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ABSTRACT

Transient absorption spectroscopy was used to perform temperature-dependent
studies of the reaction dynamics of cis-1,3,5-hexatriene (Z-HT), 7-dehydrocholesterol

(DHC) and iso-bromoiodomethane (iso-CH,Brl) in various solvents.

The activation barrier for the ground-state isomerization of cZt-1,3,5-hexatriene
to tZt-1,3,5-hexatriene was measured in methanol/propanol (17.4 + 2.4 kJ/mol), and in
cyclohexane/hexadecane (23.5 + 2.5 kJ/mol). It was found to be independent of which
alcohol or alkane was used but dependent on solvent type. Calculations to replicate
experimental results were performed in Gaussian 03. In methanol the calculations
accurately predicted the barrier height within the error bars of the measurement, while
in cyclohexane the calculated results were lower than experimental results. The
discrepancy suggested that a more complex calculation was needed in order to explain

the experimental results.

The decay of the excited-state absorption (ESA) of DHC was studied in methanol,
ethanol, 1-propanol, 1-butanol, 2-butanol, n-heptane and n-hexadecane. The decay of
the ESA is biexponential, with a fast component of ca. 0.4 — 0.65 ps and a slow
component 1.0 - 1.8 ps depending on the solvent. The relative amplitudes are also

influenced by the solvent. Temperature dependent results suggested an intrinsic

X



intramolecular barrier to ring-opening and a solvent dependent barrier arising from
friction of the environment on the reaction coordinate. The low viscosity solvents set an
upper limit for the intrinsic barrier of ca. 4 kJ/mol. A more complete analysis suggests

that the intrinsic barrier is ca. 2 kJ/mol

The decay of iso-CH,Br—I was studied in 1-butanol, 2-butanol, methanol and
acetonitrile. The results are interpreted using a model consisting of a bimolecular
reaction between iso-CH,Br-I and CH,Brl and a solvent-assisted unimolecular decay.
Rate constants are calculated for the diffusion-controlled bimolecular reaction using
three approximations for the diffusion coefficient of the solute particles. Comparison of
calculated and measured values suggested that at €135 mM, iso-CH,Br--I decays
primarily through a solvent-assisted isomerization in 2-butanol and 2135 mM the decay
is dominated by a diffusion-limited bimolecular collision with another species in 1-and 2-
butanol. In methanol and acetonitrile, the decay is presumed to be a bimolecular

reaction between contact-pairs and is essentially temperature independent.
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Chapter 1. INTRODUCTION

Transient absorption spectroscopy (TA) has proven to be a valuable tool for
multiple fields of investigation. This technique has been used to study photo-initiated
reactions in biology, atmospheric chemistry, organic chemistry and physical chemistry.
In chemistry, it has been used to study photo-initiated chemical syntheses® in the
condensed phase, atmospheric gas-phase radical formation in both the atmosphere and
marine layers®” and photodissociation reactions”® in both phases. At the boundary
between chemistry and physics, transient absorption has shown promise as a means of

> When TA is paired with temperature

coherent control and bond-selective chemistry.
control and solvent variation a whole new realm of experiments and measureable
guantities are made available. One of the measurable quantities made available through

temperature-dependent transient absorption spectroscopy (TD-TA) is the investigation

of reaction barriers.

With the use of TD-TA it is possible to determine the presence and relative
height of both intrinsic and extrinsic reaction barriers in a reactive system. The first of
these barrier types, intrinsic, are a fundamental property of the system being studied.
These barriers are expected to be relatively independent of the reaction environment.

As a result of this independence the study of the intrinsic reaction barriers provides

1



valuable information about the molecular energy surface and the dynamics occurring on
the surface. Extrinsic barriers, on the other hand, can be heavily influenced by the
solvent environment. In particular, the nature of solvent environment will affect the
potential energy surface in different ways. In the studies presented here both solvent
polarity and viscosity have been varied in a precise, controlled manner to determine
how each solvent property affects the relative barriers on the potential energy surface.
In order to extract these barrier heights, rate constants are measured at various

temperatures in each of the solvents explored.

Once rate constants have been measured for a series of temperatures with in a
solvent it is possible to extract the barrier heights using an Arrhenius-type plot. In this
plot the natural log of the rate constants is plotted against inverse temperature. The
plot, if the process is temperature dependent, can typically to a line using a simple least-
squares linear regression. In some cases, the inherent “noise” of the measurements
may call for a more complicated weighted least-square which discounts values with
larger error bars. In either case, the linear plot created is fit to a line whose slope
represent reaction barrier and the intercept the Arrhenius prefactor. When these plots
are compared for solvent of varying polarity and viscosity it is possible compare the

effect of each on the system.

In the following chapters, the results of temperature-dependent transient
absorption measurements are presented for three systems. In each case, experiments

were performed to measure extrinsic barriers as well as intrinsic barriers if present. It

2



was determined that in all of the systems investigated there is some form of an
isomerization element with a corresponding barrier. To extract the relative barrier
heights in each of the systems an Arrhenius-type plot, as previously described, was
made. The dependence of the extrinsic barrier on the reaction environment was then
determined in each system though careful variation of the solvent environment. In

particular, the effects of solvent polarity and viscosity were explored for each barrier.

Chapter 2 reports on the influence of solvent on the ground state
conformational relaxation of cis-1,3,5-hexatriene (Z-HT). Originally, Z-HT comes from
the ring-opening reaction of the cyclohexadiene (CHD) following UV excitation 1213 CcHD
is the chromophore of 7-dehydrocholesterol (DHC) which, in turn, is the precursor to
vitamin D production in vivo.  To study the influence of solvent the decay of cZt-HT
through single-bond isomerization to tZt-HT (Figure 1.1), following solvent-aided
thermalization, was measured in methanol, 1-propanol, cyclohexane, and hexadecane.
Activation barriers for the isomerization were extracted from the data in each solvent
and compared to determine the effects of different solvent types. Calculations were
performed in an attempt to replicate and provide insight into the observed solvent
dependence. The measurements were then compared to earlier studies of the
conformational relaxation dynamics of Z-HT produced from 1,3-cyclohexadiene (CHD) in
methanol and n-propanol solvents® and to investigations performed in cyclohexane and
hexadecane solvents.’? The results are then discussed in the context of transition state

theory and of Kramers’ theory for condensed phase reaction dynamics.
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Figure 1.1: Outline of isomerization of cZt-HT to tZt-HT following direct excitation of cZc-HT (Z-HT)
In the field of biology, photochemical isomerization reactions of simple polyene
chromophores have been shown to play a key role in the function of many important

14,15

systems. Typical examples include the cis-trans isomerization reactions of retinal in

14-16

rhodopsins and of the chromophore in photoactive yellow protein as well as the

electrocyclic ring-opening reaction of 7 -dehydrocholesterol (provitamin D, DHC).}"2°

In Chapter 3 the results of temperature-dependent measurements performed on
7-dehydrocholesterol (DHC) in methanol, ethanol, 1-propanol, 1-butanol, 2-butanol, n-
heptane and n-hexadecane are presented. The experiments measured the decay of the
excited state absorption of DHC and the influence of the solvent environment on the
excited state dynamics. The results of the investigations suggest that the ESA relaxes
thorough a biexponential decay with a fast component of ca. 0.4 — 0.65 ps and a slow
component 1.0 - 1.8 ps, depending on the solvent. The relative amplitudes of the fast
and slow components were likewise found to be influenced by the solvent. These results
were supported by broadband UV-visible femtosecond transient absorption
spectroscopy and steady-state integrated fluorescence measurements performed by

K.C. Tang and A. Rury, respectively.21



As previously mentioned, transient absorption spectroscopy has proven useful in
studies of atmospheric chemistry and in measuring solvent effect on photofragment
recombination. Bromoiodomethane has proven equally useful for studies in both those

fields of study.®?*?3

In Chapter 4 measurements of the decay of the metastable-species, iso-CH,Br—I|
(Figure 1.2) are presented. Iso-CH,Br--1is produced through the recombination of CH,Br
and | photofragments resulting from A-Band excitation of CH,Brl at 271nm.
Temperature-dependent transient absorption measurements using narrow band
detection at 460 nm (near the peak of the iso-CH,Br--1 absorption) were performed in
methanol, 1-butanol, 2-butanol and acetonitrile to determine the influence of solvent
on the decay of the iso species. Broadband spectral measurements are also presented
for samples of various concentrations at room temperature. The results are interpreted
in terms of a model that includes both bimolecular reaction of iso-CH,Br--I with ground

state CH,Brl and solvent-assisted unimolecular decay of the iso-CH,Br--I.

m W

Figure 1.2: Optimized geometry of iso-CH,Br—I calculated (DFT) by Wang et al.”*

The date collected for each of the systems explored here provides valuable

insight in to the nature of both intrinsic and extrinsic barriers as well as the
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corresponding potential energy surfaces. Through comparison of the results the effects
of solvent on the reaction surfaces has been explored. In these studies the effects
viscosity and friction on the potential surface have observed as well as how solvent
polarity may raise or lower barrier heights. In addition to providing information about
the potential energy surfaces, these studies provide valuable insight into the nature of

reaction rates through the examination of three types of reactions.

One of these reactions types is intramolecular, which we explored through the
single-bond isomerization of cis-1,3,5-hexatriene and the excited state decay of 7-
dehydrocholesterol. A second is photo-fragment recombination which led to the
formation of iso-bromoiodomethane following UV excitation of bromoiodomethane.
The third reaction type, intermolecular, occurs between at least two molecules and was
observed in the decay of the iso- species. In each case, the results of the measurements
could be used to compare the accuracy and limitations of various solvent models. And,

in the case of bromoiodomethane, to compare three methods of modeling solvation.



Chapter 2. Cis-1,3,5-HEXATRIENE: SYNTHESIS, ISOLATION AND INVESTIGATION®
BACKGROUND

Solvent-solute interactions play a vital role in chemical reactions by influencing
the reactivity of, and energy flow within, the species involved. The ring-opening
reaction of 1,3-cyclohexadiene (CHD) and subsequent relaxation of hot 1,3,5-cis-
hexatriene (Z-HT) provides an interesting paradigm for the detailed investigation of
energy flow in a chemical system. Several groups have investigated both the

25-50

electrocyclic ring-opening reaction of CHD, and of the related 7-dehydrocholesterol

chromophore responsible for the photoreaction that results in vitamin D formation.”*>*
Initial UV excitation of CHD produces a population in the 1'B state which decays by
internal conversion to an optically forbidden 2'A state on a time scale of ca. 10 fs. 283
The electrocyclic ring opening reaction of CHD occurs on the 2*A state and produces

vibrationally hot cis-1,3,5-hexatriene with a quantum yield of 0.40.” A cartoon

illustrating this process is sketched in Figure 2.1.

! Extracted from: Harris, D.A, Orozco, M.B. and Sension, R.J.,“Solvent dependent conformation dynamics of
cis-1,3,5-hexatriene”, Journal of Physical Chemistry A 110(30):9325-9333, 2006; With the exception of

synthetic methods and solvent enhanced structural calculations.
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Figure 2.1: (left) Ground state absorption spectra of CHD in cyclohexane (dot dashed line) and Z-HT in
cyclohexane (thin dashed line), hexadecane (thin solid line), methanol (thicker solid line) and 1-
propanol (thicker dashed line). The spectrum of CHD does not change significantly with solvent. (right)
Cartoon of relevant potential energy surfaces for the CHD ring opening reaction

Upon ground state recovery following photo-initiation of the ring-opening
reaction, rapid interconversion among the three conformers of HT produces a dynamic
equilibrium mixture of cZc-HT, cZt-HT, and tZt-HT (where the labels c and t designate cis
(or more precisely gauche) and trans configurations about the single bonds). As the
molecules relax, the mixture evolves in composition and deposits energy into the

surrounding solvent. Thermal equilibration with the solvent occurs on a time scale of

0-20 picoseconds, leaving a small population of cZt-HT molecules trapped for a period

>100 ps by the barrier for single bond isomerization to tZt-HT>®*’.

The ground state relaxation of hot Z-HT was analyzed by Anderson et. al. *® using

a time dependent molecular temperature in the context of Kramers’ theory for barrier

4158 These studies demonstrated that the rate of relaxation is

8
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essentially independent of the macroscopic solvent shear viscosity (n), with little
difference in the rate measured in cyclohexane (1 = 0.894 mPa s, 25°C)* and
hexadecane (n=3.032 mPa s, 25°C) solvents. In contrast the relaxation observed by
Lochbrunner et al. in ethanol (n = 1.074 mPa s, 25°C) is approximately four times faster

than in the alkanes.****

In addition, the absolute magnitude of the trapped cZt-HT
population is lower in ethanol than in the alkanes. These results posed a conundrum as
solvent polarity is expected to have little influence on the barrier for single bond

isomerization and the typical mode of interaction in a barrier crossing process is

correlated with the solvent friction and thus the solvent viscosity.

The influence of solvent on the conformational relaxation of Z-HT is discussed
herein. These studies used temperature as a tool to explore the influence of solvent on
the ground state barrier for the cZt-HT — tZt-HT conformational isomerization in

methanol, cyclohexane, propanol and hexadecane.

EXPERIMENTAL PARAMETERS

Pump-probe transient absorption experiments were performed using 0.3 mJ
laser pulses from a homebuilt 1 kHz titanium-sapphire laser system. 1,3,5-hexatriene
samples were prepared in solution to have an optical density of approximately 1 at 267
nm for a 1 mm sample thickness. A pump and flow cell were used to refresh the sample

volume between laser shots. The sample was excited at 267 nm with the output of a 3"



60-62

harmonic generation setup consisting of two cascaded nonlinear stages: second

harmonic generation, followed by sum frequency generation.

In order to study the temperature dependence of the cZt-HT -> tZt-HT
isomerization barrier it was necessary to have a significant population of the cZt-HT
isomer. Direct excitation of Z-HT resulted in an excited population of purely hot HT
opposed to experiments where CHD was excited to produce hot HT with only a 40%
yield.®®> The increased yield effectively reduces background contributions to the
transient absorption signal. In previous experiments, HT was commercially available as
a mixture of isomers and the isomers separated34. At the time of these studies HT was
no longer commercially available and so a method of synthesis was sought out. The
ideal synthetic method would have a high yield and be stereo-specific - eliminating the
need for a lossy separation step to isolate pure Z-HT. With those two requirements in

mind three methods of synthesis were assembled and attempted.m'62

SYNTHESIS AND SEPARATION OF CIs-1,3,5-HEXATRIENE

The first of the two experimental synthetic methods was the irradiation of CHD
with UV light. As previously mentioned, the closed-ring CHD molecule opens with a
guantum yield of 0.40 to produce Z-HT. It is reasonable to assume that given a long
enough irradiation all CHD molecules would be converted to HT. In designing this
method it was clear that the end product would be a mixture of isomers and necessitate

separation. While the requirement of a separation step is not in keeping with the
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previously mentioned requirements the simplicity of the method overshadowed the

62
l.

shortcoming. As such, a separation method outlined by Hwa et. al.”” was appended and

the proposed method implemented.

CHD was purchased from Sigma-Aldrich, transferred to a sealed, quartz EPR tube
and placed in a UV reactor for ~48hrs (Figure 2.2). After irradiation the tube was
removed from the reactor and it was observed that the starting material had been
converted to a polymer mass. The mass was examined for traces of hexatriene, but to

no avail. Clearly a more involved synthetic method was required.

UV Reactor
48hrs @ 266nm

Uv transparent EPR
tube with CHD

Figure 2.2: Diagram of first experimental synthesis wherein 1,3-cycohexadiene was placed in a UV
transparent EPR tube irradiated in a UV reactor (centered at 266nm) for 48hrs.

