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Excited State Isomerization Kinetics of 4-(Methanol)Stilbene: Application of the
Isodielectric Kramers—Hubbard Analysis
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Trans-4-(methanol)stilbene (HMS) is a member of the diphenylpolyene family with a methanol group appended
to one of the phenyl rings of stilbene. In previous studies, we have demonstrated that the polar functional
group has a substantial influence on rotational dynamics of HMS in polar liquids and in supercriticdhCO

this paper, we examine the influence of the methanol group on the-tcisexcited state photoisomerization

of HMS. We present absorbance and fluorescence spectra that indicate that the spectroscopy of HMS is
nearly identical to that of stilbene. We utilize the spectra to calculate the radiative rate constant of the excited-
state trans isomer of HMS. Using this result and measured fluorescence lifetimes, we characterize the trans-
cis isomerization rate of HMS in a seriesmflcohols over temperatures from 0 to 8D. Linear Arrhenius

plots are observed over this temperature range. We also present an analysis based on the isodielectric Kramers
Hubbard method originally developed by Anderton and Kauffman. The results of this analysis demonstrate
that the barrier to trans-cis isomerization of HMS decreases with increasing solvent permittivity.

1. Introduction B = (6kT/z, (2)

Trans-to-cis photoisomerization reactions of diphenylpolyenes
have been extensively studied over the past two decades agvherekTis the thermal energy,is the solute moment of inertia,
prototypica| examp|es of unimolecular reacti®ngThe isomer- andfr is the solute rotational correlation time. Lee et‘lefer
ization reaction of stilbene in solution, in particular, has been 10 this as the KramersHubbard model. Note that the Kramers
studied by many researchérg. Solvent viscosity is known to ~ Hubbard frequency factor can also be derived from Grote
play an essential role in determining the rate of these reactions.Hynes theor} for barrier crossing in solution in which the rate
Analysis of isomerization rates has been performed using the €Xpression Is
Arrhenius law; however, the activation energies obtained from
the calculations do not separate the true barrier energy from _ Wy A 3
the apparent activation energy due to temperature-dependent Kso = Ew_b )
viscosity. Isoviscosity plots have been used to obtain corrected
activation energie$’1°This method assumes that the viscosity gpq
dependence of the isomerization rate appears in the frequency
factor and appears to work well for nonpolar, nonassociating
solvents, but fails for polar solveris:”811.12Kramers theory
is also often used to determine energy barriers, since it includes
a functional dependence of the rate constant on solvent friction. Here we have replaced the velocity time correlation function
The Kramers expressighis given by in the reactive frequency factor of Gretélynes theory with
the angular velocity time correlation function, which is ap-
oL 2m,)\?| 2 A propriate for trans-cis isomerizatiok. can be evaluated in the
Ko = Ay, 1+ T —1-ex kT @) long time (diffusive) limit by making use of the relation derived
by both Steel¥ 18 and Hubbartp
wherew, andwy, are the initial well frequency and the imaginary
barrier_ frequency, respect_ively, assgming a piecewise_ pargbolic [@,,(O)ar (1) = k_Te*ﬂt (5)
potential energy surfacé.is the frictional parameter given in I
units of frequency. Hydrodynamic theories reléat® the solvent
viscosity, but hydrodynamics is not appropriate for fast uni- whereg is given by eq 2. The normalization factor is given by
molecular isomerizations in which a small reactive body
undergoes primarily rotational motion over the course of the 2= KT (6)
reaction. Lee et a* have suggested thgtbe replaced by, ¢ I
the angular velocity correlation frequency, when Kramers theory
is applied to diphenylpolyene photoisomerization reactighs. ~ which yields
is given by the Hubbard relatién

A= o} [ dte M} (0)w, ()0 (4)
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Solving for A, and substituting into eq 3 gives the Kramers 40000
Hubbard rate expression.

