in principle, of providing a great deal of information
on the reaction dynamics, the excited state symmetries, and

the geometry of the ground and excited state complexes. The
TABLE II. Time constants for the appearance and decay of signal due tgopulation kinetics and anisotropy signal obtained at 390 nm

Time Delay (ps)

vibrationally hot complexes. appears to be due primarily to the bleaching of the charge-
. (09 transfer absorption and the subsequen_t partial repopulation of
Wavelength the ground state of the complex. In this case one would ex-
(nm) Rise Decay pecta priori to observe an initial anisotropy of 0.1 or 0.4
390 73 125 dependent upon the degeneracy of the excited state and the
400 7.0 9.1 geometry of the complex.
430 6.3 6.9 In the point groups appropriate to the isolated molecules,
470 3.0 7.0 the ground state of,1 has23, symmetry while the ground
ggg i:g g:é state of MST is of E symmetry. The present consensus for
570 1.4 29 the geometry of an,+aromatic complex appears to favor a

symmetric axial arrangement of the dver the plane of the
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ring3>-% This arrangement has yet to be proventhe second ion-pair state is totally symmetric with respect to
however®4® An axial geometry is also proposed for the the overall symmetry of the complex, and the transition from
I-MST complext! Data from femtosecond experiments on the ground state will be-polarized.

the L—hexamethylbenzene complex appear to indicate that MST" exhibits a visible absorption band @456 nm in

the geometry of the complex is dependent on the solverthe gas phase. A-35 nm red shift of this absorption in
environment? If the complex has an axial geometry a@ig), solution is expected, based on observed shift for the hexa-
symmetry, the lowest energy ion pair staggD*,A"], is  methylbenzene catiofi. Therefore this transition would be
doubly degenerate. The transition from the ground state ofxpected approximately 21 000 chabove the transition to
the complexwhich is totally symmetrigto the excited state the first ion pair state, or around 37 000 ¢n(270 nm

is polarized in theXY plane parallel to the plane of the above the I-MST ground state. However, the state may be
aromatic molecule. Thus, if the complex is axial the initial stabilized somewhat in the charge transfer complex. A highly
anisotropy of the bleach should be 0.1. Because all in-plandisplaced transition with a peak between 300 and 330 nm
transition moment directions are equally probable, the avercould contribute to the transient absorption signal at 390 nm.
age angle between the pumped and probed transition mddowever, it seems unlikely that this transition could be suf-

ments is 45°. ficiently strong at 390 nm to account for the observed anisot-
The same reasoning holds for the I-MST complex. If theropy. o
complex is axial, the lowest ion paif +MST" state is dou- The second option listed above probably accounts for the