The next method focused on minimizing losses that occur during transfers
between reaction vessels and biasing the ratio of products in favor of the Z-HT. A
literature review yielded two methods outlined by Chandrasekhar et. al.®* and

Danishefsky et. al.®!

which when combined would yield pure Z-HT through the
hydrogenation of 1,6-Bis(trimethylsilyl)Hex-3-ene-1,5-dyne (TMS). The structure of 1,6-
Bis(trimethylsilyl)Hex-3-ene-1,5-dyne (TMS) is such that the triple-bonds restrict the

11



molecule from isomerizing to the E- configuration during the removal of the
trimethylsilyl groups. As outlined in Figure 2.3, TMS (Oakwood Products Inc.) was taken
directly and treated with LiOH in a solution of THF and water according to the method
outlined by Danishefsky et. al.®’. In the vessel, LiOH stripped the trimethylsilyl groups
from the molecule and replaced them with hydroxides. Anhydrous ether was then used
to extract the resulting cis-Hex-3-ene-1,5-dyne and the solution placed in a Rotovapor®
to remove the ether. The pure cis-Hex-3-ene-1,5-dyne left behind was then transferred
to a reaction vessel containing PEG(400), Quinoline, Pd/CaCOs (Lindlar catalyst) and
placed under a hydrogen atmosphere as outlined by Chandrasekhar et. al.® The Lindlar
catalyst, in conjunction with the hydrogen atmosphere, specifically hydrogenated the
triple-bonds to double-bonds without affecting the central double-bond. The

transformation of cis-hex-3-ene-1,5-dyne into cis-1,3,5-hexatriene was successful.

I_ - OH
/
2 LiOH
PEG
THF + H,0
R — PdCaCO, cat.
Extract w/ Ether _—
H, atmos.
| Dry over K,CO, :‘:\\ N
= OH
"-\\ g / OH -
\ Pure cis-Isomer

Figure 2.3: Outline of the 2nd experimental synthesis wherein 1,6-Bis(trimethylsilyl)Hex-3-ene-1,5-dyne
is converted to Hexa-3-ene-1,5-dyne61which is then hydrogenated60 to Z-1,3,5-hexatrienes.

This second synthetic method, having been successful, should have been the

high yield, stereo-specific reaction desired. Unfortunately, TMS is a highly specialized
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reagent, expensive, and only available in small quantities (TMS being sold by milligram).
Even with HT having a high extinction coefficient, the amount of Z-HT required to
complete the planned experiments was on the gram scale. In order to obtain the
necessary yields a third, larger scale, means of the production of Z-HT was sought out.

The third, and most complex, method was a revision of that outlined by Hwa et. al.®?

Previously examined, the method outlined by Hwa et. al. had been rejected due
to the number of steps, the lack of stereo-specificity and the large amounts of reagents
involved. However, the method was now the most viable means of obtaining HT and so
it was attempted with some modifications. In revising the procedure, the reagent
amounts were reduced and a portion of the synthesis was omitted. Part A of the
synthesis called for a Grignard reaction between allyl bromide and Acrolein to produce
1,5-Hexadiene-3-ol for use in Part B. At the time of synthesis, 1,5-Hexadien-3-ol was
commercially available from Sigma-Aldrich and could be purchased in sufficient
guantities to justify the exclusion of Part A. With those two modifications the synthesis

/. 62

and separation of Z-HT were successfully performed as outlined by Hwa et. al. °* (Figure

2.4)
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A. /\/Br Mg ; /\/Mgsr

Ether
N I
1
/\CHO EtZO,A /\)\/
—
2. H,50, H,0
B.
OH
PBrs CeHgBr
/\)\/ HBr (cat.) > (mixture of bromohexadienes)
CeHyBr Me,NCH,Ph
(mixture of bromohexadienes) ——————— 3 CGHQNM62CH2P}1 Br
H,0, 50C

A AT A

ca.3:7 cis : trans

C6H9NM62CH2Ph Br

Figure 2.4: Synthesis of 1,3,5-hexatriene from allyl bromide as outlined by Hwa et al.?

TRANSIENT ABSORPTION M EASUREMENTS

One color (Apump = Aprobe = 266 Nm) transient absorption kinetics traces were
obtained for Z-HT as a function of temperature. The pump pulse was produced as
described above. The probe pulse was obtained by sending a portion of the 800 nm
fundamental laser beam onto a 1.5 m computer controlled delay stage. This delay stage
permits accurate measurements spanning six decades in time from 10 fs to 10 ns. The
third harmonic was generated by using back-to-back BBO crystals after the stage. The
first crystal is used for Second Harmonic Generation, and the second crystal produces
the third harmonic through sum frequency generation. The 800 nm beam was carefully

aligned on the delay stage to ensure that the pulse energy of the third harmonic probe
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was the same when the retro-reflector was at the back of the stage and at the front of
the stage. The pump and probe polarizations were oriented at magic angle (54.7°) with
respect to each other to eliminate the influence of rotational relaxation, allowing for the

direct observation of the population relaxation.

Temperature control was achieved by immersing the sample reservoir in a bath
with a 50/50 mixture of water and ethylene glycol. The temperature of the bath was
controlled by a NesLab RTE-111 Refrigerated Bath/ Circulators, capable of maintaining
temperatures from -25°C to +150°C. The sample was flowed with a peristaltic pump and
the temperature was measured with a temperature probe inserted in a T-joint located
immediately after the sample cell. The temperature of the solvents were varied from
15°C to 70°C in cyclohexane, 21°C to 80°C in hexadecane, 10°C to 56°C in methanol and
10°C to 76°C in n-propanol. The temperature was maintained with an accuracy of +

0.5°C.

RESULTS

GROUND STATE BARRIER FOR cZT-HT — TZT-HT ISOMERIZATION®’

Previous measurements observed a long time transient absorption signal
following excitation of CHD. The signal was attributed to the trapping of the ground
state cZt-HT population following formation of Z-HT. To get a better observation of the
cZt-HT population dynamics the ground state recovery of initially excited Z-HT has been
measured instead of initially excited CHD.
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One color (Apump = Aprobe = 266 Nm) transient absorption kinetics traces were
obtained for Z-HT in cyclohexane, hexadecane, propanol and methanol as a function of
temperature between 10°C and 80°C to observe the effect of solvent polarity on the

ground state conformational relaxation of Z-HT. A typical trace is shown in Figure 2.5.

20 0
] -101 CZt-HT — tZt-HT
10
) I 20 1
% " 1 10 100 1000 10000
<
- il
-10
-20
T | I | I | I | I
-10 10 30 50 70 90

Time Delay (ps)

Figure 2.5: Transient absorption kinetics of Z-HT in methanol at 19°C. The rapid (<50 ps) bleach
recovery is independent of the solvent temperature over the temperature range studied, but the long
time (>50 ps) residual recovery displays a notable temperature dependence. The data in the inset is
plotted on a logarithmic time scale to highlight the temperature dependent component corresponding
to the slow relaxation of trapped cZt-HT.

The ground state recovery shows two distinct temporal regions. The fast
component (< 50 ps) corresponded to the thermalization of hot Z-HT following internal
conversion from the excited electronic state. That component was essentially
independent of the bulk solvent temperature. The slower component (> 50 ps)
corresponded to the decay of the population of the trapped cZt-HT conformer after
thermalization with the surrounding solvent. The rate of decay of this latter component

is strongly dependent on the temperature of the bulk solution. The transient absorption
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traces for times longer than 40 or 50 ps were well modeled by a single exponential
decay. These data were analyzed using an Arrhenius type equation for the rate

constant:

k — A\he_Ea/RT (1)
An activation energy barrier height for the c¢Zt-HT — tZt-HT transition was extracted

from the slope of a plot of In (k) vs. 1/T.

In(k) = F'f; +In(A,) (2)

These linear fits to the data are plotted in Figure 2.6. It is important to note, however,
that the errors are not constant and a weighted least squares method must be used to
extract accurate values and error estimates for E; and A,. Fits obtained for the two
alkane solvents are indistinguishable within the scatter of the data (see the inset in
Figure 2.5). The same is true of the alcohol solvents, although the data sets are smaller,
and the scatter is larger, resulting in a greater uncertainty in the parameters of the fit.
In the analysis that follows the data obtained in both alcohols will be grouped together

as will the data obtained in both alkanes.
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Figure 2.6: Weighted linear least squares fit of the rate constants (ns™) as a function of temperature to
Equation 3. The best fit parameters are Alcohols (squares): E, = 17.2 + 2.4 kl/mol, A, = 3.8 (-2.3, +6.2) x
10" s'l, and Alkanes (circles): E, = 23.5 £ 2.5 kJ/mol, A, = 6.0 (-3.8, +10.1)x 10" s™. The error ranges are
calculated as the standard uncertainties in a weighted least-squares fit. The inset shows a comparison
of the fits for hexadecane (open circles, dashed line) and cyclohexane (filled circles, solid line)
separately.

An activation energy barrier height for the cZt-HT — tZt-HT transition was also
extracted directly via a nonlinear fit directly to Equation 1. Fits to the data in both
alkane and alcohol solvents are plotted in Figure 2.7. In both cases the reduced chi
square for the best fit is near 1 (1.0815 in alcohols and 0.8343 in alkanes). The range of
values for the parameters A, and E, consistent with the data are highly correlated.

These ranges are illustrated in the form of contour plots of »7Z(A,,E,) in Figure 2.8.
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25

Figure 2.7: Fits of the rate constants obtained for the cZt—tZt isomerization to an Arrhenius
expression. Circles and dashed curves are the rates in alkanes, while the squares and solid curves are
the rated in alcohols. The thin lines represent the ranges calculated using parameters for Ah and Ea for

2 2
which £r < Xt (min) + 0.2. The best fit parameters are Alcohols: E, = 17.4 ki/mol, A, = 4.1 x 10" s™,
and Alkanes: E, = 23.2 kJ/mol, A, = 5.2x 10 s™.
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Figure 2.8: Contour plot of Xt as a function of the fit parameters Ah and Ea for the data obtained in
2 2
alcohols and alkanes. The contours are red: X within 0.01 of the minimum, green: X within 0.05 of

2 2
the minimum, dark blue: X within 0.1 of the minimum, light blue X within 0.2 of the minimum. The
dashed box represents the range of barriers calculated as described in the text and the range for A,
calculated using transition state theory. The dark blue ellipses are essentially equivalent to the error
ranges obtained in the weighted linear least squares fit.

From this data set it is clear that the relaxation of cZt-HT in thermal equilibrium
with the solvent is consistently faster in the alkane solvents than in the alcohol solvents.
This is in striking contrast to the observation for the hot HT initially formed following
excitation of CHD where relaxation in alcohols is faster than in alkanes.®® It is also
noteworthy that within the scatter of the data set there is no significant dependence on
the specific alcohol or alkane solvent. The effective barrier for the cZt-HT — tZt-HT
single bond isomerization in the alkane solvents (23.5 £ 2.5 kJ/mol) is higher than the
effective barrier in alcohol solvents (17.2 + 2.4 kJ/mol). The Arrhenius prefactor is an
order of magnitude smaller in alcohol solvents, A;, = 4x10" s than in alkane solvents,

A, = 6x102 s
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DiscussION

COMPARISON OF THE CZT — TZT-HT BARRIER WITH OTHER CALCULATIONS AND EXPERIMENTS
The activation barriers reported above for the cZt—tZt isomerization are in
reasonable agreement with similar measurements reported in the literature for other
polyenes. The barrier for the cEtEt—tEtEt single bond isomerization of trans-
octatetraene was determined by photoproduction of cEtEt and thermal recovery of the
tEtEt ground state at low temperature in an alkane matrix.®® In this experiment the
disappearance of the cEtEt conformer was monitored at 6 temperatures between 49
and 53K. The data was fit to an Arrhenius expression, Equation 2, yielding a barrier of
16.4 £ 0.8 kJ/mol. A somewhat lower barrier has been deduced for butadiene from high
resolution Raman spectra of overtone torsional vibrations in the gas phase (13 kJ/mol
for g—>t).67 Finally, it should be noted that this barrier is similar to the barrier reported

for the related cZc—>cZt isomerization of previtamin D in ethanol (15.5 £ 1 kJ/mol).>

A few calculations of the cZt—tZt isomerization of hexatriene have been
reported in the literature. Calculations performed with GAUSSIAN92 gave a barrier of
8.6 ki/mol (720 cm™) from the RHF (6-31G*) calculation reported earlier,”® while a
slightly higher barrier of 13.6 (11.2 with zero point correction) kJ/mol was reported for a
calculation using DFT(B3LYP/6-31G**) methods.*® These calculated barriers were much
smaller than the experimentally determined effective barriers for Z-HT and did not

include solvation effects.
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In addition to Gaussian 92 calculations, torsional potentials for single bond
isomerization in 1,3-butadiene and cZt—tZt-HT were performed in Spartan 04
(Wavefunction, Inc. Irvine CA) and are plotted in Figure 2.9.°® These potentials were
calculated using the RHF 6-31G* ab initio method and the B3LYP/6-31G** density
functional method with optimization of all other coordinates at each constrained value
of the torsional angle. For all calculations the trans configuration is defined as 180°
while the cis configuration is defined as 0°. The torsional potential for butadiene is in
good agreement with the HF calculation reported by Fabiano and Della Sala®®, in
gualitative agreement with the other calculations reported, and in excellent, although
somewhat fortuitous, agreement with the experimental barrier. In contrast to the
experimental observation on Z-HT however, this RHF 6-31G* calculation predicts a
lower barrier for cZt—tZt-HT isomerization in hexatriene than for c—>t isomerization in
butadiene. The B3LYP density functional calculation predicts a higher barrier for the
c—t isomerization for both butadiene and hexatriene, in good agreement with the
results both of Fabiano and Della Sala for butadiene® and of Henseler et al. for

hexatriene.*%,
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Figure 2.9: Calculated torsional potentials for the c—>t isomerization of 1,3-butadiene (dashed line,
diamonds) and the cZt— tZt isomerization of 1,3,5-hexatriene (solid line, triangles) (a) RHF 6-31G*; (b)
B3LYP/6-31G**. The angle is defined as 0° in the cis configuration and 180° in the trans configuration.
The horizontal lines represent the experimental barriers for c—t isomerization, butadiene vapor (no
end caps), Z-HT in alcohols (square end caps), Z-HT in alkanes (circle end caps). The calculated dipole
moment (circles) is plotted along the scale on the right axis for each method. The vertical dashed
arrows indicate the approximate positions of the cZt minimum (ca. 40°) and the cZt—tZt transition
state (ca. 100°).

The dependence of torsional barriers on environment and on environmental
friction has been the subject of many investigations. Most of these studies have dealt
with the motion of groups much larger than the C=CH, group displaced in the single
bond isomerizations reactions described here. In particular, the excited state
isomerization of trans-stilbene has been the subject of exhaustive investigation.®*®” The
effective barrier obtained from Arrhenius plots of the trans-stilbene lifetime in a series
of alkanes contains a contribution arising from the activation energy for viscous flow
acting as a friction on the reaction coordinate. Sun and Saltiel have reported a careful
comparison of the excited state trans— p isomerization of stilbene and determined that
the intrinsic barrier for isomerization in alkanes was independent of solvent, AH,=11.9
ki/mol.”® If a torsional frequency of ca. 100 cm™ is assumed, the transition state barrier

is 13.8 kJ/mole (vide infra),80 in good agreement with the gas phase value of ca. 14
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kJ/mol. Extensive investigations by Troe and co-workers have also identified minimal
medium effects on excited state torsional barriers in low viscosity nonpolar solvents for

a broad range of stilbene and diphenylbutadiene derivatives.®’

While the excited state isomerization of trans-stilbene is in many respects similar
to the cZt—tZt isomerization of hexatriene, there are distinct differences as well. The
hexatriene molecule is smaller than trans-stilbene, and the reorientational diffusion is
faster. The time scale for the reorientation of Z-HT is estimated to be ca. 4 psin
cyclohexane assuming slip boundary conditions, in good agreement with the 5 ps decay
of the absorption anisotropy.”® The reorientation should be as fast or faster in the two
alcohol solvents. The reorientation may be somewhat slower in hexadecane, but is still
fast compared with the time scale for single bond isomerization. In addition, the =CH,
group displaced in the cZt—tZt isomerization of hexatriene is much smaller than the
phenyl group displaced in the isomerization of trans-stilbene. The change in volume
may be estimated from the reaction coordinate calculations described above, with the
prediction of a volume change no larger than 0.35% along the reaction coordinate.
Because the reorientational diffusion is fast with respect to the cZt—tZt isomerization,
and the volume change is small, the molecule can easily reorient during the reaction.
These observations are consistent with the insignificant viscosity dependence manifest
in the data. Itis unlikely that the frictional influence of viscous flow on this small
volume change will have a substantial influence on the effective barrier height for this

single bond isomerization reaction.
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The excited state trans— p isomerization of stilbene is substantially faster in
polar than in nonpolar solvents of comparable viscosity.®® This effect has been
attributed to the influence of the medium on the intrinsic barrier for activation and on
the influence of solvation dynamics on the isomerization coordinate.®? The barrier in
the S; state of trans-stilbene is generally attributed to an avoided crossing between
electronic states and it is relatively easy to imagine a mechanism by which solvent
polarity could influence the barrier height. In contrast, the cZt—tZt isomerization is a
ground state single bond rotation, albeit within the © framework of a conjugated
polyene. The dipole moment of the molecule will vary as a function of the torsional

angle although the variation is expected to be small.