In recent years, we have undertaken comparative studies of
trans-diphenylpolyenes in supercritical fluid solvents with the
goal of identifying behavior attributable to fluid clustering in
the compressible regime. In the course of these studies, we have
found it necessary to examine the diphenylpolyenes in a variety
of liquid solvents in order to examine the influence of solvent
dielectric properties on the isomerization reaction. Several
groups have attempted to analyze these effe®&2-2%ut until
recently, no clear relationship between activation barrier and 0 ( ‘ ‘ =
solvent permittivity had been identified. In a previous series of 300 350 400 450
papers’'-23 we demonstrated a method for the analysis of rate wavelength (nm)
data that allows one to extract the dependence of the isomer-Figure 1. Absorbance and fluorescence spectra of HMS in hexane
ization activation energy on the solvent permittivity. We refer (dotted line) and ethanol (solid line). Absorbance spectra are plotted
to this method as the isodielectric Krametsubbard (IKH) as r_nolar absorptivity. Fluorescence spectra have been normalized for
analysis. The method allows us to extract activation energies clarty.
at constant solvent permittivity by using the Kramekubbard
equation to account for solvent viscosity in a series of alcohol- Nd:YAG laser was pulse compressed and frequency doubled
temperature pairs that maintain isodielectric conditions. The t0 Provide 5 ps 532 nm pulses at 80 MHz. These pulses
method has been applied to stilbene in alcohols and to synchronously pumped a dye laser with a single blrefnngence
diphenylbutadiene (DPB) in alcohols and in other polar solvents. filter. The 0.6 ps pulses from the dye laser were cavity dumped
In this paper, we have applied the IKH method ttans4- at 4 MHz and frequency doubled in a KDP crystal to generate
(hydroxymethyl)stilbene (HMS). Though this molecule is 300 nm pulses._The quorescenge was collected _through a 370
expected to be similar to other diphenylpolyenes, it has not been"M band-pass filter and a polarizer set to 348&lative to the
thoroughly investigated. Furthermore, this study extends this excitation polarization. The detect_lon_ electronics have been
method to analysis of a polar solute, which has been shown todescribed elsewheréFluorescence lifetimes were extracted by
experience dielectric friction in hydrogen bonding solvéAts. iterative reconvolution using sm_gle-exponentlal model fun_ctlons.

In this paper, we present the results of our recent investiga- | ' instrument response function was 53 ps (fwhm), which was

tions into the photophysics and isomerization kinetics of HMS determined by measuring the sjgnal from a scattering ?0'5‘“0“
in liquid n-alcohols. The paper is organized as follows through a 300 nm band-pass filter. The fluorescence lifetimes
Experimental methods are described in Section 2. We characterV€'® measured over a telrlngerature rafge Of_ 10 tb(BOTIh_e
ize the spectroscopy of HMS in Section 3, and present some {eMpPerature was controlled t&= 0.1 °C using a Peltier

spectroscopic predictions based on semiempirical calculations,[NeTMOelectric cuvette holder of our own design. Fluorescence
We also present a determination of the molecule's radiative 2NSOtrOpiest, were measured over the same temperature range

lifetime in this section. The results of temperature-dependent using a cust_om-bunt photon counting fluorometer. Rotational
fluorescence lifetime studies in a series mflcohols are correlation times,t, were ca_lculated from the steady-state
presented in Section 4, including analysis by the IKH method. fliorescence anisotropies using the Perrin equéfigncom-

These results identify the dependence of the isomerization barrierpk:ete de_scr|p|t|do_rf1r Of. the |nst|rur|rqlent ta)nd a deta|lled ag?gf'sd of
height on the solvent permittivity. We discuss these results ang the rotational diffusion results have been recently published.
their relationship to recent literature on solvent effects in Briefly, we utilize the steady state method because the rotational