bly degenerate and the transition from |-MST to thedeviation of the observed anisotropy from the predicted
|"—MST" state should be polarized in tbeY plane. There- Value of 0.1. It is certainly possible that the instantaneous
fore, the initial anisotropy of the I-MST photoproduct signal geometry of the ;=MST complex is not axial. The experi-
is predicted to be 0.1, not 0.4 as assumed in Ref. 20. Th&ental data and theoretical calculations are far from conclu-
observed initial anisotropy of absorption signals attributed tcsive. A tilt of the -1 bond with respect to the symmetry axis
|I-MST is 0.09-0.02, in good agreement with the predicted of the mesitylene ring will break the degeneracy of the low-
value. est L —MST" state. If the distortion and the electronic cou-
The initial anisotropy of the bleach measured at 390 nmpling are large, the two,I-MST" states will separate sub-
on the other hand, is observed to bé.22, substantially Stantially and the oscillator strength will be concentrated in
higher than the predicted value of 0.1. There are two possiblen€ nondegenerate excited state having a unique transition
reasons for this apparent discrepan@y. The observed net dipole direction. In this case the initial anisotropy of the
bleaching signal at 390 nm contains contributions from theleach will be 0.4. If the distortion is small the two states.
ground state bleach and a weaker photoproduct absorptioR1ay rémain nearly degenerate. However, the two electronic
(2) The geometry is not axial, but rather, the iodine moleculdransitions will no_I_onger ha\_/e equgl oscillator strengths and
is tilted with respect to the aromatic plane. Both of thesell in-plane transition directions will no longer be equally
possibilities will be discussed in greater detail below. favorable. This WI||. result in an |n.|t|al an!sotropy_ between
Transient absorption signals due to excited state absorf:1 and 0.4. An anisotropy of 0.2 is consistent with a small
tion or photoproduct absorption bands are often observed ifliStortion from an axial geometry and an average angle of
spectral regions where bleaching signals are expected. Cafe® rather than 45° between the pumped and probed transi-
must always be taken to account for such contributions in thd0n dipole directions. This is still consistent with an ob-
interpretation of the magnitude or anisotropy of a bleachings€Tved anisotropy of 0.1 for an axial I-MST photoproduct
signal. In the present case the observed anisotropy may bsorption. The average angle between_ _the transition dipole
accounted for if az-polarized photoproduct transition con- Moment for the pumpedx+MST transition and probed
tributes to the transient absorption signal at 390 nm. Thd~MST transition will be~45° because all in-plane transi-
transition moment of thig-polarized transition is perpen- tion dlpgle directions are equally likely for the photoproduct
dicular to the degeneratey-polarized transition initially ex- apsorption.
cited. Therefore, the initial anisotropy of this photoproduct
absorption should be-0.2 corresponding to an average
angle of 90° between the pumped and probed transition di- There are several differences between the results re-
pole directions. A bleach with any of 0.1 and an overlap- ported in this paper for photodissociation of the-MST
ping absorption with amy of —0.2 will account for the ob- complex at 390—400 nm and those reported by Wiersma and
served anisotropy at 390 nm if the absorption isco-workers following excitation at 310 nfl.These are sum-
approximately 1/4 the strength of the bleach. This is themarized as follows(1) The signal that is observed at 500 nm
model used in the fit of the anisotropy shown in Fig. 4. Thefollowing excitation at 310 nm shows little sign of the vibra-
data are consistent with this model, although the fit is notional relaxation component that is prominent following ex-
unique and the present data are insufficient to prove thisitation at 400 nm. The signal reported in Fig. 3 of Ref. 20
hypothesis. rises rapidly(apparently instrument limitgdo its maximum,
The only reasonable assignment for such a photoprodu@xhibits a plateau for-6—8 ps followed by a 13 ps decay to
absorption is the transition from I-MST to the seconda residual absorptiori2) Following excitation at 310 nm, the
I"—MST" ion pair state. The first excited state of MS%  photoproduct signal observed at 620 nm exhibits a 400 fs
of A7 symmetry in theD4, point group and correlates with rise of a magnitude comparable to the instrument limited
A, in the Cg, point group of an axial complex. Therefore, rise?° A small amplitude,~1 ps rise in absorption intensity

D. Comparison with excitation at 310 nm
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is observed at 600 and 633 nm following excitation at 400MST molecule, while excitation at 310 nm provides suffi-
nm. However, no rise is observed in the photoproduct abeient kinetic energy for the | atom to escape and complex
sorption probed at 690 nng3) The anisotropy measured at randomly on a slightly longer time scale.
620 nm following excitation at 310 nm exhibits an initial The differences observed in the kinetic signals at 500 nm
value of 0.1 followed by a biexponential decay with compo-and around 600 nm indicate that the reaction dynamics
nents of 320 fs and 1.5 ps. This is in direct contrast to theand/or the branching ratio for the two reaction pathways is
data obtained at 600 and 720 nm following excitation at 400modified by the excitation energy. Apparently the-MST
nm, where the anisotropy decays with a single exponentiadissociation channel followed by geminate recombination
time constant of~8+2 ps from an initial value of 0.09 and vibrational relaxation, which has a quantum yield of 0.4
+0.02. following excitation at 400 nm, is relatively unimportant fol-

The low initial anisotropy was interpreted in the work of lowing excitation at 310 nm. If the complex undergoes dis-
Lenderinket al?® in terms of ultrafast(<25 fs) motion to-  sociation to $+MST, the molecular iodine fragment inter-
wards the transition state. However, as discussed above, tlaets with the surrounding solvent before forming a randomly
value ofro=0.1 is entirely consistent with the predicted oriented complex with another MST molecule on a slower
polarization of the lowest ,+MST and I-MST charge- time scale. This randomization is a consequence of the some-
transfer transitions. There is no need to invoke any kind of anwhat higher kinetic energy of the fragments following exci-
ultrafast motion. tation at 310 nm.