The magnitude of the dipole moment of Z-HT calculated for both the RHF 6-63G*
and B3LYP/6-31G** DFT calculations is plotted in Figure 2.9. The change in dipole
moment along the reaction coordinate may provide a mechanism to modify the
torsional potential in polar solvents. However, the change in the magnitude of the
dipole moment is modest in the DFT calculation, and even smaller in the RHF
calculation. Although there is a change in direction as well as in magnitude of the
dipole, fast solute reorientation will minimize the influence of the dipole direction on
the activation energy. Rapid solvation by methanol (ca. 5 ps) and propanol (ca. 26 ps)
will also serve to mitigate the influence of the change in dipole direction on the effective

barrier for isomerization.®
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The torsional potential calculations discussed above did not account for solvent

effects upon the cZt—tZt-HT isomerization. In order to account for solvent effects upon

the single bond isomerization Gaussian 03 was used. As above, torsional potentials

were calculated using the RHF 6-31G* ab initio method and the B3LYP/6-31G** density

functional method with the trans and cis configurations defined as 180° and 0°

respectively. The structures were optimized at each constrained torsional angle, similar

to the previously mentioned Spartan 04 calculation, and a continuum solvent model

included in the calculation. Potentials calculated using Gaussian 03 are shown in Figure

2.10 both without solvent and with a continuum models representing cyclohexane and

methanol.
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Figure 2.10: Calculated torsional potentials for cZt— tZt isomerization of 1,3,5-hexatriene performed
with (left) RHF 6-31G*; (Right) B3LYP/6-31G** without solvent (black dotted), in cyclohexane (green
dot-dash) and in methanol (red dashed). The angle is defined as 0° in the cis configuration and 180° in
the trans configuration. The horizontal lines represent the experimental barriers Z-HT in alcohols (red),

Z-HT in alkanes (green).

26



Barrier heights in both cyclohexane and methanol were calculated using two
continuum solvent models with both the RHF (6-31G*) and DFT (B3LYP 6-31G**)
methods (Table 2.1). For cyclohexane the calculated barrier heights were 7.3 klJ/mol
RHF (6-31G*), 11.8 kJ/mol DFT (B3LYP 6-31G**) using the IEFPCM solvent model and 7.4
kJ/mol RHF (6-31G*), 11.8 kJ/mol DFT (B3LYP 6-31G*) with the CPCM solvent model.
For methanol the values were 7.5 kJ/mol RHF (6-31G*) and 11.8 kJ/mol DFT (B3LYP 6-
31G**) in the IEFPCM solvent model 7.5 kJ/mol RHF (6-31G*) and 11.9 kJ/mol DFT
(B3LYP 6-31G**) in the CPCM solvent model. The calculated barrier heights for
cyclohexane fell below the alkane experimental value regardless of the solvent model
used in either method. The discrepancy between calculated and experimental barrier
heights made it apparent that the inclusion of a continuum model for the solvent was
insufficient to replicate the dynamics occurring in cyclohexane. In methanol the
calculations performed with the RHF (6-31G*) and DFT (B3LYP 6-31G**) methods and
both solvent models resulted in calculated barrier heights which fell within the error

bars of the alcohol experimental value.
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RHF (6-31G*
Isomer and RHF (6-31G") Differenc(e b/n th)eory DFT (B3LYP 6-31G**) DFT (B3LYP 6-31G™)
(solvent model) Barrier Height and experiment Barrier Height (kJ/mol) leferen(?e bin theory and Solvent
(kJ/mol) experiment (kJ/mol)
(kJ/mol)
czZt none
tZt none
trans 7.279 11.850 none
CcZtC(IEFPCM) Cyclohexane
tZtC(IEFPCM) Cyclohexane
transC(IEFPCM) 7.305 -16.195 11.787 -11.713 Cyclohexane
CZtM(IEFPCM) Methanol
tZtM(IEFPCM) Methanol
transM(IEFPCM) 7.526 -9.874 11.845 -5.555 Methanol
CcZtC(CPCM) Cyclohexane
tZtC(CPCM) Cyclohexane
transC(CPCM) 7.389 -16.111 11.829 -11.671 Cyclohexane
cZtM(CPCM) Methanol
tZtM(CPCM) Methanol
transM(CPCM) 7.544 -9.856 11.858 -5.542 Methanol

Table 2.1: Calculated energies and barrier heights for cZt->tZt isomerization of 1,3,5-hexatriene
performed with RHF (6-31G*) and DFT (B3LYP 6-31G*). Values were obtained with both methods and
calculated using both IEFPCM and CPCM continuum solvent models. The differences between
calculated and experimental results for the barrier height are also listed.

In addition to calculations in Spartan and Gaussian molecular dynamics
simulations of the cZt—tZt-HT isomerization have been performed by the Geva group in
both cyclohexane and methanol. The results were able to replicate the faster relaxation
in methanol compared to cyclohexane and it was speculated that it was an entropic
effect. In the model, cyclohexane molecules were shown to more easily envelop the
cZt-HT molecule which had the effect of stabilizing the isomer and lowering the barrier
to isomerization. However, in addition to stabilization the close packing between
cyclohexane and cZt-HT molecules inhibited the bond rotation to form tZt-HT. With the
motion inhibited the rate of isomerization in cyclohexane is reduced when compared to

methanol.*®
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INTERPRETATION OF THE ARRHENIUS PREFACTOR
In the context of transition state theory the unimolecular rate constant for the

cZt-HT — tZt-HT single bond isomerization is the canonical rate constant:

kb_T Qrs M g Ea/kT

3
h Q(T) ?)

kTST (T) =

where Qs and Q; are the vibration/rotation partition functions for the transition state
and the reactant respectively, k is the Boltzmann constant, T is the temperature, and E,
is the activation energy. Calculated vibrational frequencies for the cZt conformer and
the transition state (RHF/6-31G**) may be used to estimate A, directly from Equation 3
in the limit of harmonic potentials. These calculations yield values of A, =2.8-3.4 x10%?
s for the temperature range investigated here. This is slightly lower than the value of
Ap, deduced from the measurements in alcohol solvents (A, = 4 x 10" s™%), but well
within the error, which permits values ranging from 1.5 x 10" s to 1 x 10" s, In the
context of transition state theory a higher value for A, requires a larger partition
function for the transition state or a smaller partition function for the reactant

minimum.

In the absence of precise knowledge of the transition state, the expression in
Equation 3 is often used in a simplified form. Assuming that only the reactive coordinate
differs between the ground state and the transition state, the expression for krsr can be

written as:
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kT by B
kTST (T) :bT[l_e h a/ka]e E, /k,T (4)

where v, is the frequency of the effective reactive vibration. Under the assumption that
the reactive coordinate will be a torsional vibration with a frequency of 100-500 cm™
the pre-exponential factor in Equation 5 is estimated to be 2.3 -6.6 x10"? s over the
temperature range from 283 K to 353 K. An effective frequency of 125 to 150 cm™ for
the torsional coordinate reproduces the values calculated using Equation 3. In the high

—hv, /kyT

temperature limit where k, T >> hv,, the polynomial expansion of e in Equation 4

leads to a simplified equation for the transition state rate constant where the

exponential prefactor is independent of temperature:
Krgr (T) = v, e =" (5)

According to Kramers’ theory for unimolecular reactions in liquids the frictional

influence of the environment should result in a rate constant given by:
k =Kigr & (6)

where K is the Kramers’ transmission coefficient, which may be approximated as

22

= 1+(£j _r ™

20, 20,
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In this equation m, is the (imaginary) frequency describing the curvature of the barrier

58,64,91

and B describes the friction of the solvent on the reactive motion. In the high

friction limit (B > 2w,) the Kramers’ coefficient reduces tox = @, /3.

In the Smoluchowski-Stokes-Einstein limit the friction on the reaction coordinate

is related to the macroscopic shear viscosity of the solvent with 3 =17 .>® However, sub-

linear dependences of the rate constant for isomerization reactions on the solvent

69,75,76,92

viscosity are commonly reported in the literature. This sub-linear dependence

on viscosity leads to an equation for the transmission coefficient:

K=—2 (8)

where 0 <y <1.”" The parameter y can be interpreted as the fraction of the activation

energy for viscous flow that acts as a friction on the reaction coordinate.”®

In the limit of medium friction (B << 2m,) the Kramers’ coefficient in equation 8
will approach unity. Thus K is always less than or equal to one in the presence of
environmental friction. It is never predicted to be greater than one. A generalization of
93-95

this equation with a frequency dependent friction was put forth by Grote and Hynes.

However, in Grote-Hynes theory the transmission coefficient will still be less than 1.

The range of values for A, estimated by transition state theory for cZt—tZt single
bond isomerization is an order of magnitude lower than the value of 6 x 10 s*

determined from the data obtained in alkane solvents. As transition state theory should
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provide an upper limit for the reaction rate in the region of moderate to high friction,
where rapid energy randomization is guaranteed, this result provides a significant
puzzle. Interestingly, Schroeder et al. also report an order of magnitude deviation
between the calculated and experimental rate constant of trans-stilbene in low viscosity
polar solvents, with the experimental rate faster than predicted by transition state
theory. This is not a universal phenomena however as trans-stilbene was the only
system observed to exhibit this anomalous behavior, while good agreement between
calculated and predicted rates was reported for several larger systems.?” Sun et al. also
comment on an observed “k” for the trans— p isomerization of stilbene in alkane
solvents larger than the ki calculated by Equation 6 with an anticipated torsional
frequency of v = 100 cm™. Although only the difference reported by Sun et al. is only a

factor of 2.5, not the order of magnitude found here for Z-HT.®®

The value of A, in alcohol solvents is systematically lower than the value in
simple alkanes, falling within the range of values consistent with transition state theory.
The difference observed between the alkane and alcohol solvents may suggest an
additional frictional dependence of A, for the alcohol solvent, which is not present in
simple alkanes. However, this friction is not simply related to the solvent shear
viscosity, in fact the most striking feature of the data is the complete lack of
dependence of the reaction rate on the solvent shear viscosity. Over the range of
temperatures investigated the ratio of viscosities in like solvents range from 2 to 5 with

no apparent effect on the reaction rate. This is apparent for the alkane data as
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illustrated in the inset to Figure 2.6, and is also true of the two alcohol solvents. In one
specific example the measured rate constants in methanol and propanol at 10°C are 2.6
ns™ and 2.7 ns respectively despite a four-fold increase in the solvent viscosity from 0.7

mPa s to 2.9 mPa s.

It seems likely that the correspondence between the transition state rate value
for A, and the observed value in alcohol solvents reflects the general validity of
transition state theory and the discrepancy observed for alkane solvents identifies an
additional contribution to the transition state partition function not yet accounted for.
It is interesting to speculate that this difference is related to intermolecular packing of
the solvent. One potential source is a close packing interaction between Z-HT and the
alkane solvents resulting in a solvent induced confinement term at the cZt minimum
correlated with a corresponding increase in entropy of the transition state. This is not
observed in alcohols where the hydrogen bonding interactions between solvent

molecules decrease the confinement.

SUMMARY AND CONCLUSIONS

A careful comparison of the conformational relaxation dynamics of Z-HT in
alkane and alcohol solvents is presented. These data confirm the earlier observation
that the relaxation and thermalization of hot Z-HT is much faster in alcohol solvents
than in alkane solvents. The solvent influence is related to the nature of the alcohol

versus alkane solvent, but is not related in any simple fashion to the macroscopic
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solvent shear viscosity. A measurement of the temperature dependent cZt—tZt
isomerization highlights two aspects of the solvent dependence. First, the barrier for
the cZt—tZt conformational isomerization is influenced by the solvent, and is 25% lower
in alcohols (ca. 1450 cm™, 17.4 kJ/mol) than in alkanes (ca. 1950 cm™, 23.5 ki/mol). In
addition, the equilibrium Arrhenius prefactor, Ay, is an order of magnitude smaller for
alcohols (ca. 4x10% s) than alkanes (ca. 6x10* s™) and is independent of the solvent
viscosity. These values for A, provide something of a conundrum as the value in alkane
solvents is an order of magnitude larger than that predicted by simple transition state
theory. The difference cannot be easily attributed to an activated viscous friction on the
reactive motion as the data is independent of solvent viscosity. A similar, as yet
unexplained, phenomenon was reported for trans-stilbene in the low viscosity solvent

liquid ethane.”
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Chapter 3. 7-DEHYDROCHOLESTEROL: DECAY OF AN EXCITED-STATE ABSORPTION®
BACKGROUND

In chapter 2, the results of studies of the relaxation of hot Z-hexatriene on the
ground state manifold were presented. Temperature-dependent transient absorption
spectroscopy was used to determine the barrier height for the cZt—> tZt isomerization in
various solvents. Through a comparison of the measured barriers in alkanes and
alcohols we were able to ascertain the influences of solvent polarity and viscosity upon
the relaxation dynamics of Z-HT. In those experiments the isomerization of cis-1,3,5-
hexatriene was studied following direct excitation of pure Z-HT, while in previous
studies®® CHD had been excited to create the hexatriene population. Through this direct
excitation we were able to determine that it was neither solvent polarity nor viscosity
that was affecting the ground-state potential and thus relaxation. In fact, the key
solvent property affecting the isomerization rate was the inherent nature of the solvent

and its’ ability to coordinate around the solute.

? Extracted from K.C. Tang, A. Rury, M.B. Orozco, J. Egendorf, K.G. Spears, and R.J. Sension, “Ultrafast
electrocyclic ring-opening of 7-dehydrocholesterol in solution: The influence of solvent on excited state
dynamics”,(Submitted)
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In this chapter we increase the complexity of the studies by turning to the CHD
chromophore embedded in provitamin D. With this added complexity, the dynamics
and potential energy surfaces become more complex and may display more sensitivity
to the solvent environment. To determine the extent of this sensitivity we have
performed similar temperature dependent experiments designed to explore the excited
electronic state of DHC and the influence of the solvent environment on the decay of

the excited state.

In the body, DHC plays an important role as precursor to the natural production

of vitamin D3.96'97

As mentioned in the previous chapter, at the core of DHC is a CHD
chromophore which, when excited with UV light, initiates the reaction leading to
formation of vitamin D3. Once excited, the cyclohexadiene chromophore proceeds
through an electrocyclic ring-opening reaction to form a conjugated triene species
which undergoes a thermal hydrogen migration to form vitamin Ds. (Figure 3.1) The
photochemistry of DHC and production of vitamin D3 is complicated by a web of

98,99

photochemical pathways and byproducts. Most of these byproducts are conjugated

dienes or trienes that absorb in the UV between 300 nm and 250 nm, resulting in the
desired yields and photostationary states being wavelength dependent.’*%1% |n
addition the solvent environment has been shown to play a significant role in the
conformational equilibrium of previtamin D3 and on the various photochemical

pathways.”®?
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Figure 3.1: The provitamin D; 7-dehydrocholesterol (DHC) molecule undergoes a photochemical ring-
opening reaction to form cZc-previtamin D; which undergoes conformational relaxation producing an
equilibrium mixture of the cZc and cZt conformers. The cZc-previtamin D; undergoes a hydrogen
transfer and electronic rearrangement to form vitamin D;. Photochemical side reactions compete with
formation of vitamin D;. The hydrocarbon tail, R, on taxisterol is the same as for the other compounds.

The electronic absorption spectrum of DHC is located in the UV, with the lowest
allowed transition peaking at 282 nm (see Figure 3.2). The DHC spectrum exhibits a
vibrational progression of ca. 1350 cm™ with at least four and as many as six bands
visible in the progression. This mode is consistent with a displacement along delocalized
C=C stretching coordinates in the excited state, typical of t—n* transitions in
conjugated polyenes. The DHC spectrum measured in alcohols (methanol, ethanol, n-
propanol, 2-butanol) and alkanes (heptane, dodecane, hexadecane) is weakly
dependent on the solvent, with peak shifts of under 0.4 nm and slight differences in

band width. The maximum extinction coefficient (emay) is ca. 1x10*M*em™.
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Figure 3.2: Absorption spectrum of 7-dehydrocholesterol (DHC) in hexadecane (blue dashed line) and
methanol (red line). The absorption spectra of 1,3-cyclohexadiene in methanol and hexadecane are
indicated in gray for comparison. The excitation pulse is 3 nm wide, centered at 266.3 nm. This is also
indicated in the figure. The extinction coefficient is accurate to 2 significant figures.