chemical dynamics in Section 5. diffusion times qf HMS in alcohols are fast, having t'ime
constants only slightly shorter that the fluorescence lifetimes.
This fact hinders the use of time resolved anisotropies because
of the difficulty in normalizing the parallel and perpendicular
Trans-4-stilbenemethanol (Aldrich as 98.7%) was used as decays. The use of the Perrin equation assumes single expo-
obtained. Optima grade hexane, 100% ethanol, 1-propanol andnential anisotropy decays. This assumption is appropriate for
1-butanol were used as obtained. The higher alcohols, 1-pen-diphenylpolyenes, and has been discussed in detail in our
tanol, 1-hexanol, 1-heptanol, and 1-octanol were purchased fromrecently published stud®. We use these recent results to
ICN Biochemical, Inc. and were fractionally distilled over calculatef-values used in the IKH analysis in this paper.
grourd 4 A molecular sieves. The 1 cm, quartz cuvettes used  The fluorescence energy, rotational barrier and solvent effects
in these studies were soaked in a Nochromix solution for three on HMS energy levels were calculated for HMS using semiem-
minutes, rinsed with deionized water three times, and then rinsedpirical methods (MOPAC version 93R2). Galvao, et al., showed
with absolute ethanol to remove trace impurities that can PM3 to be suitable for stilberf. Spectroscopic evidence
interfere with fluorescence studies of molecules with low suggests that HMS has electronic structure similar to stilbene.
quantum yields. Absorbance spectra were obtained using aStructural optimization (HyperChem) was used to determine
Hewlett-Packard 8453 diode-array instrument with 1 nm resolu- moments of inertia for optimized HMS structures, giving the
tion. Fluorescence spectra were measured using a SLM-Amincofollowing values: 1, =375 x 10740 g/cn®, I, =4940 x 10740
8100 spectrofluorometer. Slit widths were set to 2 nm. All g/cn®, andl, =5306 x 10740 g/cn?.
fluorescence spectra were taken with 3 g/L Rhodamine B in
propylene glycol as a reference. The excitation wavelength was 3. Spectroscopy of HMS
set to 298 nm, and absorbances were always 0.1 or less. The
photomultiplier tubes were offset to null dark current. Fluores-  Absorbance and fluorescence spectra of trans-HMS in ethanol
cence lifetimes were measured in a series-afcohols using and hexane are shown in Figure 1. The absorbance spectrum
time-correlated single photon counti®?® A mode-locked shows peaks at 298 and 310 nm and a shoulder at 324 nm in
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TABLE 1: Relative Peak Absorbances of trans-HMS and HMS analogue of dihydrophenanthrene can be formed under
trans-Stilbene* strong UV radiatior?%:31 Exposure of HMS to elevated tem-
HMS Stilbene perature and room light does not result in dramatic changes in
peak position 298 310 324 294 306 320 the spectra. We have taken great care to ensure that the reported

\afive absorb fluorescence spectra and subsequent data analysis are not
. relative absorbance influenced by these effect through the use of sample stirring,
in hexane 1 1 0.64 1 0.94 0.56 :
in ethanol 1 102 068 1 0.96 059  Oxygen purging, reduced UV exposure, fast fluorescence scans,

The HMS peak i identical to th ¢ stilb Wh and exhaustive repeatability studies.
aThe peak separations are identical to those of stilbene. When - .
the spectrum of HMS is shifted 4 nm to the blue it is nearly The radiative rate constant for HMS in hexane and ethanol

superimposable onto the stilbene spectrum. Neither compound exhibitsnas been determined by the Stricki@erg metho@ using the
a solvatochromic shift between hexane and ethanol, but both compoundsabsorbance and fluorescence spectra shown in Figure 1. This
exhibit a slight variation in relative peak absorbances between the method relates the molecule’s radiative rate constant to the
different solvents. spectrum of it's molar extinction coefficient and the shape of

) _ it's fluorescence spectrum through the expression
both solvents. The spectra are nearly identical to one another,