The fast biexponential decay of the anisotropy following
excitation at 310 nm was interpreted in terms of rotationak, coNCLUSIONS
excitation due to the kick given to the I-MST fragment in
the dissociation process. This may account for the 1.5 ps The most consistent model for the photOdiSSOCiation re-
component. But there is a much more likely explanation foraction of L—MST complexes following excitation at 400 nm
the 320 fs component, taking into account the observed 40t as follows:

fs rise in the absorption signal at 620 nm. This rise was l,~MST—1,+MST (¢$~0.4), (lla)
interpreted in terms of the formation of secondary I-MST
complexes as in the scheme below, —2 MST-I (¢=~0.6). (Ilb)

This is followed by geminate recombination or escape,

[,—MST—I+I-MST <25 fs, (1a) L+ MST—(1,MST) 1,-MST  ($~1.0), (Ic)
MST—I+1-MST—I,—~MST+MST (¢$~0.4), (lid)

—|-MST+MST-1 ($~0.6). (lle)

where reactior{la) occurs directly upon excitation and reac- Geminate recombination of Bnd MST in reactior{lic) oc-
tion (Ib) accounts for the 400 fs rise. Presumably the I-MSTcurs on a time scale1.4 ps. Complete vibrational relaxation
complexes formed in reactiditb) in a three-dimensional so- of the complex(l,—MST)"—1,—MST, occurs on a time scale
lution of MST are largely random. That is, the orientation of of ~13 ps. I-MST complexes either recombine according to
the complex formed in reactiofib) is uncorrelated with the reaction(lld) on a time scale of 1#2 ps, or they escape or
orientation of the original complex. This would immediately reorient to form solvent separated complexes. Most of these
result in a~400 fs decay of the anisotropy, consistent withcomplexes also undergo geminate recombination on a time
the observation of a 320 fs decay. Approximately half of thescale of~400 ps. Those complexes which ultimately escape
observed signal arises from an isotropic distribution offrom each other recombine with a diffusion limited rate
|I-MST complexes. The lack of a fast decay component inconstant
the anisotropy of the photoproduct following excitation at The approximate quantum yield of 0.6 for the 14 ps
400 nm is consistent with the lack of a rise in the transieniescape process is determined from the decay of the photo-
absorption signal as well. product absorption signal at 600—660 nm. The transient ab-
As there is a net production of I-MST complexes fol- sorption decays at longer wavelengths indicate larger appar-
lowing excitation at 400 nm, reactidib) must occur within  ent quantum yields for geminate recombination reaction
1 ps. Apparently the secondary complexes formed followinglld), but this is a result of concomitant narrowing of the
excitation at 400 nm are not random. One possibility is thal—MST spectrum due to a small amount of vibrational relax-
both I-MST fragments are formed directly upon excitationation or solvation. The transient absorption spectrum cor-
in complexes which have a sandwich geomddryA—D. rected for the bleaching of thg &bsorption band is shown in
This would preserve the anisotropic polarization of the ab+ig. 8 for delay times of 1 and 50 ps. The contribution of the
sorption transition for both I-MST fragments at early times.bleach at 50 ps is determined from the magnitude of the
In a solution of } in mesitylene an equilibrium between 1:1 bleach recovery at 390 nm. The contribution of the bleach at
and 2:1 or higher order complexes is expected. Excitation at ps is estimated from a quantum yield of 0.60 for breaking
400 nm may selectively excite the 2:1 sandwich complexeshe I-1 bond. This is midway between the two limits in Fig.
relative to the 1:1 complexes. Alternatively, the residual ki-4. The two spectra differ from each other by only a constant
netic energy of the | atom following excitation at 400 nm factor of 2, indicating that the 14 ps decay is a geminate
may be low enough that the atom is trapped by the nearesecombination process.

I+MST—I-MST 400 fs, (Ib)
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