Early UV transient absorption measurements of DHC concentrated on the
photoproduct formation and conformational relaxation.””?° Studies of DHC in
methanol, ethanol, and heptane solvents demonstrated the rapid internal conversion
from the excited state manifold to form vibrationally and conformationally excited

17-20

molecules on a picosecond time scale. Product formation is followed by vibrational

relaxation on a time scale of 2 - 9 picoseconds in heptane and 2 - 5 ps in methanol.*”8
Conformational relaxation leading to an equilibrium mixture of cZt and cZc conformers
occurs on a time scale > 100 ps in heptane and ca. 100 ps in methanol. Temperature
dependent measurements by Fuss et al. determined the ground state barrier for

conformational relaxation for the cZc — cZt-previtamin D transition to be ca. 15.5+ 1

kJ/mol in methanol and ethanol solvents.?

38



In recent work we have studied the excited state ring-opening reaction in greater
detail. DHC is known to possess a CHD chromophore which undergoes a similar ring-
opening mechanism on the excited state manifold. It was proposed that the decay of
the DHC excited state may provide insight into the nature of the species present on the
excited state, the dynamics occurring there and how they may be affected by the
solvent environment. This chapter reports on the temperature and solvent dependence
of the excited state of DHC following excitation at 266nm recently measured by narrow-
band transient absorption spectroscopy. The focus of these experiments was
determining: 1) if there was a barrier for the decay of the DHC ESA, 2) the height of the
barrier (if any) and 3) how solvent may affects that barrier and subsequent dynamics.
The results of the these studies necessitated fitting the population with a biexponential

decay which was subsequently verified by Tang et al.**

EXPERIMENTAL PARAMETERS

The temperature dependence of the excited state dynamics was measured using
a home-built 1 kHz multi-pass ultrafast amplifier seeded by a Ti:Sapphire oscillator
generated femtosecond laser pulses with central wavelength of 805 nm, pulse duration
of ~60 fs and pulse energy of ~450 pJ. The pump was generated from the third harmonic
of the laser and used without additional compression. The probe pulse was generated
using a home-built non-collinear optical parametric amplifier tunable from 470 nm to

700 nm. Measurements were performed with the relative polarizations of the pump and
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probe pulses set at the magic angle of 54.7°. Temperature control was achieved by
immersing the sample reservoir in a bath consisting of a 50/50 mixture of water and
ethylene glycol. The temperature of the bath was controlled by a NesLab RTE-111
Refrigerated Bath/Circulator, capable of maintaining temperatures from -25 °C to +150
°C. The samples were flowed through a 1 mm path length cell to refresh the sample
volume between laser pulses, and the temperature was measured with a temperature
probe inserted in a Y-joint located immediately after the sample cell. The temperature
of the sample was varied from 1 °C to 97 °C and was maintained within £0.5 °C. The
exact temperature range used for the experiment varied depending on the melting and

boiling points of the solvent.

The 7-dehydrocholesterol sample was purchased from Aldrich and used without

further purification. Sample concentrations were ca. 2.7 mM.

RESULTS

TEMPERATURE DEPENDENCE OF THE EXCITED STATE DECAY

The studies of the excited state(s) properties of DHC were performed by
measuring the lifetime as a function of temperature in a number of solvents — the two
alkanes, heptane and hexadecane, and the range of alcohols: methanol, ethanol, 1-
propanol, 1-butanol, and 2-butanol. The temperature was varied from 1°C to 97°C with
the limits for any given sample determined by the solvent properties. Traces at the
extreme temperatures in heptane, hexadecane, ethanol, and 2-butanol are shown in
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Figure 3.3. These data illustrate a clear temperature dependence to the excited state
lifetime. The transient absorption traces were fit to a bi-exponential decay of the
excited state absorption to analyze the change in decay rate as a function of
temperature. None of the solvents exhibit any significant temperature dependence to

the ratio of the amplitudes of the fast and slow components.
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Figure 3.3: Typical decay traces at the extremes of the temperature range in each solvent. The probe
wavelength is 480 nm in 2-butanol and 500 nm in the other solvents.

Interpretation of the temperature dependence of a condensed phase reaction is
often complicated by the temperature dependence of solvent properties. When a
unimolecular reaction involves a significant conformational change the friction on the
reaction coordinate often correlates with the solvent viscosity. As the viscosity is a
temperature dependent property, the observed influence of temperature on the
reaction rate will include contributions from the intrinsic intramolecular barrier for the
reaction and from the change in solvent viscosity. This has been discussed in great detail

in the context of the excited state trans—>cis isomerization of trans-stilbene. %%
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The solvent polarity can also influence the intrinsic potential energy surface and
the reaction rate. This is particularly evident when a charge redistribution occurs in the

excited state.'®

In many polyenes the reaction coordinate involves conical intersections
or avoided crossings between states with different internal charge distributions. In
these systems the solvent polarity can influence the intrinsic barrier for reaction even if
there is no explicit charge transfer. Again, the isomerization of cis and trans-stilbene
provides a well studied example with the effective barrier for isomerization much lower

7>76:82,107.108 51y ent polarity is also a function of

in polar than nonpolar solvents.
temperature, decreasing as the temperature increases. Thus the observed influence of

temperature on the reaction rate may include contributions from the intrinsic barrier

for the reaction and from the change in solvent polarity with temperature.

The excited state lifetime in all solvents investigated here depends weakly on
specific solvent properties. This is particularly evident in the alkane solvents. At 25 °C
the viscosity ranges from 0.387 mPa-s in heptane, 1.383 mPa-s in dodecane, to 3.032
mPa-s in hexadecane, yet the observed excited state lifetimes are nearly identical. This
observation is consistent with a model where conformational changes in the initial ring-
opening process are small. The solvent dependence of the rate constant in alcohols is
more pronounced and the temperature dependence of the rate constants may include
factors arising from the temperature dependence of solvent properties. These are

factors that must be taken into account when interpreting the data.
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Analysis of the temperature dependence using the Arrhenius expression for
excited state decay constant provides an estimate for the excited state barrier including

both intrinsic and solvent dependent contributions. The rate constant is given by:

ks(T) = A8 =T ()

where E, is the activation energy for internal conversion to the ground state and Ay is
the frequency prefactor. The relationship between In(kops) and 1/T is linear and both a

barrier and prefactor can be determined for each solvent as illustrated in Figure 3.4.
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Figure 3.4: Arrhenius plot of temperature dependent rate constants for the decay of the DHC ESA.
Lowest Panel: 2-butanol (green filled circles, 480 nm), 1-butanol (red open circles), 1-propanol (blue
open triangles). Middle Panel: ethanol (red filled triangles), methanol (blue open diamonds). Top Panel:
n-heptane (blue squares, open 500 nm, filled 620 nm), hexadecane (red filled diamonds). For n-
heptane only the fast component is plotted. The linear fits to the data are also shown.

The fast and slow components in each solvent are approximately parallel. The
barriers and Arrhenius prefactors obtained from the fits are given in Table 3.1. The
major difference is in the prefactor, not the barrier. The effective barriers and
prefactors, in the longer alcohols, especially in 2-butanol, are comparable to those
measured for ergosterol in a low temperature 1:1 methylcyclohexane-isopropane matrix

(11.1 £ 0.15 kJ/mol and 40 + 20 ps!).'®® Separating solvent induced from intrinsic
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intramolecular barriers is difficult. The full discussion in a later section suggests the

existence of a barrier intrinsic to the molecule.

: Fast Component Slow Component | sequential Model'
POV e, tkafmol)] An(ps™) [E. (ia/mol)] Au(ps”) [, (ta/mol)] An(ps)
Methanol,) 5.4+0.7 83
Ethanol 45+1.6 12+8 5.8+0.5 8+2
1-Propanol 7.0+£1.0 22+8 6.6+£0.6 712 6.5+1.0 85+3
1-Butanol 7.7+1.5 30+18 8.8+0.7 14+4 9.3+1.0 2610
2-Butanol 8.3+0.6 42+10 9.9+0.6 22+5 10.3+0.8 | 37+10
n-Heptane® | 4.2:t04 7+1
n-Hexadecane | 7.7+13 | 30+15 |59+05”| 7+1 | 55+08 | 7#2

Table 3.1: Effective activation energy and Arrhenius prefactor for the excited state decay of DHC as a
function of solvent. (a) The small relative amplitude of the slow component in n-heptane and the fast
component in methanol leads to large error bars in the rate constant as a function of temperature.
These do not yield reliable results and are not included in the table as separate fits. (b) The error bar
given for this barrier is from the least squares fit to the data, however there is a decay component
arising from the solvent only signal on roughly the same time scale and this will decrease the overall
accuracy of the fit and increase the effective error bar for the barrier. (c) Barrier for internal conversion
to product assuming a sequential model, E — (E 5 1) - P. See the discussion section for details.

The transient absorption measurements suggest that the relative amplitudes of
the fast and slow components depend on the solvent but do exhibit any temperature
dependence within the error of the fits to the data. In addition, the temperature
dependence of the excited state lifetime provides barriers for internal conversion of ca.
4-10 kJ/mol. The barriers arise from the intramolecular potential energy surface and the
external influence of the surroundings on the molecule. The magnitude of the barriers
and the amplitude of the prefactors are consistent with the values deduced for

ergosterol at low temperature.‘g&99
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DiscussION

MODELS FOR EXCITED STATE DECAY

The temperature-dependent measurements were fit to a biexponential decay,
which was corroborated the results of Tang et al.?! Two potential explanations for a
biexponential decay of the ESA originating from excited state relaxation (Figure 3.5) are:
(i) The excited state population undergoes a sequential internal conversion E— | — P or
E — (E S 1) > P with an intermediate state “I” between the initially excited state “E”
and the photoproduct “P”. (ii) Dynamics on the initial excited state result in parallel
decay pathways for an effectively homogeneous initial population of DHC: P« | < E —
I”— P’ (or P). In this model, the initially excited state, E, branches between two excited
state populations (I and I') before formation of one or more photoproducts transparent

in the visible region of the spectrum.
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Figure 3.5: Top: In a model consisting of sequential internal conversion between two excited state
species, E and |, the amplitudes of the decay components are used to construct excited state spectra for
the two species. These are plotted for the various solvents. Alcohols: Methanol, It. blue; ethanol, dk.
blue; propanol, green; butanol, red. Alkanes: heptane, dk. blue; dodecane, red; hexadecane, green.
Bottom: In a model consisting of parallel excited state pathways the decay associated spectra are the
spectra of the two intermediates | and I'. The average spectra are plotted for alcohols and alkanes (solid
lines, fast components; dashed lines, slow components). The schematic potential energy surface
indicates one possible model with parallel paths based on analogy with CHD. The two intermediates
could also correspond to excitation of distinct conformations of the ground state molecules.

The fluorescence and anisotropy data both supported assignment of the
transient absorption signal to the initially excited state. This assignment is consistent
with a sequential model where the S, 1 'B state and S; 2 'A states are nearly
isoenergetic in DHC. In this case the fast component corresponds approximately to the
rapid equilibration of the two populations E — (E 5 1) and the slow component
corresponds approximately to the decay of this equilibrated population, (E S 1) > P. A

dipole-allowed S, 1'B —> S, transition from the initially populated S, 1'B state (E) along
a7



with a dipole-forbidden transition S; 2'A — S, will account for both the constant
anisotropy and the biexponential decay of the amplitude of the ESA**. While the
observed rate constants can be assigned qualitatively to equilibration and product
formation, they are actually complex functions of the intrinsic rate constants for the
equilibration of E and | and the rate constant for the formation of product from the
intermediate state |. The sequential model can be considered quantitatively to estimate

molecular parameters using a simple model for the dynamics:

E—| k1
| >E ks = ki/g
| > P ks = ks — ko = ks - ki/g

where g is the ratio of the effective degeneracy or density of states of the intermediate
state | to the initially excited state E under the assumption that these two states are
essentially isoenergetic. The master equations describing the time dependent

populations of the three states are

hE(t):_klnE(t)+k2nl(t) (2a)
hl(t): klnE(t)_kSnl(t) (2b)
p(t) = ky 1y (1) (2¢)
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These can be solved numerically or analytically yielding an expression for the population
of the E, I, and P. The analytical solution for the population of the initially excited state,

E, leads to:
n:(t)=A_e*" +A ™ (3)

where

A, :%(_ kl—k3i\/kf—2k1k3+4k2k1+k§) @

A k- Ky)+ /K2 — 2k K, + 4Kk, + K 5
i 2k = 2K K, + 4k K, + K’

A (k- Ky )+ K2 — 2K K, + 4k, K, +K? 6
: 2.k = 2k K, + 4k K, + K’

The three quantities extracted from the data are the two observed decay
constants -A., -A, and the relative amplitudes of the two components A_/(A_+A.,).
These quantities can be used to obtain best estimates for the three intrinsic quantities

k1, g, and ks as a function of solvent and as a function of temperature. We discuss this

further below.

In the sequential model, E — (E 5 1) — P, the temperature dependence of the
observed rate constants reflects a combination of the influence of temperature on the
equilibration process and on the decay of the intermediate state I. The experimental

decay constants are not defined sufficiently well by the data in methanol, ethanol, or n-
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heptane to permit such an analysis. However, the data in the longer alcohols and
hexadecane can be analyzed to extract estimates for the intrinsic rate constants for the |
— P reaction and the E — | equilibration as a function of temperature using equations 4
- 6. The effective barrier for the transition from | — P is strongly dependent on the
solvent, 10.3 £ 0.8 kJ/mol in 2-butanol, 9.3 £ 1.0 kJ/mol in 1-butanol, 6.5 + 1.0 kJ/mol in

1-propanol, and 5.5 + 0.8 kJ/mol in hexadecane.

The equilibration reaction E — | is also temperature dependent with an effective
barrier for of 7.9 + 1.0 kJ/mol in 2-butanol, 7.3 + 2.0 kJ/mol in 1-butanol, 7.1 + 1.4
kJ/mol in 1-propanol, and 8.0 1.6 kJ/mol in hexadecane obtained from an Arrhenius
plot of the intrinsic rate constants as a function of temperature. Within the error of the
analysis this effective barrier is independent of the solvent. The existence of any barrier
for E — | implies that a fluorescence yield approaching unity would be expected at
cryogenic temperature, while a quantum yield of ca. 0.19 is reported at ca. 77 K.**
Although the data quality and assumption of degeneracy make these barrier estimates

for the equilibration reaction uncertain, this is additional support for choosing the

parallel model. Further work might refine the outcome for this type of analysis.

In summary, both parallel and sequential models are consistent with the
transient absorption data and the previous fluorescence measurement?’. Several factors
lead to a preference for the parallel model but, future studies, both theoretical and

experimental, will be required to fully elucidate the excited state dynamics.
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INFLUENCE OF SOLVENT ON THE BARRIERS FOR DECAY OF THE EXCITED STATE.
The solvent dependence of the effective barrier reported in Table 3.1 points to a
contribution from the environment. The influence of solvent on the isomerization

barrier in stilbene has been studied extensively.lo‘"m’107

The temperature dependence
of the solvent friction on the reaction coordinate provides an extrinsic barrier for the
isomerization reaction in addition to the intrinsic intramolecular barrier observed for
the gas phase molecule. Saltiel and coworkers used the solvent shear viscosity and the
temperature dependence of the viscosity to gain insight into the combined effects of

the intrinsic and extrinsic activation barriers.***'%

In contrast, the ground state single-
bond isomerization of cZt-hexatriene — tZt-hexatriene does not exhibit any significant
evidence for a viscosity dependent extrinsic barrier for isomerization."> Nonetheless the
solvent still influences the reaction rate and the barrier in ways that depend, not on
macroscopic solvent properties such as the solvent shear viscosity, but on the molecular
details of the solvent. As noted in the previous chapter, preliminary molecular dynamics
simulations suggested that the barrier for the cZt—tZt isomerization is higher in the
alkanes studied by Harris et al. because the molecules pack tightly around the

hexatriene molecule and hinder the barrier crossing. This is not observed for the more

open structure of the alcohol solvents.*

The molecular distortion coupled to the ring-opening coordinate in DHC to form
the cZc conformer of previtamin D3 does not involve a large amplitude change in the

shape of the molecule. Thus the mechanism for the influence of the solvent on the
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reaction coordinate must involve an indirect coupling with the solvent which affects the
overall flexibility of the molecule in the excited state. Assuming that there is no static
change in the intrinsic intramolecular barrier as a function of solvent, the intrinsic
barrier for decay of the fast component is < 4.2 + 0.4 klJ/mol, with the upper limit set by
the effective barriers in low viscosity ethanol and heptane solvents (Table 3.1). The
intrinsic barrier for the slow component is < 5.4 + 0.4 kJ/mol with the upper limit set by

the effective barriers in methanol and ethanol.