differing only in the relative peak absorbances. These are given g
in Table 1, along with the peak positions and absorbances of k = 2.880x 10 °n’, 3qvl(—l) Jed(inv) (8)
trans-stilbene. Beer’'s Law plots from spectra of known con- %
centration (1x 107> M to 1 x 10°® M range) gave 298 nm
molar extinction coefficients of 28 70& 2200 L/(motcm) in wheren is the refractive index for the solventjs the absorbed
ethanol and 35 40@& 400 L/(molecm) in hexane. We have  frequency in wavenumbefs 30, * is the reciprocal of the
also observed that the absorption spectrum in ethanol is lessmean cubed inverse frequency of the fluorescence specérum,
stable than the spectrum in hexane in th250 nm region, a  is the molar extinction coefficient, and, and g, are the
region where the cis isomer of stilbene is known to absorb. This degeneracies of the lower and upper states. In the case of HMS,
observation is consistent with conclusions that will be drawn the degeneracy ratio is onk.is calculated to be 7.3-0.8 x
in Section 4, indicating that the barrier to excited state 10° s7! in ethanol and 8.4£0.8 x 1(° s™! in hexane. The
photoisomerization is substantially lower in ethanol than in estimated error in the hexane value is 10%, which we determine
hexane. Thus, a larger fraction of excited HMS molecules relax from our ability to reproduce the same results through repeated
through the excited-cis conformation when the solute is dis- experiments. The notably lower value in ethanol may result from
solved in ethanol. The instability of the absorption spectrum anomalously low extinction coefficients due to the unstable
also suggests that, following relaxation from the excited cis nature of trans-HMS in ethanol, and we take this value as a
potential energy well to the ground state, solvent dependentlower limit on the radiative rate constant for HMS. These values
variations in the ground- or excited-state potential energy are essentially identical with radiative rate constants for other
surfaces may result in a transis branching ratio that favors  diphenylpolyenes, notably stilbene. Apparently, the methanol
the ground-state cis isomer in ethanol. Regardless of the causesubstituent does not influence the radiative relaxation rate. For
of this instability, the molar extinction coefficients in ethanol subsequent analysis, we used a valuk efjual to 8. x 18s!
are less reliable that those measured in hexane, and this is madi all solvents. Though this choice is somewhat subjective, it
manifest in the large uncertainty of its value. reflects the uncertainty in these measurements as well as the
The fluorescence spectra for HMS in hexane and ethanol areincreased difficulty of making accurate measurements in ethanol
very similar, with peak intensities at 351 and 354 nm, solutions. The radiative rate constant and the fluorescence rate
respectively. The small Stokes shift mimics that observed for were used to determine the fluorescence quantum yield of HMS.
stilbene and indicates that the emissive species dipole momenilhe fluorescence rate was obtained experimentally from fluo-
is nearly the same as the dipole moment of the ground staterescence decays using time-correlated, single-photon counting.
species. This result suggests that the methanol group in HMSThese measurements are not expected to be influenced by
is not strongly coupled to the aromatic ring. A theoretical value spectral congestion because the fluorescence quantum yield of
for the fluorescence energy has been calculated using MOPACCcis-stilbene is extremely lo?3! The room-temperature fluo-
with PM3 parametrization. The calculated total energy difference rescence quantum yields for trans-HMS calculated from the
is 1.428 x 10719 cal, which corresponds to 332 nm. Solvent Strickler—Berg radiative rate and fluorescence lifetimes are
effects on the ground and excited-state energies of HMS were0.063 (ethanol) and 0.108 (hexane). We have verified these
also calculated using a conductor-like screening model (COS-results by relative fluorescence quantum yield measurements
MO).28 The results indicate that ground and excited state from fluorescence spectra using quinine sulfate as a reference
energies experience nearly identical shifts as the permittivity standard. The reproducibility of the results was limited by
of the surrounding medium increases, and are consistent withfluorescence intensity variation of HMS, which probably
the small solvatochromic shift observed in the fluorescence resulted from the depletion of trans-HMS within the interroga-
spectra. tion zone. With due attention to the above-mentioned difficulties,
During our early studies, we observed temporal variations in we achieve mean values of fluorescence quantum yields that
the fluorescence intensity of HMS. We have also found that agree within 10% between the StrickléBerg and integrated
after prolonged exposure to strong UV radiation the sample fluorescence methods.
exhibits a decrease of up to 50% in the absorption at 298 nm, With regard to the radiative rate constants, we note that the
particularly for samples dissolved in ethanol. This is ac- Strickle—Berg method relies primarily on accurate absorption
companied by a slight increase in absorption at about 230 nmspectra, which are not influenced by the trans-cis isomerization
wherecis-stilbene is known to absorb. On the basis of the well- because the light source is weak and the duration of exposure
studied trans-cis isomerization of trans-stilbéA&3°we attribute in the diode array instrument is only a few seconds. Furthermore,
these observations to the formation of a stable population of with the above-mentioned precautions, the fluorescence spectra
cis-HMS in the ground state. It may also be possible that the were accurate enough to provide reliable measures of the mean
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255 solvent permittivity can influence the magnitude of the activation
o HMS in etharol barrier, as discussed below. The viscosity effect has been the
=0 v v S npropanel subject of extensive investigatiéh!?-20.34Kramers theory has

been widely used to account for viscosity dependence. Keery
et al®* have demonstrated that in the Smoluchowski regime the
temperature dependence of viscosity results in a “preexponential
factor” with exponential temperature dependence. Thus the
235 1 v temperature-dependent viscosity contributes an additive term
to the Arrhenius activation barrier. In nonpolar solvents iso-
viscosity plots, in which solvent-temperature pairs are chosen
‘ ‘ ‘ ‘ ‘ , that give constant viscosity, can be used in order to obviate the
29 30 31 32 33 34 35 36 need to correct for viscosity effects. However, measurements
1/T * 1000 across solvent series such as the current study may suffer from
Figure 2. Arrhenius plots of HMS in ethanol and propanol. The lines the now-well-known-fact that the relationship between viscosity
are linear regression fits of the data. Ethanol gave the best correlationand rotational diffusion time predicted by the Stok&mnstein-
coefficient of all the alcoholsR = 0.998) and propanol gave the worst  pehye equation does not hold when the size of the diffusing
correlation coefficientR = 0.988). See Table 2 for additional results. body approaches the size of the soN&FE35Lee et af” have

245 4
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TABLE 2: Arrhenius Analysis of Temperature Dependent proposed the KramerHubbard method to overcome this

Rate Constants in Liquids® difficulty, as discussed in section |. The key advantage of this
E. A method is that it offers a means of using experimental observ-

alcohol slope  (kcal/mol) intercept (10'3s1) R? ables to characterize the temperature dependence of the pre-

ethanol —2870 (2%) 5.69 (2%) 33.1(1%) 23.43 (22%) 0.998 exponentlal_chtor in the Kramers expression. Thus, rate
propanol —3900 (5%) 7.96 (5%) 36.4 (2%) 657.08 (100%) 0.988 constants within a single solvent or across a series of solvents
butanol —2970 (2%) 5.88 (2%) 33.1(1%) 23.43 (22%) 0.998 can be properly analyzed with respect to solvesalute friction.

Ee”tanfl" *2888 (ggf) g-gj (ng) gg-g (izﬁ’) 42%-%3 (gg‘;//") 8-23‘; The second reason to question Arrhenius activation barriers
exanol — (3%) 7.84(3%) 36.0 (1%) 437.04 (50%) O. is that they are only correct if the barrier is constant as

heptanol —3900 (3%) 7.75 (3%) 35.7 (1%) 320.91 (50%) 0.995 are. . e . Mt @
octanol —3600 (6%) 6.47 (6%) 34.4 (2%) 90.16 (80%) 0.990 temperature is varied. This constraint is not met for isomerization

hexane —2610 (3%) 5.16 (3%) 31.6 (1%) 53.18 (35%) 0.997 of diphenylpolyenes in polar solvents?! The permittivity of

2 The linear regression results are used to calculate rate constantspOIar solvents SUCE as alc_o_hols can fbe strongly erend_ent_ on
for HMS versus temperature and solvent in order to perform the IKH €Mperature, and the transition state for trans-cis isomerization
analysis. Uncertainties in the regression results are estimated fromOf diphenylpolyenes is polar. Thus, we anticipate temperature-
standard errors of the fitting parameters, given in parentheses. Activationdependent stabilization of the isomerization barrier such that
barriers determined from the slopes do not exhibit a trend with variation the barrier is diminished as the temperature decreases. We have
in solvent. examined this effect for diphenylbutadiene trans-cis isomeriza-
. tion in alcoholst!-?Lstilbene in alcoholg3 and diphenylbutadiene
inverse cubed fluorescence frequency. On the other hand, they other polar solvent$ by application of the isodielectric
temporal fluctuations in the fluorescence intensity had a kramers-Hubbard (IKH) method to the analysis of isomeriza-
profound effect on anisotropy values measured with commercial o, rate data. The method relies on Kramerkibbard fits of
instrumentation. To overcome this problem, we constructed the jsomerization rate constants and rotational diffusion times for
modified-T format fluorometer described pre_wou%‘fy?l'ms a series of solvent-temperature pairs chosen to maintain a
instrument is capable of producing accurate anisotropy measuretonstant solvent permittivity, and the results demonstrate the
ments under the adverse conditions encountered in this StUdyexpected dependence of activation barrier on solvent permit-

tivity. We now apply this method to HMS isomerization rate

4. Excited State Trans-Cis Photoisomerization of HMS constants in a series of alcohols.
The fluorescence lifetimes for HMS in thealcohol series The IKH method assumes that the Kramers equation char-
were measured with the previously described instrufiewer acterizes the influence of solutgolvent friction when the