The model developed by Saltiel and coworkers provides a simple way to separate
the intrinsic intramolecular and extrinsic solvent barriers for a reaction.'*'® The
effective activation barrier is the sum of the intrinsic barrier E, and the barrier E,
introduced by the solvent. The solvent induced barrier can be approximated as E, = aE,
where a is generally between 0 and 1, accounting for the fact that the relationship
between reaction rate and 1/m is generally sublinear. Using the effective activation
barriers in Table 3.1 and values for E,, determined from the temperature dependence of

101 the parameters a and E, can

the solvent viscosity over the range from 1°C to 97°C,
be estimated from the slope and intercept of a plot of Ec as a function of E,.. A linear
least squares fit to the data provides values of E, = 1.8 + 0.9 kJ/mol and o = 0.30 + 0.05.
There may be a difference in the intrinsic barrier for the fast and slow components, but
the difference is within the error estimate on E,. These values are also consistent with

the solvent dependence of the | — P transition if the data is analyzed using the

sequential model for excited state decay.
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While the parameters obtained from the simple model described above are
reasonable, it is not clear that they accurately capture the dynamical influence of
solvent on the reaction coordinate in DHC. Nakashima et al. reported that the
fluorescence intensity for ergosterol in a methylcyclohexane:isopropanol glass was
approximately constant between 77 K and 89 K and decreased with increasing

temperature between 89 K and 150 K109

The temperature dependence was used to
calculate the effective barrier for the excited state decay (11.1 kJ/mol). This barrier is
only slightly larger than the effective barriers for the decay of the DHC excited state
absorption in 2-butanol at room temperature?! (8.3 + 0.6 ki/mol and 9.9 + 0.6 kJ/mol; or
10.3 £ 0.8 kJ/mole in the sequential model), although the effective viscosity is much
larger. The low temperature measurement suggests that the magnitude of the solvent
induced barrier saturates at ca. 9 kJ/mol. That is, the environment can hinder, but not
prevent the ring-opening reaction. This is consistent with a mechanism where the

solvent response allows molecular relaxation, lowering an intrinsic barrier for reaction

within the molecule.

More detailed analysis of the excited state dynamics will require both an
accurate excited state potential energy surface and a more extensive data set designed

to address separately the various factors that may influence the behavior.
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SUMMARY AND CONCLUSIONS

This study used temperature-dependant femtosecond transient absorption
spectroscopy to probe the excited state dynamics of DHC. The temperature dependence
of the excited state decay as a function of solvent suggests that there is an intrinsic
intramolecular barrier to ring-opening as well as a solvent dependent barrier arising
from the friction of the environment on the reaction coordinate. The effective barrier in
the low viscosity solvents sets an upper limit for the intrinsic barrier of ca. 4 kJ/mol. A
simple model for the influence of the solvent provides an estimate for the intrinsic

barrier of 1.8 + 0.9 kJ/mol.
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Chapter 4. 150-BROMOIODOMETHANE: DECAY OF A METASTABLE SPECIES

BACKGROUND

Bromoiodomethane (CH,Brl), shown in Figure 4.1, has proven useful in

numerous experiments across a wide range of fields of investigation. CH,Brl has been

3

shown to participate in atmospheric chemistry,®?® a subject for coherent control

10112 3nd used to investigate the effects of solvent on photofragment

experiments
recombination?. In the investigations reported here it serves as a probe of the effects

of solvent on photo-fragment recombination and the subsequent reaction dynamics.

Figure 4.1: Optimized geometry of CH,Brl as calculated using density functional theory by Wang et al.**

The composition and structure of CH,Brl is similar to other polyhalomethanes
studied in the field of atmospheric chemistry.6 It has been observed alongside CH,Br,

CH,l,, and CH,Cl; serving as an important source of reactive halogens found in the
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troposphere and marine boundary layer. CH,Brl and similar dihalomethanes are also
considered to be important contributors of organoiodine and organobromine

compounds to the atmosphere.”*'*?

In addition to investigations in atmospheric
chemistry CH,Brl possesses qualities which make it a candidate for coherent control

experiments. o

CH,Brl possesses two distinct chromophores**?

. Each chromophore has a large
absorptive cross-section and can be excited independently. The two absorption bands,
centered at 274 nm and 231nm, are referred to as the A-band and B-band absorptions
respectively (Figure 4.2). It has been well documented that excitation in either band
promotes an electron from a bonding orbital to an anti-bonding orbital on (Br, I) >
o*(C-Br, C-I) which results in cleavage of either the carbon-bromine or carbon-iodine
bond.?'** |n the A-Band, excitation promotes an electron on the iodine atom -
severing the carbon-iodine bond. Excitation in the B-Band severs the carbon-bromine
bond by promoting an electron on the bromine atom. The specificity with which each
excited chromophore cleaves a bond has made CH,Brl a prototype for bond selective

electronic excitation and photochemistry.m’m'”s'117
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Figure 4.2: Ultraviolet absorption spectra of CH,Brl in acetonitrile (dashed green), methanol (dashed
blue) and 2-butanol (dashed red). Excitation at 266 nm falls near the peak of the A band corresponding
to n-»o* transition localized on the C-1 bond [5].

The photochemistry of bromoiodomethane has been studied following UV
photoexcitation in the gas phase and condensed phase on timescales ranging from
femtosecond out to delay times of 6ns. In an experiment conducted by Tarnovsky et al.
ultrafast pump-probe spectroscopy was performed on CH,Brl in acetonitrile following
excitation in the A-Band (266nm)."** After excitation, the photofragments underwent
ultrafast reorganization reactions within the solvent cage. The proposed reactions for
the photofragments were the formation of the iso-CH,Br--l isomer, recombination to
the parent molecule or cage escape resulting in solvated CH,Br and I(or 1*) as shown in
Figure 4.3. Analysis of the results led them to conclude that vibrationally excited “hot”
ground state iso-CH,Br—1 is formed from excited CH,Brl within ~1ps. The iso compound
then undergoes vibrational relaxation on two timescales: a few (~7.5ps) and tens of
picoseconds. The absorption signal corresponding to iso-CH,Br--I began to decay at sub-

ns delays, leading them to an estimated lifetime of ~2.5ns for the ground-state of the
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isomer. Lastly, they found no spectral absorption which would support the formation of

the iso-CH,I-Br isomer within their experimental window (0-700ps)**.

Cage-escape L
recombination .Y ()

N
(I | /T A\ Metastable
. df A-Band ( /’ species
|| hv - formation,
— >

Geminate ., y
recombination 4 e 1

Figure 4.3: Proposed photofragment recombination reactions following A-Band excitation of CH,Brl.
The optimized geometry of the observed iso-CH,Br--1 species was calculated using DFT by Wang et al.®
and circled in red.

While Tarnovsky et al. found no evidence of iso-CH,I--Br on sub-nanosecond
time scales in acetonitrile, nanosecond transient resonance Raman experiments gave a
different result. Performed in cyclohexane by Zheng et al. the nanosecond transient
resonance Raman experiments confirmed the presence of the iso-CH,I-Br isomer on the
10 ns time scale.”® Density functional theory and spin-orbit ab initio calculations were
also reported. The calculations predicted that the iso-CH,I-Br isomer is more stable than
11,24,118

the iso-CH,Br--I isomer (0.4 - 4.1 kcal mol™) with a much longer expected lifetime.

Kwok et al. suggested iso-CH,I-Br may arise through isomerization of iso-CH,Br--1 along a
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similar pathway as they concluded for iso-CH,I-Cl arising from iso-CH,I-Cl in picosecond

time-resolved resonance Raman experiments.**?

The pathway they propose includes a
transition state with a concerted mechanism where a C-1 bond is formed concurrently
with a strengthening of the I-Cl (Br) bond and ultimately results in C- CI (Br) cleavage.™*°
This mechanism is further supported by the results of picosecond time-resolved

resonance Raman experiments performed on CH,Brl in cyclohexane in which they

observed the iso-CH;,Br--I species and assigned it a lifetime of 2-3 ns.'?

In the investigations reported here the effects of solvent on reaction dynamics of
iso-CH,Br—I were studied. Solvent polarity was chosen as one of the parameters to
vary due to the stabilizing effect that a polar solvent may have. If solvent polarity
stabilizes the photoproduct we would expect decay times of the excited species to be
slower in more polar solvents. To determine how solvent polarity factors in the decay of
iso-CH,Br--I experiments were performed in alcohols of various lengths; the length of
the alcohol allowing systematic variation of the solvent polarity. The observed
dynamics, e.g. relaxation times, were then compared to changes in the alcohol length to
determine if solvent polarity is a controlling factor in the relaxation of iso-
bromoiodomethane and to what extent. Although polarity is an important solvent
property capable of influencing reaction dynamics another key property must be taken

in to consideration.

Solvent viscosity can have as strong an influence on the dynamics of a reactive

species as solvent polarity. As a result, it was necessary to select polar solvents
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spanning a range of viscosities. At room temperature (25°C) the viscosity of methanol
is 0.544 mPa-s while the viscosities of 1- and 2-butanol are 2.54 and 3.1 mPa-s,
respectively. This range in viscosities allows for the investigation of the effects of
viscosity on the reaction dynamics in polar solvents. Our discussion can then focus on
how changes in viscosity can affect the movement of excited species through the
solvent and ultimately what affect that has upon the decay pathways available to iso-
CH,Br--1. An example of how the solvent can restrict reaction pathways is through the
formation of a sphere of solvent molecules around a reactive species. This “solvent
cage” can hinder the diffusion of reactive species or even prevent reaction. Much of our

discussion below will focus on the temperature dependence of the viscosity.

In the work reported here CH,Brl was excited in the A-Band at 271nm resulting
in the cleavage of the carbon-iodine bond. The subsequent recombination of the
photofragments was found to lead to a population of the iso-CH,Br--I isomer (Figure
4.3). Transient absorption spectroscopy was then used to determine the influence of
solvent on the decay of iso-CH,Br--I. Experiments were performed in 1-butanol, 2-
butanol, methanol, and acetonitrile. Broadband spectral measurements were also
conducted at room temperature in each of the solvents. The temperature dependence
of the iso-CH,Br--I decay was measured using narrow band detection, near the peak of
the iso-CH,Br--l absorption, at 460 nm. The results have been interpreted in terms of a
model including both bimolecular reaction of iso-CH,Br--I with ground state CH,Brl and
solvent-assisted unimolecular decay of the iso-CH,Br--I.
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EXPERIMENTAL PARAMETERS

Pump-probe transient absorption experiments were performed with 400 J laser
pulses from a home-built 1 kHz Ti: Sapphire laser system. Bromoiodomethane was
purchased from Sigma-Aldrich and used without further purification. Samples were
prepared by diluting 3mL of pure CH,Brl with solvent in a 100mL volumetric flask,
resulting in a ~400mM solution. A peristaltic pump was employed to flow through a
1mm path length quartz flow cell rapidly enough to refresh the volume between laser
pulses and avoid measuring the same volume. The samples were excited using 271nm
UV pulses obtained from a third harmonic generation setup consisting of two cascaded
linear stages: second harmonic generation followed by sum frequency generation as
described previously.®®* Following the second generation crystal, the fundamental beam
and the second harmonic were separated using a dichroic mirror and the second
harmonic directed towards a delay stage. The two beams were then recombined using
another dichroic mirror such that they travelled collinearly for sum frequency mixing in
a 1mm (-BaB,0,4 (BBO) crystal. The output of the third harmonic setup was then
collimated, passed through two consecutive dichroic mirrors (T800/R400, T400/R266)
and a 1cm Ni;SOq filled quartz cell before being measured on a chopped power meter.
While monitoring the power the relative timing of the fundamental and second
harmonic beams were adjusted to ensure optimal temporal overlap and then the
grating separation of the laser compressor was adjusted to optimize 3" harmonic

generation.
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Transient absorption kinetics measurements were performed as a function of
time-delay by sending a portion of the 800nm fundamental laser beam onto a
computer-controlled delay stage. The 1.5 m delay stage allowed for accurate
measurements from 10 fs to 10 ns. Use of the delay stage required painstaking
alignment to ensure the 800 nm fundamental beam was well collimated and the pulse
energy equivalent at either. The fundamental was beam was then tightly focused into a
1 cm cell filled with flowing ethylene glycol. In the cell, self-phase modulation
broadened the spectrum into a while light continuum which was subsequently
collimated and an interference filter inserted to obtain the desired probe wavelength.
The pump beam, 271 nm, was generated as described above. The polarization of the
pump beam was then adjusted using a half-wave plate such that it was oriented at
magic angle with respect to the probe. To ensure optimal overlap the two beams were
aligned through a 100um pinhole which represented the position of the flow cell. At the
sample, the incoming probe was split into reference and signal beams which were

focused onto matching diodes to adjust for laser fluctuations.

The transient absorption measurements were performed as a function of
temperature. Temperature control of the sample was achieved by flowing it through
insulated tubing attached to a glass coil and reservoir which were immersed in a bath of
50/50 water/ethylene glycol. The bath temperature was controlled with a NesLab RTE-
111 refrigerated bath/circulator, capable of maintaining temperatures from -25 to
+150°C. A peristaltic pump flowed the sample from the reservoir to the coil and then to
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the flow cell through insulated tubing. An accurate temperature measurement was
ensured by incorporating a T-joint in the loop immediately following the sample cell
with a temperature probe inserted. Solvent temperatures were varied from 2°C to 88°C
in the butanols, 2°C to 54°C in methanol and from 3°C to 69°C in acetonitrile. For all

solvents the temperature was maintained with an accuracy of +0.5°C.

Time delayed absorption spectra were obtained of ~135mM solutions of CH,Brl
in 1-butanol, 2-butanol, methanol and acetonitrile at a delay of 20ps before time-zero,
and at 4 or 5 set time delays after excitation ranging from 50ps to 6ns. The sample was
pumped using a 271 nm UV excitation pump and probed with a white light continuum
generated by focusing 800nm fundamental into an ethylene glycol filled cell. The signal
was focused into a fiber optic cable fitted to an Ocean Optics spectrometer and

averaged for ~2 minutes at each delay.

RESULTS

Transient absorption measurements were used to determine the rate constants
for the decay of iso-CH,Br--I. More detailed measurements as a function of
temperature were then performed at specific characteristic wavelengths to determine
any barrier(s) of the iso species. Broadband spectral measurements were also
performed, at room temperature, to allow for characterization of the spectral response.
The sections that follow will first present the results from spectral measurements and

then the results from the temperature-dependent transient absorption measurements.
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ABSORPTION SPECTRA

Time-dependent spectral measurements were performed on CH,Brl in 1-butanol,
methanol, and acetonitrile at room temperature and a concentration of ~135mM.
(Figure 4.4) For 2-butanol, two sets of measurements were performed - the first at a
concentration of ~135mM (Figure 4.5) and the second at 15mM (not shown™). All
spectral measurements were conducted using a white-light continuum to probe the
visible transient from 350 nm to 750 nm following excitation in the A-Band (271nm).
The resulting spectra contained two strong absorptions; with the stronger of the two
centered at ~443nm and decaying within the temporal range of the measurements. The
weaker absorption was centered at ¥~380nm and increased in strength at longer delays.
The wavelength and lifetime of the stronger absorption are distinct characteristics of

the iso-CH,Br--I species as determined by Tarnovsky et al*,

Acetonitrile Methanol 1-Butanol

AANLN Irg ol Y

400 500 600 700 400 500 600 700 400 500 600 700
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figure 4.4: Fit Transient spectra obtained after excitation of CH,Brl at 271 nm in acetonitrile, methanol
and 1-butanol. Time delays are indicated in the figure. Temperature was 23-24°C.
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Figure 4.5: Time-dependent absorption spectra of CH,Brl in 2-butanol (~*130mM, 23°C) taken following
271nm excitation pulse at delays of -20ps (dark blue), 100ps (red), 500ps (green), 1000ps (purple),
2000ps (light blue), 6000ps (orange). Inset: fit to absorption values at 443nm as extracted from
absorption spectra using two exponentials with R” = 0.9935.