a range of temperatures. Using the StrickiBerg radiative rates ~ Hubbard relation is used, and that only the solvent polarity,
and the fluorescence lifetimes, transis isomerization rates  characterized by the bulk solvent permittivity, influences the
have been calculated. We obtain the isomerization rate by takingexcited-state potential energy surface, on which the isomeriza-
the fluorescence rate and subtractikgobtained from the tion occurs. The method requires rotational diffusion times and
Strickle—Berg formula and the intersystem crossing rate, isomerization rates across a series-@ficohols at temperatures
estimated as 8 10® s™! from literature results for trans-  chosen to maintain a fixed solvent permittivity. These temper-
stilbene3? The rate constants are then fit to the Arrhenius ature choices are governed by well established relations between
equation. Figure 2 shows Arrhenius plots of HMS in ethanol temperature and solvent permittivity of the solvent series under
andn-propanol. These are representative of the plots in all the investigation®® The analysis can be performed across the same
n-alcohols, and are linear over the range of temperatures studiedseries of solvents at different solvent permittivities by adjusting
Ethanol gives the best linear fit of the series, and propanol gives the solvent temperatures. In some cases, the number of solvents
the worst fit. The parameters from the linear least-squares that are accessible at a particular solvent permittivity is limited
analyses are given in Table 2. because the required temperature is too near to a phase transition.
Although Arrhenius plots for diphenylpolyenes are generally Once the solvent-temperature pairs for a particular permittivity
linear over limited temperature ranges, the activation barriers have been determined, rotational diffusion times and isomer-
obtained from the plots are often in error for two reasons. First, ization rates at those temperatures must be found. We have used
temperature dependent solvent viscosity contributes to thethe experimentally observed linear Arrhenius plots to calculate
apparent activation barrier, and second temperature dependenisomerization rates for HMS at the required temperatures, and



Isomerization Kinetics of 4-(Methanol)Stilbene J. Phys. Chem. A, Vol. 105, No. 5, 200827

TABLE 3: Linear Regression Analysis ofz, vs /T for HMS Permittivity values that did not include at least four alcohols

in n-Alcohols* within our experimental temperature range were omitted from
alcohol slope (ps K/cP) intercept (ps) R? the plot. Error estimates shown in the plot are the standard errors
ethanol 26 270 2249 0.9936 of the fitting parameters given by the nonlinear regression
propanol 25610 —54.26 0.9793 analysis. Large uncertainties i, andwy, result from fitting a
butanol 23900 —51.49 0.9762 small data set to an equation containing several fitting param-
pentanol 15860 —6.824 0.9918 eters. Past analysis on DPBhowed that increasing the number
ng?:r?cl)l % ggg —_131.2; 8-323% of data points over a wider temperature range gave smaller
oct?amol 17 620 o097 0.9844 uncertainties, but the fit values remained unchanged. The line
hexane 36 179 ~10.47 0.9734 in Figure 3 is the result of the linear least-squares fiEgto

) ~_ the solvent permittivity. The slope of the line 150.22 kcal/
2The slopes are used to calculate the rotational correlation time.

The RCT values are used in the Hubbard relation to characterize themOI (per L.m't. permittivity) with an !ntercept of 5.0 keal/mal.
local solute-solvent friction in the IKH analysi& The data indicates that the activation energy for HMS ranges

from 0.5 to 3.0 kcal/mol in alcohols. The results of the IKH
5 analysis of HMS in alcohols is consistent with the measured
value of the activation barrier for HMS in hexane, a solvent
4 with minimal variation in polarity with temperature. Kramers
Hubbard analysis of HMS in hexane givEg= 4.6 kcal/mol,
1 somewhat lower that the 5.16 kcal/mol Arrhenius parameter.
T (The difference in these results reflects the viscosity activation
2 energy.) Comparison of the hexane Kramsdtibbard barrier
with the linear regression result in Figure 3 demonstrates
. excellent agreement between the predicted permittivity depen-
¢ dence of the barrier height based on measurements in polar
. } ‘ ‘ ‘ | liquids and the measured barrier height of HMS isomerization
10 12 " 16 18 20 z in a nonpolar liquid.