A wavelength range was chosen from the peak absorption of the spectrum in
each solvent and the rate of the decay extracted. The absorbance values for this
wavelength range were plotted at each delay and fit to a decay component and a
plateau. A typical example is shown for 2-butanol in Figure 4.5. The resulting fits
provide an average rate constant, Kspectral, fOr the decay of the iso-CH,Br--I excited state
species at room temperature. In 1-butanol, kspectral Was fit to a rate constant of 1.0x10°3
ps™, in 2-butanol (135mM) it was fit to 7.8x10™ ps™, in methanol 2.7x10° ps™*and in
acetonitrile to a value of 7.2x10™ ps*.(Table 4.1) More recent measurements were

performed in 2-butanol at concentrations of 8, 15, and 33mM for which rate constants

of 6x10, 5x10™ and 7x10™ ps™ were found.**!
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Solvent kSpectral (ps-l)

1-Butanol 10 E-04
2-Butanol 7.8E-04
Methanol 2.7E-04
Acetonitrile 7.2E-04

Table 4.1: Kspectral Values determined from time-delayed absorption spectral measurements performed
in 1-butanol, 2-butanol, methanol and acetonitrile at room temperature with a concentration of
~135mM.

The decay rate constants, kspectral, Obtained in all four solvents are of comparable
magnitude and do not appear to be strongly influenced by the solvent type or

concentration.

TEMPERATURE-DEPENDENT TRANSIENT ABSORPTION MEASUREMENTS

In order to investigate how the decay rate constant changed as a function of
temperature narrow band transient absorption measurements were performed in 1-
butanol, 2-butanol, methanol, and acetonitrile. All samples were prepared at a
concentration of ~400mM and the sample was flowed to promote the excitation of a
new volume with each laser pulse. Each volume was excited with a ~550n)J pulse
centered at 271nm and probed with a time delayed pulse centered at 460nm. Accurate
results were ensured by maintaining the temperature within £ 0.5°C as it was varied

over the liquid phase range of the solvent.
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1-ButAnoL

Measurements in 1-butanol were performed at temperatures ranging from 2 -
88°C with delay times extending from -35ps out to 8.6ns Figure 4.6). At approximately
every 12 degrees the temperature was locked (+0.5C) and a series of scans performed
then averaged. The averaged scans for each temperature were then fit to a series of
three exponentials and a plateau using MRQ v.1.8 as developed by Ken Spears et al.*??
A typical fit result for CH,Brl in 1-butanol is shown in Figure 4.7 at 2°C along with the
residual difference between the scan and fit. The first exponential was assigned to a
large, fast growth with a rate constant that increased from 2.1x10°* (+ 0.3x10) pstto
5.2x10°%" (+ 0.8x10™") ps™ as the temperature was increased from 2 to 88°C. A smaller
growth was fit with rate constants ranging from 7.1x10°% (+ 2x10) ps ™ to 6.9x10 (+
0.5x10%%) ps™. The third exponential in the fit was a decay component with a rate
constant that increased from 1.1x10 (+ 0.008x10%) ps™to 4.3x10° (+ 0.08x10%) ps™*
as the sample temperature was increased from 2.0 to 88.0°C. Lastly, a plateau was
included in each fit to account for the signal that persisted through the observation
window and increased in magnitude as the sample temperature was raised as shown in

Figure 4.6. Fit values for each of the components in 1-butanol are listed in Table 4.2 at

each temperature explored.
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Figure 4.6: Temperature-dependent transient absorption scans of CH,Brl dissolved in 1-butanol with
delays spanning from -35ps to 8.6ns
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Figure 4.7: Transient absorption scan of CH,Brl in 1-butanol (dotted black) with fit (solid red) and
residuals (solid green) taken at 2°C.
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Temp °C A ky (ps™) k ; error A, k, (ps™) k , error A3 ks (ps™) k 3 error A, ky(ps?)
2.0 -6.753 2.115E-01 2.892E-02 -2.466 7.098E-02 1.668E-02 9.432 1.112€-03 8.019E-06 1.421 0.00
14.0 -9.005 2.784E-01 2.290E-02 -4.566 6.923E-02 6.273E-03 10.533 1.389E-03 9.602E-06 2.079 0.00
23.0 -10.827  1.973E-01 9.156E-03 -2.207 3.435E-02 4.630E-03 9.805 1.495E-03 1.566E-05 2,192 0.00
35.0 -7.760 3.335E-01 2.878E-02 -4.341 6.385E-02 5.052E-03 8.556 2.064E-03 1.907E-05 2.785 0.00
48.0 -9.986 1.954E-01 6.694E-03 -3.300 1.087E-02 1.522E-03 9.008 3.189E-03 1.264E-04 3.129 0.00
62.0 -7.228 3.188E-01 2.607E-02 -3.447 5.245E-02 4.869E-03 6.992 2.793E-03 3.519E-05 3.148 0.00

1-Butanol

75.0 -6.237 3.736E-01 3.727E-02 -3.244 5.697E-02 5.344E-03 5.604 3.131E-03 4.724E-05 2.935 0.00
88.0 -4.903 5.205E-01 7.557E-02 -4.079 6.853E-02 5.209E-03 4.790 4.317E-03 8.189E-05 3.330 0.00

Table 4.2: Fit parameters to temperature-dependent transient absorption measurements as
determined using MRQ v.1.8 for Bromoiodomethane in 1-butanol.

2-BUTANOL

Scans in 2-butanol were obtained with delays ranging from -35ps to 8.6ns (Figure
4.8) and temperatures spanning from 3°C to 88°C. A typical scan for CH,Brl in 2-butanol
is shown in Figure 4.9 alongside the fit result and residual difference between the two.
As with 1-butanol, the best fit required three exponentials and a plateau. The first
exponential represented a fast growth with a rate constant of 0.31( 0.03) ps* at 3°C
which shrank to 0.12(+ 0.01) ps ™ at 88°C. The second component was also fit as a
growth at 3°C with a value 7.9x10% (+ 0.7x10°%). At 88°C the second component was
fit with a smaller rate constant of 1.6 x 10 (+ 3x10'03) which coincided with larger
values being determined for the third the rate constant. The third exponential
represented a decay component which was initially fit to a rate constant of 1.1x10% (+
0.007x10%) ps™ at 3°C and at 88°C to an artificially high value of 2.3 x 10°% (+2.2x10%)
ps™. The discrepancy can be attributed to the fitting algorithm inaccurately entangling
the rate constants for the second and third components at the higher temperature. As

observed for 1-butanol, the final component was a persistent plateau at all
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temperatures and had a magnitude which increased with temperature as shown in

Figure 4.8. For each of the scanned temperatures the fit values for each component are

tabulated in Table 4.3.
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Figure 4.8: Temperature-dependent transient absorption scans of CH,Brl in 2-butanol over delay range -
36 ps to 8.6 ns.
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Figure 4.9: Typical transient absorption scan of CH,Brl in 2-butanol (dotted black) along with the fit
result (solid red) and the residuals (solid green).

Temp °C A, Ky (ps?) k ; error A, K, (ps?) k , error A; ks (ps™) k ; error A, kglpsh)
3.0 -9.381 3.100E-01 3.259E-02 -6.214 7.910E-02 6.873E-03 13.088 1.097€-03 7.259E-06 1.494 0.00
_ 13.0 -6.286 1.628E-01 1.054E-02 -1.278 1.819E-02 3.168E-03 8.528 1.312E-03 1.716E-05 1.138 0.00
8 23.0 -9.149 1.623E-01 7.447E-03 -1.832 2.527€E-02 3.678E-03 11.152 1.558E-03 1.516E-05 2.360 0.00
"‘g 35.0 -7.143 1.205E-01 3.709E-03 -3.218 3.978E-03 1.744E-03 10.928 2.156E-03 2.520E-04 2.256 0.00
mi 48.0 -6.919 2.595E-01 4.048E-02 -3.960 5.164E-02 6.936E-03 9.032 2.025E-03 2.825E-05 3.168 0.00
o 63.0 -5.592 1.050E-01 6.903E-03 -2.046 6.103E-03 3.578E-03 8.115 2.647E-03 3.074E-04 2.650 0.00
76.0 -5.007 2.267E-01 3.995E-02 -2.461 3.489E-02 7.234E-03 5.787 2.751E-03 8.240E-05 3.098 0.00
88.0 -4.892 1.189€E-01 1.061E-02 -3.167 1.626E-03 3.201E-03 6.857 2.284E-03 2.240E-03 2.873 0.00

Table 4.3: Fit parameters to temperature-dependent transient absorption measurements determined
for CH,Brl in 2-butanol.

In addition to 1- and 2-butanol, measurements were performed on CH,Brl

dissolved in methanol. As with the previous alcohols, methanol also required three

components for an accurate fit. However, in contrast to the butanols where a plateau

of increasing magnitude was required, the plateau in methanol was of a consistent

magnitude that did not vary with temperature. (Figure 4.10)
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Methanol

For the experiments performed in methanol the temperature was varied from
2°C to 54°C; a much narrower temperature range due to the decreased boiling point of
the solvent. In addition, the extent of the time delays was decreased as all the dynamics
occurred within the first 3ns. Figure 4.11 shows a typical transient absorption scan of
CH,Brl in methanol along with the fit to the scan and the residual. As stated above,
fitting of the scans was accomplished using three components: a fast growth, a slow
growth and a decay. The fast growth was fit to rate constants of 1.1x10°* (+ 0.02x10)
ps™at 2°C and 1.2x10%* (+ 0.01x10™*) ps™ at 54°C. For the second, slow, growth
component the rate constants extracted increased from 8.3x10% (¢ 0.8x10™) ps™tto
1.9x10 (£ 0.9x10) ps™* as the temperature was raised from 2°C to 54°C. Rate
constants for the final component increased from 2.5x10'°3(i 0.03x10"03) ps'l to 4.5x10
9 (£ 0.2x10%) ps™ between 2 and 54°C, suggesting an increasingly fast decay. Lastly,
the small, temperature independent plateau included had an approximately constant
magnitude (Figure 4.10). Table 4.4 lists the values obtained for each component across

the temperature range explored.
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Figure 4.10: Temperature-dependent transient absorption scans of bromoiodomethane dissolved in
methanol with delays ranging from -35ps to 6.1 ns.

g - CH,Brl : Methanol
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—— 22CFit
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Figure 4.11: Typical scan of bromoiodomethane in methanol (dotted black) alongside the fit (solid red)
and the residuals (solid green) at 22°C.
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Temp°C A, Ky (ps™) k , error A, k, (ps™) k , error A, ks (ps™?) k 3 error A, kelpsh)

_ 2.0 -8.499 1.140E-01 2.189E-03 -1.260 8.313E-04 7.801E-05 9.386 2.496E-03 2.932E-05 1.345 0.00

:0: 15.0 -7.075 1.141E-01 2.475E-03 -1.360 1.013E-03 6.205E-05 8.209 2.616E-03 2.601E-05 1.376 0.00
5:3 22.0 -7.001 1.144€-01 3.031E-03 -1.180 1.711E-03 2.412E-04 7.951 2.959E-03 6.438E-05 1.182 0.00
s 36.0 -6.354 1.054E-01 2.794E-03 -1.500 1.125E-03 1.265E-04 7.256 2.981E-03 7.274E-05 1.541 0.00

48.0 -5.214 1.036E-01 3.589E-03 -1.030 1.946E-03 3.423E-04 6.175 3.254E-03 1.071E-04 1.075 0.00
54.0 -3.840 1.231E-01 1.196E-02 -1.030 1.868E-02 9.359E-03 4.654 4.471E-03 2.159E-04 1.031 0.00

Table 4.4: Fit parameters to temperature-dependent transient absorption measurements as
determined for bromoiodomethane in methanol.

Acetonitrile

Acetonitrile was the final solvent chosen to investigate the temperature-
dependent dynamics of iso-bromoiodomethane for multiple reasons. First, it was the
solvent used by Tarnovsky et al. and allows for comparison with their studies.'**
Second, while acetonitrile and methanol are both short polar solvents, acetonitrile does
not contain hydrogen bonding. This key difference affords investigation into the effects
of polarity on reaction dynamics without the complication of a hydrogen bonded

solvent.

Scans at select temperatures of CH,Brl in acetonitrile are shown in Figure 4.12.
Qualitatively the dynamics in acetonitrile appear to differ quite a bit from other solvents
explored. This assessment is supported quantitatively with three exponentials
corresponding to fast and slow growth components and a decay component with rate
constants differing by at least one order of magnitude from one another. The fast
growth component fit to rate constants of 10x10%% (+ 0.4x10) ps™ and 12x10%%(+2x10"
92) ns at 3°C and 69°C, respectively. The second component was fit to rate constants of

2.2x10%(+ 1x10%) ps™ at 3°C and 1.9x10%(+0.4x10%) ps™ at 69°C. The final
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component, the decay, was the most surprising as it was fit with rate constants of
8.8x10%(+ 0.6x10™) ps™ at 3°C and 9.5x10°*(+0.4x10™) ps™ at 69°C. The two rate
constants are essentially the same within the error bars, suggesting that the decay is
temperature independent in acetonitrile. The temperature independence of this decay
is in direct contradiction to the results measured in the alcohols. Lastly, a small plateau

was included in the fit with a magnitude that was essentially constant.

CH,Brl : Acetonitrile

6
5 ==3C Scan ==23C Scan === 35C Scan

=)

o)

£ 4 ——43C Scan ——52C Scan ——69C Scan

e

> 3
2
1

500 -1 500 1500 2500 3500 4500 5500

Delay (ps)

Figure 4.12: Temperature-dependent transient absorption scans of Bromoiodomethane in Acetonitrile.
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Figure 4.13: Typical transient absorption scan of CH,Brl in Acetonitrile (dotted black) with the fit result
(solid red) and residuals (solid green).

Temp°C A, ky(ps’) Kk, error A, k,(ps?)  k, error A; ki(ps?) ks error A, ky(ps?)
30  -538 1.047E-01  3.958£-03 -1.822 224303  5.6626-04 5915 8.841E-04  6.0976-05 0975  0.00
23.0 -3.601 1.177E-01 8.319E-03 -1.160 1.440E-02 1.922E-03 4.172 8.085E-04 1.294E-05 0.821 0.00
35.0  -2.604 6.798E-02  5.013£-03 -1.123 1.184E-03  1.758F-03 3.563 6.994E-04  3.3396-04 0720  0.00
'-1_, 43.0 -3.148 8.816E-02 9.134E-03  -1.093 3.632E-03 1.494E-03 3.916 9.335E-04 8.485E-05 0.971 0.00
ﬂ‘é-' 520  -2.600 7.704E-02  8.909E-03 -0.854 4.186E-03  2.188F-03 2.822 1087E-03  1.301£-04 1132  0.00
-g 69.0 -2.268 1.183E-01 2.407E-02  -1.192 1.831E-02 4.419E-03  3.172 9.541E-04 3.888E-05 0.949 0.00
&| 80 6131 1251E-01  7.6156-03 -1.427 1.085E-02  2.0276-03 6.5% 7.842E-04  1.724E-05 0935  0.00
22.0 -5.538 1.110E-01 7.617E-03 -1.591 1.039E-02 1.929E-03  6.009 7.478E-04 1.923E-05  0.906 0.00
40  -423 8.145E-02  3.206E-03 -2.501 214703  5.680E-04 5.893 9.768E-04  9.6696-05 0.839  0.00
61.0 -3.366 9.496E-02 5.821E-03 -1.151 6.975E-03 1.297E-03  3.352 9.572E-04 3.595E-05 0.742 0.00

Table 4.5: Fit parameters to temperature-dependent transient absorption measurements as

determined using MRQ v.1.8 for Bromoiodomethane in Acetonitrile.

DiscussSION

Kwok et al. performed picosecond time-resolved resonance Raman experiments

in cyclohexane following A-band excitation at 266nm and concluded that iso-CH,Br--I

was the primary product following A-band excitation of CH,Brl.
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iso-CH,Br--I is produced within several picoseconds through geminate recombination
and decays within ~2-3ns. Their DFT calculations also predict that the iso-CH,I--Br
isomer is more stable than iso-CH,Br--I ( 4.1 kcal-mol™) and should have a lifetime on
the order of >10ns. This predicted lifetime suggest that iso-CH,I--Br was likely the
species observed in ns- resonance Raman experiments performed by Zheng et al. which

resulted from isomerization of iso-CH,Br--I to iso-CH,l--Br.?°

In our analysis, rate constants measured in all four solvents from time-delayed
absorption spectra (kspectral) and room temperature transient absorption spectroscopy
(Kexperimental) are compared. The rate constants for Kexperimental are significantly larger than
the values obtained for kspectral . The lifetimes corresponding to these rate constants
(Table 4.6) are all shorter than the decay lifetimes proposed by Kwok et al in
cyclohexane. As a result, the hypothesis presented here is that iso-CH,Br--1 decays
through a solvent-assisted isomerization, as Kwok et al suggestedlzo, and a diffusion-

controlled reaction between iso-CH,Br--I and CH,Brl as shown below in Figure 4.14.
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Figure 4.14: Suggested decay pathways for iso-CH,Br—I through solvent assisted isomerization and
diffusion-limited bimolecular reaction with CH,Brl

In order to support the assignment of a diffusion-controlled reaction, rate
constants were calculated for the possible reactions of iso-CH;,Br--1 with CH,Brl in each
solvent using several approximations. The resulting diffusion-controlled rate constants
were then compared to the experimentally measured values from temperature-

dependent transient absorption and time-delayed spectral measurements.
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Iso-CH,I-Br Lifetimes

Temp(°C) Methanol 1-Butanol 2-Butanol Acetonitrile

2.0 400 (+5) 900 (+6)

3.0 911 (£ 6) 1131 (£ 73)
4.0

6.0 1275 (£ 27)
12.0

13.0 762 (+10)
14 720 (+5)

15.0 382 (+4)

16.0

20.0

22.0 338 (¢7) 1337 (£ 34)
23 669 (+7) 642 (+6) 1237 (£ 20)
25

34.0

35.0 485 (+ 4) 464 (+49) 1430 (£462)
36.0 335 (+8)

42.0 1024 (£ 92)
430 1071 (£ 90)
47.0

48.0 307 (£ 10) 314 (x12) 494 (+7)

50.0

52.0 920 (+98)

54.00 224 (£10)

61.0 1045 (+38)
62 358 (+5)

63.0 378 (+39)

69.0 1048 (41)
75 319 (+5)

76.0 364 (+11)

88.0 232 (+4) 438 (£217)

Table 4.6: Tabulated values for iso-CH,Br--1 lifetimes expressed in picoseconds (with error bars) as
determined from fits using MRQ v.1.8 of temperature-dependent transient absorption measurements.

As a first approximation, the reaction between iso-CH,Br--I and CH,Brl was
performed using the simplest model for a diffusion-controlled bimolecular reaction in

solution. In this model each species is represented as an uncharged, spherical isotropic
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particle, each “encounter”, or collision, between solute molecules results in reaction

123,124

and the solvent is represented as a continuum. The diffusion coefficient of each

particle is related to the viscosity via the Einstein-Stokes relationship,

kg'T

Sy

(1)

where 1(T) is the temperature-dependent viscosity of the solvent, r is the particle
radius, kg is the Boltzmann constant and T is temperature in Kelvin. The diffusion-
limited rate constant, kp, for the reaction between iso-CH,Br--I and CH,Brl is equal to

the sum of the diffusion coefficient for each species interacting at a critical radius R.

kg T kg T

kp(T) = 4r R. +
6m n(T)-fisocH2Brl 67 (1) -"\eBr| )

The critical radius is then assumed to be equal to the sum of the radii for both

molecules. Substituting R with (riso + rmeisr), €quation 2 simplifies to:

2kg T (Tiso* MelBr)

31 (T) Tiso"MelBr

(3)

Equation 3 is then multiplied by the concentration, Cyesr, giving the rate constant:
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kp(M-CpelBr

1012

Kpiffusion(T) =
(4)

123,124 Al calculations used

for the decay of iso-CH,Br--I through interaction with CH,Brl.
radii lengths of 5.4A and 3.93A for iso-CH,Br--l and CH,Brl, respectively. These radii
lengths were calculated using optimized geometries from DFT calculations performed by
Wang et al.** Rate constants for the diffusion-limited reaction between iso-CH,Br--1 and
CH,Brl were calculated in1-butanol, 2-butanol, methanol and acetonitrile assuming a
concentration of ~398mM. Due to the high concentration of the sample it is presumed
that iso-CH,Br--I reacts primarily with CH,Brl through a diffusion-controlled bimolecular
reaction. The diffusion-limited rate constants were then compared to the decay rate

constants measured in temperature-dependent transient absorption measurements

“Kexperimental” @and from the time-delayed absorption spectra “kspectral”-

The natural log of the experimental rate constants were plotted against inverse

temperature and fit with a linear regression such that:
Ink =InAd — = (5)
RT

where, A is the Arrhenius pre-factor, Ea is the effective activation energy, T is the
temperature(K) and R is the universal gas constant. Rate constants were then calculated
using Equation 4 for the first approximation of the diffusion-controlled reaction

between iso-CH,Br--1 and CH,Brl. The natural log of the rate constants from calculations
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(In Koitfusion), €xperiments (In Kexperimental), and the Arrhenius fit to experimental values

were then plotted against T for comparison.

1-BUTANOL

The natural log of the rates constants, Kpiffusion aNd Kexperimental, determined in 1-
butanol are plotted in Figure 4.14. First, it is clear from the figure and values in Table
4.7 that the Arrhenius fit is a good approximation to the experimental data. Figure 4.14
also shows how the diffusion-controlled rate constants (kpiusion, dash-dotted green) do
a good job of estimating the experimentally measured rate constants at high
temperatures but underestimate it at low temperatures. A linear fit of the diffusion-
controlled rate constants has a steeper slope than the Arrhenius fit to the experimental
results. The steeper slope suggests that the diffusion-controlled model assigns a more
significant temperature dependence to the rate constant than is measured

experimentally.
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iso-CH,Br-I: 1-Butanol
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Figure 4.15: Ink vs T! plot of iso-CH,Br--1 decay rate constants in 1-butanol determined experimentally
(Kexperimental, OPeN circles), from an Arrhenius fit to the experimental values (solid red), and calculated
values kpirusion (dash-dot green), kg, (orange dashed) and kajgerman (dotted blue), and the experimental
value of Kspectral (black box).

In addition to differences in the expected temperature-dependence of the decay
rate constant, the diffusion-controlled model predicts rate constants lower than were
measured in temperature-dependent transient absorption measurements at low
temperatures (Table 4.7). The significant underestimation of the rate constant for low
temperatures suggests that iso-CH,Br--1 likely decays through an additional mechanism
at the higher concentration. At a concentration of ~135mM, the similarity of the room
temperature rate constant values for Kspectral and Kpisrusion Se€ms to support a diffusion-
controlled reaction for the decay of iso-CH,Br—I. It would seem that the discrepancy
between Kspectral and Kexperimental bECOMeE significant only for the higher concentration

(~398mM) used in temperature-dependent transient-absorption measurements. As a
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result, it seems that a better model is needed to calculate the decay rate constants for

iso-CH,Br—I at the higher concentrations.

Rate Constants - 1-Butanol

Temp kExperimental i(error) kArrhenius kDiffusion kSlip kAkgerman kSpectral
(°C) (ps™) (ps™) (ps™) (ps™) (ps®)  (ps™)

2.0 1.1E-03 #(8.0e-06) 1.115E-03 0.5E-03 0.8E-03  0.8E-03
14.0 1.4E-03 =#(9.6£-06) 1.405E-03 0.8E-03 1.1E-03 1.2E-03
23.0 1.5E-03 =#(1.6£-05) 1.651E-03 1.0E-03 1.5E-03 1.5E-03 1.0E-03
35.0 2.1E-03 #(1.9t-05) 2.017E-03 1.4E-03 2.1E-03  2.1E-03
48.0 3.2E-03 #(1.3£-04) 2.464E-03 2.0E-03 3.0E-03  3.0E-03
62.0 2.8E-03 #(3.5£-05) 3.005E-03 2.8E-03 4.2E-03  4.2E-03
75.0 3.1E-03 #(4.76-05) 3.561E-03 3.8E-03 5.7E-03  5.6E-03
88.0 4.3E-03 #(8.2E-05) 4.169E-03 5.0E-03 7.5E-03  7.4E-03

Table 4.7: Tabulated values of the experimental rate constant (Keyperimental), Calculated values using the
Arrhenius fit (Karmenius), and calculations, of increasing complexity, (Kpitusions Ksiips Kakgerman) for the
diffusion-controlled reaction model between iso-CH,Br--1 and CH,Brl in 1-butanol. Also included is the
value for Kspectra determined from time-delayed spectral measurements.

The discrepancies in the iso-CH,Br--I decay rate constants measured at room
temperature are likely due to approximations in the model used for calculating the
diffusion-controlled rate constants. To test this theory, more rigorous methods were

employed to calculate the diffusion coefficients of iso-CH,Br--1 and CH,Brl.

The second method used for calculating the diffusion coefficients for the
diffusion-controlled bimolecular collision between iso-CH;Br--I and CH;,Brl included a
key improvement in how the solvent was modeled. Rather than representing the

solvent as a continuum the solvent was now comprised of nonpolar, isotropic spherical
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particles. This adjustment now allowed for some portion of solute particles to “slip” by
solvent molecules rather than diffusing through a continuum representing its

123126 |1y this model, the diffusion coefficient for each solute particle is

properties.
related to the viscosity in the same way as Equation 1 with the number of solvent

molecules around each solute particle, or correlation number, changed from 6 to 4 in

Equation 6:

kg T

Bslip ) = 2=

(6)

The diffusion coefficient is again the sum of the diffusion coefficients for each molecule

and the critical radius R = (riso + vieisr), giving Equation 7.

2
NakgT(iso+ MelBr)
n (1) TisoTMelBr

KpgligT) =
(7)

Once again, we multiple the diffusion coefficient by the concentration to get:

kpslid D) -CmelBr

KsliplT) =
(8)

ksiip was then used to calculate rate constants for the decay of iso-CH;,Br--I through a
diffusion-controlled bimolecular reaction with CH,Brl. As with the previous calculation,

CH,Brl was chosen as the most likely candidate for iso-CH,Br--I to react with due to the
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high concentration of the sample. The results of the calculations are listed in Table 4.7
and the natural log of the rate constants plotted as “In kgji,” in Figure 4.15 (orange-

dashed).

Rate constants calculated using Equation 8 are an improvement over those
calculated with the previous diffusion coefficient. While previous calculations did a
good job predicting the decay rate constant at high temperatures they did poorly at low
temperatures. With the change in the correlation number the values of the calculated
rate constants were increased across the entire temperature range. The net effect
being a “translation” of the In k line such that it overlapped the experimental values at
the intermediate temperatures. As a result of the translation, the rate constants
calculated using Kgji, are in better agreement with the experimental values at all
temperatures. Although the new results are a better representation of the
experimental values, the discrepancies at both high and low temperatures are still

considered unfavorable and imply that the calculations be further improved.

The implication of the new results is that the decay of iso-CH,Br--1 is better
represented by a diffusion-controlled bimolecular reaction in which the solvent does not
affect every solute particle equally. However, the differences also suggest that kg, may
overcompensate and/or underestimate the extent to which the solvent affects the
decay dynamics. The agreement between the new approximation and the experimental

values can be further improved through an empirical determination of the correlation
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124

number in Equation 6°°°. When this strategy is employed a correlation number of 1.15

gives the best fit but does not seem to suggest a physical explanation.

Finally, the most rigorous method used to calculate diffusion-controlled rate
constants involved diffusion coefficients which account for the mass and volume of each
particle. In order to accomplish this, an additional term is incorporated which accounts
for the energy necessary for a solute molecule to diffuse or “jump” away from the
solvent molecules with which it is correlated. The net effect of which is to create a
“hole” which is subsequently filled by a solvent molecule. In this formalism, developed

127-129

by Akgerman and Gainer , the diffusion coefficients are:

1
3

1
2 (o€
D (M : kT Na MButanol o\ RT
Akgerman CH2Br = ) ' '
9 - §C'H(T) VButanoI IVIMeIBr

(9)

1 1

3 2 [4E
D _ (1) = kg-T Na MButanol . RT
Akgerman_isoCHB '/ - ean(T)

VButanol Miso
(10)

where kg is the Boltzmann constant, n(T) is the temperature dependent viscosity, Na is
Avogadro’s number, Vpytanol aNd Maytanol represent the molar volume and molecular
weight of 1-butanol, respectively. ( is the correlation number for the particle as

determined from Equations 11 and 12 and AE is the activation energy difference
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between jumping energies associated with different molecules calculated with Equation

13 128

1 1
6 6
p = 6 Viso : 5 VMelBr
A~°%Y cC=°%y,
\V} V
Butanol Butanol (11 & 12)
AE = EBB— EAB
(13)

Where Egg, Eag and Eap are calculated according to equations put forth by Akgerman and

Gainer'®®:
n( T R (T1
n'i 2
o N 1
EBB. 1 1 Eatl Eatl
-~ T A A
T T E =(E -E
1 2 AB ( BB) AA (12 & 13)
—0.186
E = 5875.3( M
AA ( MeIBr) (14)

With, T; and T, covering the range for which 1(T) is most accurate. As with previous
calculations the diffusion coefficient for the diffusion-controlled bimolecular collision is

the sum of the individual diffusion coefficients

KD AkgermarT) = [4'“ 'NA(risoJr rMeIBr)'(DAkgerman_CH2Br‘T) + DAkgerman_CH2Br‘T))J
(15)
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Where the radius, R, has already been replace as the sum of ris, and ryes: and the final

rate constants are calculated according to:

kD_Akgermar{T) ‘CMelBr

1012

Kakgermar(T) =
(16)

The rate constants calculated using this approach are listed in Table 4.6,
plotted in Figure 4.14 (blue dotted) and are quite similar to those calculated using
Equation 9. At high temperatures the two vary only slightly while kakgerman gives slightly
better correlation with the experimental results at low temperatures. Overall, kakgerman
does the best job of replicating the temperature-dependence observed experimentally.
Kpiffusion accurately predicts Kspectral - implying that at room temperature and lower

concentration (~135mM) it is the best representation of the dynamics occurring.

The hypothesis put forth above suggested that iso-CH,Br--1 undergoes similar
dynamics in all four solvents. If this assumption is true then the same analysis can be
applied to analyze the temperature-dependent rate constant in each of the additional

three solvents. The results of those analyses are presented below.
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Figure 4.16: Ink vs T! plot of iso-CH,Br--1 decay rate constants in 2-butanol determined experimentally
(Kexperimental, OPEN circles), from an Arrhenius fit to the experimental values (solid red), and calculated
values kpirusion (dash-dot green), kg, (orange dashed) and kajgerman (dotted blue), and the experimental
value of Kspectral (black box).

2-ButanoL

As with 1-butanol, rate constants were calculated using all three approaches —
Kpitfusion, Ksiip and Kakgerman fOr the diffusion-controlled bimolecular reaction between iso-
CH,Br--1 and CH,Brl. In 2-butanol all three diffusion coefficients produced similar
results. Each approximation predicted a much larger temperature dependence to the
decay of iso-CH,Br--I as well as overestimating (underestimating) the rate constants at
high(low) temperatures respectively.(Figure 4.15) Kpifusion, has the best correlation with

121 However, the

values for kspectral @s measured by time-delayed spectral measurement
calculated values are still ~0.5 the rate constant measured in the temperature-
dependent transient absorption measurements. We propose that the differences are

the result of the decay of iso-CH,Br--I proceeding primarily through a solvent-assisted
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isomerization at room temperature and concentrations up to 135mM. Once the
concentration and temperature are increased the experimentally measured rate
constants are dominated by the diffusion-controlled reaction with CH,Brl in 2-butanol

and possibly the other solvents.