dielectric constant
Figure 3. Permittivity dependence of the HMS isomerization barrier - Discussion
determined from the IKH analysis of the isomerization rate constants.  \We have drawn two primary conclusions from this work.
e oot oot sk e Ao o cotong, FISL, L3 apparent. that VS Is spectoscopically smiat t
Temperature, rate constant aficire input parameters. stilbene. Note thaF Fhe absorption and emission §pectra of HMS
are no more sensitive to solvent polarity than stilbene, and that
TABLE 4: Parameters of the IKH Theory for HMS 2 both of these solutes have similar radiative rate constants. These
B 0a(10°s7Y) wp (1083579 E. (kcal/mol) obsgrvat!ons can be qualltqtlvely explained by the absence of
conjugation between the stilbene chromophore and the polar

——

g 0.1Si 8_8 ;;i 3_7 ggi (1)23 portion (_)f the methanol_moiety._Secoqd, we have conc_Iuded
14 0.4+ 0.2 33+03 1.8+ 0.3 that excited state transis photoisomerization of HMS, like

16 0.2+ 0.04 0.97+ 0.07 0.6+0.2 stilbene and DPB, proceeds over a barrier whose height increases
17 0.24+0.2 1.4+ 04 1.0+ 0.8 linearly with decreasing solvent permittivity. 23

18 001"711 8-37 igi 8-5 igi 8-3 In hexane, the HMS barrier (4.6 kcal/mol) is somewhat larger
20 0.08L 0.05 151 0.3 05405 than stilbenes~4 kcal/mol), an observation that is consistent

with barriers of other para-substituted stilbenes. This may simply
& The table shows the isodielectric Krametsubbard fit parameters  reflect the increase in the inertial moment along the reaction
for HMS. Permittivities 10, 11, and 15 are missing from the table since cqordinate in solvents where solvent friction plays a dominant
there were only three points to be fitted within these values. role in governing kinetics. Previous analysis of stilbene in
alcohols has suggested that its barrier is less than 1 kcal#fol.
experimentally observed linear Stokdsinstein-Debye plots However, those analyses overlooked the dependence of the
(zr vs 5/T, n = solvent viscosity, see Table’} to calculate solvent permittivity (and therefore the barrier) on temperature.
rotational diffusion times for HMS at the required temperatures. The IKH method attempts to address this issue. When applied
The latter are found by calculating the temperature-dependentto stilbene the IKH analysis reveals a barrier that varies from
viscosity of a particular solvent-temperature pair, and using the about 1 kcal/mol at = 20 to a barrier of about 3.7 kcal/mol at
linear regression results of our previous rotational diffusion time ¢ = 10. The IKH analysis of HMS in alcohols reveals a similar
study to findz,. The Hubbard relation (Equation 2) offers an trend, but the barrier is somewhat lower across the entire range
experimental measure of the local solvent friction in the Kramers of permittivities. Apparently, the methanol substituent of HMS
analysis by use of rotational diffusion timel, the largest reduces the excited-state barrier to isomerization. The methanol
inertial moment of HMSI¢ = 5306 x 1074 g/cn¥) has been group is also known to influence the overall rotational dynamics
used to calculatg. S, kiso and T serve as data input, and are fit  of the solute, as shown in our previous stééiyThis should
to eq 1 by nonlinear regression with respecEtpw, and wy,. have the effect of reducing the rate of the isomerization reaction.
wa andwy, exhibit a high degree of dependency on one another, On the other hand, the relatively low barrier to trans-cis
which is inevitable given the form of the Kramers expression. isomerization of HMS compensates for the additional viscous
Figure 3 shows a plot ok, versus solvent permittivity  drag experienced by the isomerizing fragments. Thus the
determined from the IKH analysis of HMS over the= 10— measured isomerization rates of stilbene and HMS are very
20 range. Parameters determined for each permittivity value aresimilar to one another.
given in Table 4. Each point on the graph represents at least One important question that still remains is how the methanol
four alcohol-temperature pairs having the specified permittivity. substituent lowers the barrier of HMS relative to that of stilbene.
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It may influence the potential energy surface directly througha  (9) Akesson, E.; Bergstrom, H.; Sundstrom, V.; GillbroChem. Phys.
symmetry breaking interaction, for example. However, a Let(tié)%,ictzsaf’?\;,jl Vandersall M. T.: Sitzmann. E. V.- Eisenthal. K. B
comparison of HMS and stilbene kinetics in hexane provides chem. phys. Let1987 135 413, T T
evidence that contradicts this suggestion. On the other hand, (11) Anderton, R. M.; Kauffman, J. B. Phys. Chen995 99, 14 628-
the presence of the polar functional group results in strong 14 631. _ )
solvent-solute interactions that may encourage an external gg E?;ggfsy':' :ﬁhsgcmagghg'ﬁé&hem' Phys1985 83, 215.
influence on the potential energy surface. Kurnikova éf’éﬂ (14) Lee, M.; Bain, A. J.; McCarthy, P. J.; Han, C. H.; Haseltine, J. N.;
have demonstrated that attractive solvestlute interactions Smith, A. B., Ill.; Hochstrasser, R. Ml. Chem. Phys1986 85, 4341.
mediate solute motion (and therefore, unimolecular isomeriza- ~ (15) Hubbard, P. SPhys. Re. 1963 131 1155.
tion) by a complex mechanism that includes the expected 8% gg’éfe’ T/'\/FA JH%ﬁSrynJ-P%yglgegg-3%*1351348_023,02715-
attractive contribution usually assigned to dielectric friction and  (1g) steele, W. AJ. Chem. Phys1963 38, 2411-2418.
the expected repulsive contribution from mechanical friction  (19) Sivakumar, N.; Hoburg, E. A.; Waldeck, D. B.Chem. Phys1989
(i.e., collisions), but also includes an additional contribution from 90,(53552- inski. D. M.: Waldeck. D. HJ. Phys. Cheml988 92, 692