Rate Constants - 2-Butanol

Temp kExperimental t(erro r) kArrhenius I(Diffusion kSlip kAkgerman kSpectral
(°C) (ps™) (ps™) (ps™) (ps™) (ps®)  (ps™)

3.0 1.1E-03 #7.3E-06) 1.217E-03 0.3E-03 0.5E-03  0.5E-03
13.0 1.3E-03 #1.76-05) 1.381E-03 0.5E-03 0.8E-03  0.9E-03
23.0 1.6E-03 #(1.5£-05) 1.555E-03 0.8E-03 1.3E-03 1.4E-03  0.8E-03
35.0 2.2E-03 #(2.5e-04) 1.775E-03 1.3E-03 2.0E-03 2.2E-03
48.0 2.0E-03 #(2.8£-05) 2.025E-03 2.1E-03 3.2E-03  3.5E-03
63.0 2.6E-03 #3.1£-04) 2.328E-03 3.3E-03 5.0E-03  5.4E-03
76.0 2.8E-03 #(8.2e-05) 2.601E-03 4.6E-03 7.0E-03  7.7E-03
88.0 2.3E-03 #2.2r-03) 2.862E-03 6.2E-03 9.4E-03  10.0E-03

Table 4.8: Tabulated values of the experimental rate constant (Keperimental), calculated values using the
Arrhenius fit (Karmenius), and calculations, of increasing complexity, (Kpitusions Ksiips Kakgerman) for the
diffusion-controlled reaction model between iso-CH,Br--1 and CH,Brl in 2-butanol. Also included is the
value for kspeciral determined from time-delayed spectral measurements.

METHANOL

In methanol, all three approximations overestimated the values for the diffusion-
controlled rate constant at all temperatures (Table 4.9). In fact, it is clear from Figure
4.17 that the decay of iso-CH,Br--l in methanol has no significant temperature
dependence. A possible explanation is complexation of the solute species made
possible by the smaller solvent molecules. The complexes formed would result in

contact pairs which would react almost instantaneously with no need to diffuse. If this
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is the case, then the decay of iso-CH,Br--1 is not diffusion controlled, but rather an
intrinsic bimolecular reaction. This theory would explain why all three approximations
for the diffusion-controlled rate constant did not succeed in replicating the
experimental results. The value for kspectral lying well beneath all calculated values
provides further evidence that the primary mechanism for decay at room temperature

and lower concentration is not a diffusion-controlled reaction.

iso-CH,Br-I: Methanol
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Figure 4.17: Ink vs T! plot of iso-CH,Br--1 decay rate constants in methanol determined experimentally
(Kexperimental, OPeN circles), from an Arrhenius fit to the experimental values (solid red), and calculated
values kpisusion (dash-dot green), ks, (orange dashed) and kagerman (dotted blue), and the experimental
value of Kspectral (black box).
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Rate Constants - Methanol

Temp kExperimental i(erro l') kArrhenius kDiffusion kSlip kAkgerman kSpectraI
(°C) (ps™) (ps™) (ps™) (ps™) (ps’)  (ps™)

2.0 2.5E-03 #2.9e-05) 2.368E-03 3.2E-03 4.8E-03  3.2E-03
15.0 2.6E-03 #2.6£-05) 2.708E-03 4.0E-03 6.2E-03  4.1E-03
22.0 3.0E-03 #(6.4£-05) 2.896E-03 4.7E-03 7.0E-03  4.6E-03 2.7E-03
36.0 3.0E-03 #(7.3e-05) 3.282E-03 5.9E-03 8.9E-03  5.9E-03
48.0 3.3E-03 #(1.1£-04) 3.622E-03 7.2E-03  11.0E-03  7.2E-03
54.0 4.5E-03 #2.2e-04) 3.795E-03 7.9E-03 12.0E-03 7.8E-03

Table 4.9: Tabulated values of the experimental rate constant (Keyperimental), calculated values using the
Arrhenius fit (Karhenius), and calculations, of increasing complexity, (Kpittusions Ksiips Kakgerman) for the
diffusion-controlled reaction model between iso-CH,Br--1 and CH,Brl in methanol. Also included is the
value for Kspectral determined from time-delayed spectral measurements.

ACETONITRILE

In acetonitrile, the results are quite similar to those observed for methanol. All
three approximations for the diffusion coefficient lead to rate constants which
overestimate the experimental rate constants across the temperature range (Table
4.10). In addition, the approximations suggest a temperature dependence to the decay
of iso-CH,Br--1 (Figure 4.18) in acetonitrile. However, as was the case in methanol, there
does not seem to be a temperature dependence to the experimentally determined rate
constants. We propose that all three approximations overestimate the temperature
dependence because, like in methanol, iso-CH;,Br--1 is complexed with CH,Brl and decays

without need to diffuse.
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iso-CH,Br-I: Acetonitrile
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Figure 4.18: In k vs T-1 plot of iso-CH,Br--1 decay rate constants in acetonitrile determined
experimentally (Keyperimental, OP€N circles), from an Arrhenius fit to the experimental values (solid red),
and calculated values kpysion (dash-dot green), ks, (orange dashed) and kajgerman (dotted blue), and the
experimental value of kyectral (black box).

Rate Constants - Acetonitrile

Temp kExperimental i(erro r) kArrhenius kDiffusion kSlip kAkgerman kSpectral
(°C) (ps™) (ps™) (ps™) (ps™) (ps’)  (ps™)

3.0 0.88E-03 #(6.1£-05) 0.77E-03 5.4E-03 8.1E-03  5.6E-03
6.0 0.78E-03 #(1.7e-05) 0.78E-03 5.6E-03 8.4E-03  5.8E-03
22.0 0.75E-03 #(1.9e-05) 0.84E-03 6.6E-03 9.9E-03 6.9E-03 0.7E-03
23.0 0.81E-03 #1.3£-05) 0.84E-03 6.7E-03  10.0E-03  6.9E-03
35.0 0.69E-03 #(3.3£-04) 0.88E-03 7.5E-03  11.0E-03  7.9E-03
42.0 0.97E-03 #(9.7e-05)  0.90E-03 8.1E-03  12.0E-03  8.4E-03
43.0 0.93E-03 #8.5£-05) 0.90E-03 8.2E-03  12.0E-03  8.5E-03
52.0 1.09E-03 #(1.3£-04) 0.93E-03 9.0E-03  13.0E-03 9.4E-03
61.0 0.96E-03 #(3.6-05) 0.96E-03 9.8E-03  15.0E-03 10.0E-03
69.0 0.95E-03 #(3.9-05)  0.98E-03 11.0E-03 16.0E-03 11.0E-03

Table 4.10: Tabulated values of the experimental rate constant (kexperimental); calculated values using the
Arrhenius fit (Karhenius), and calculations, of increasing complexity, (Kpittusions Ksiips Kakgerman) for the
diffusion-controlled reaction model between iso-CH,Br--1 and CH,Brl in methanol. Also included is the
value for Kgpectral determined from time-delayed spectral measurements.
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SUMMARY AND CONCLUSIONS

The calculations performed to estimate the diffusion-controlled rate constants
took in to account temperature, concentration, solvent polarity, the temperature
dependence of the viscosity and the sizes of the molecules involved. Rate constants
calculated for a diffusion-controlled bimolecular reaction between iso-CH,Br--1 and
CH,Brl were performed using three different approximations for the diffusion
coefficient of the solute particles. Comparison of the rate constants measured by
temperature-dependent transient absorption scan and time-delayed spectral
measurements suggest that at concentrations <135mM iso-CH,Br--I decays primarily
through a solvent-assisted isomerization in 2-butanol at room temperature. For
concentrations >135mM the decay of iso-CH,Br--I is dominated by a diffusion-limited

bimolecular collision with another species in 1-and 2-butanol.

In methanol and acetonitrile, the solvent molecules are substantially smaller
than the butanols and comparable to the CH,Brl solute. The smaller solvent molecules,
in conjunction with the high solute concentrations, make it more likely that the main
decay pathway is through bimolecular reaction between contact pairs formed through
solute molecule complexes. Reaction between the contact pairs occurs rapidly, with
little to no diffusion which would explain the temperature independence of the

measured rate constants in both methanol and acetonitrile.

95



FUTURE WORK

As previously mentioned, spectral measurements taken at concentrations of 8,
15 and 33mM seemed to free of any diffusion-controlled reactions. This suggests that
concentration-dependent measurements may be taken to determine at what
concentration the diffusion-controlled reaction becomes the dominant decay
mechanism for iso-CH,Br--1. With the correct sample concentration, the intrinsic barrier
(if any) for the decay of iso-CH,Br--I can be measured using temperature-dependent
transient absorption measurements. A comparison of barrier heights in various solvents
may then be performed to determine if there are extrinsic barriers to the decay of the

metastable species.
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Chapter 5. SUMMARY AND FUTURE WORK

In the preceding chapters the results of temperature-dependent transient
absorption spectroscopic studies were presented. Those studies set out to determine
the presence of reaction barriers and determine the relative heights of these barriers in
three different molecular systems. In addition, the solvent environment was varied to
determine the extent to which the reaction surfaces are affected by the surroundings.
Each system was investigated in a range of solvents with different polarities and

viscosities.

ci1s-1,3,5-HEXATRIENE (Z-HT)

The influence of solvent on the cZt-HT = tZt-HT (Figure 5.1) isomerization
barrier was investigated through measurements performed in methanol, propanol,
cyclohexane and hexadecane. The measurements showed that the barrier for the
cZt—>tZt conformational isomerization is 25% lower in alcohols (ca. 1450 cm™, 17.4
kJ/mol) than in alkanes (ca. 1950 cm™, 23.5 kJ/mol). Fits to the data also yielded
equilibrium Arrhenius prefactors which were an order of magnitude smaller for alcohols

(ca. 4x10" s) than alkanes (ca. 6x10™ s™). The absolute rate of decay was faster in the
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alkanes than in the alcohol solvents and was independent of the solvent viscosity.
These results contrast with earlier observations where Z-HT was found to relax and

39,5683 yv/alues for An

thermalize more quickly in alcohol solvents than in alkane solvents.
in the alkane solvents were also found to be an order of magnitude larger than

predicted by simple transition state theory. The data is independent of solvent viscosity

and so the results cannot be attributed to an activated viscous friction on the reactive

R
h . g | )
v —
> AN —
.

cZt-HT

motion.

Figure 5.1: Outline of isomerization of cZt-HT to tZt-HT following direct excitation of cZc-HT (Z-HT)

Results of calculations performed using a continuum solvent model were then
presented. These calculations failed to improve the agreement with the experiment
data. As a result of the discrepancies, it was determined that calculations beyond the

scope of Gaussian were necessary to explain the experimental results.

Molecular dynamic simulations of the cZt—tZt-HT isomerization in both
cyclohexane and methanol were performed by the Geva group. The results were able to
replicate a faster relaxation in methanol compared to cyclohexane and tentatively
assigned it as an entropic effect. In the model, cyclohexane molecules were shown to

more easily envelop the cZt-HT molecule, effectively stabilizing the isomer and lowering
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the barrier to isomerization. However, in addition to stabilization, the close packing
between cyclohexane and cZt-HT molecules inhibited the bond rotation to form tZt-HT.
The inhibited motion caused a lower the rate of isomerization in cyclohexane compared
to methanol as well determined that the reaction dynamics were affected by solvent

type rather than viscosity or polarity *>°°.

7-DEHYDROCHOLESTEROL (DHC)

Measurements of the excited state dynamics of 7-dehydrocholetesterol (Figure
5.2) in methanol, ethanol, 1-propanol, 1-butanol, 2-butanol, n-heptane and n-
hexadecane were reported in Chapter 3. The temperature dependence of the excited
state decay in each solvent suggests an intrinsic intramolecular barrier to ring-opening
as well as a solvent dependent barrier arising from the friction of the environment on
the reaction coordinate. The effective barrier in the low viscosity solvents set an upper
limit for the intrinsic barrier of ca. 4 kJ/mol. A simple model for the influence of the
solvent provided an estimate for the intrinsic barrier of 1.8 + 0.9 klJ/mol. When the
results of these studies were then combined with additional 2! experimental work it was
concluded that the excited state surface of 7-dehydrocholesterol is much more
complicated than initially presumed. In fact, it is proposed that the excited state

absorption decays through one of two models presented.
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cZe-previtamin Dy
A

A\l

cZt-previtamin Dy

Vitamin Dy

Figure 5.2: The provitamin D; 7-dehydrocholesterol (DHC) molecule undergoes a photochemical ring-
opening reaction to form cZc-previtamin D; which undergoes conformational relaxation producing an
equilibrium mixture of the cZc and cZt conformers. The cZc-previtamin D; undergoes a hydrogen
transfer and electronic rearrangement to form vitamin Ds.

I1S0O-BROMOIODOMETHANE (1S0-CH,BR—1)

The effects of solvent on the decay of iso-CH,Br—I| were measured in 1-butanol,
2-butanol, methanol and acetonitrile (Figure 5.3). The measured rate constants were
compared to calculations which assumed a diffusion-controlled bimolecular reaction
between iso-CH,Br-1 and CH,Brl. The estimated rate constants for the diffusion-
controlled bimolecular reaction were performed using three different approximations
for the diffusion coefficient of the solute particles. The estimated decay constants were

also compared to broadband spectral measurements performed in each of the solvents.
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Figure 5.3: Suggested decay pathways for iso-CH,Br—I through solvent assisted isomerization and
diffusion-limited bimolecular reaction with CH,Brl

The comparison of the calculated and experimental rate constants suggested
that at concentrations <<135mM iso-CH,Br--I decays primarily through a solvent-
assisted ‘unimolecular’ isomerization in 2-butanol at room temperature. At
concentrations 2135mM the decay of iso-CH,Br--I appears to occur predominately
through a diffusion-limited bimolecular collision with another CH,Brl molecule in 1-and
2-butanol. In methanol and acetonitrile, the measured rate constants displayed little to
no temperature dependence and so the diffusion-limited mechanism was ruled out. It
was replaced with a model where iso-CH,Br—I decayed through the interaction of
contact pairs formed when the iso and parent species complexed with one another.
Spectral measurements taken at concentrations of 8, 15 and 33mM appear to be free of

any diffusion-controlled reactions.
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FUTURE WORK

The results and interpretations presented have provided some interesting
insights but there is still more knowledge to be extracted from these systems. Thus far
modeling of the hexatriene system has only replicated experimental results for
cyclohexane. Further modeling is being conducted by the Geva group and compared to
data obtained in methanol, propanol and hexadecane. In addition, measurements
spanning a larger range of solvents may prove useful for comparison to future
simulations. Some solvents that would be advantageous to pursue experiments in
would be acetonitrile, 2-butanol and heptane. Such a study could help to explain the
observed trends and assess the extent to which molecular packing affects the

isomerization dynamics of the hexatriene molecule.

For 7-dehydrocholesterol calculations of the structure of the excited state
surface and barriers on that surface need to be performed. This information can then
be paired with molecular dynamics simulations to give a more detailed understanding of
the extrinsic barrier we observed as well as the interactions which give rise to it. More
specifically, a better understanding of the surface may explain whether the excited state

absorption decays through the parallel or sequential models suggested and why.

The decay of iso-CH,Br—I was measured at relatively high concentrations. In the
high concentration regime it was determined that the diffusion-limited reaction

between iso-CH,Br—I and CH,Brl is the dominant decay pathway in 1- and 2-butanol.
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Preliminary concentration measurements by Anderson et al*** has suggested that
additional decay mechanisms for the iso species may exist and are only observable at
much lower concentrations. Additional concentration dependent measurements should
be performed and the concentration at which the diffusion-controlled reaction becomes
less significant should be determined. Temperature-dependent measurements could
then be performed at those concentrations to measure any barriers. It would be useful
to perform these additional measurements in the solvents presented in this work for
comparison. In addition, solvents of varying viscosity, polarity and molecular volume
should be used, the effects on said barriers measured and the data gathered used to
gain some insight into the reaction energy surface. Additional studies of the decay of
iso-CH,Br—I may also shed some light on why the decay is essentially barrierless in

acetonitrile and methanol.

In addition to more experiments, the study of the decay of iso-CH,Br—I may also
benefit from additional theoretical work. The three methods implemented here
overestimated the temperature dependence of the decay; particularly in methanol and
acetonitrile. Molecular dynamics simulations might help to better explain the lack of
temperature dependence in those solvents as well as the overestimations in the

calculations presented here.
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