i i i H eglinski, D. M.; Waldeck, D. . yS. el . .
repylswe interactions that resylt from a Iargg local _densny (21) Anderton, R. M.. Kaufiman. J. B. Phys. Chem 994 98, 12 125-
attributable to the same attractive solvesblute interactions. 15435,
We have interpreted solvent-dependent barriers in stilbene and (22) Anderton, R. M.; Kauffman, J. B. Phys. Chenl994 98, 12 117~
diphenylbutadiene revealed in our previous studies as resulting12 124. _
from the stabilizing influence of the polar solvent on the 14é2_31)5f‘”de“°”' R. M.; Kauffman, J. RChem. Phys. Lettl995 237,
Fransition state to isomerization. Within the framework of that ' (24) Wiemers, K. L.: Kauffman, J. B. Phys. Chen200Q 104A 451—
interpretation, the presence of the methanol group on HMS 457.

appears to result in a stronger dependence of the isomerizationpr é25) k@k"vyvfzk’ Jl-gFéZfi“CipleS of Fluorescence Spectroscppjenum
: FPP T SS: W IK, .
barrier on solvent permittivity. Generalizing the results of (26) O'Connor. D. V.. Phillips, D.Time-Correlated Single Photon

Kurnikova et al.?>#*the diminished barrier of HMS in alcohols  counting Academic Press: New York, 1983.
may result from an effective increase in the density of polar Ph(zqggal\éaSo,S (?i 53 Oszolos, Z. G.; Ramasesha, S.; Etemadl, Shem.
molecules around thg solute due to an “electrostrictive” influence {285'3) Kg mt. A Schuurman. Gl Chem. Soc., Perkin Trans 1893 5,
of the methanol moiety. 799-805.

Solvent-solute interactions between HMS and alcohols may  (29) Repinec, S. T.; Sension, R. J.; Szarka, A. Z.; Hochstrasser, R. M.
also alter the potential energy surface of the excited stateJ. Phys. Cheml99], 95, 10 380-10 385.
reaction. The fact that the absorbance of an ethanol solutionsgiﬁ)sgggd' D. C.; Fleming, G. R.; Jean, J. 81.Chem. Phys1992 97,
appears to be more sensitive to exposure to strong UV radiation ™31 petek, H.; Yoshihara, K.; Fujiwara, Y.; Lin, Z.; Penn, J. H.:
than a hexane solution suggests that the ground state cis isomeFrederick, J. HJ. Phys. Chem199Q 94, 7539-7543.
is more easily formed following photoexcitation in ethanol than ~ (32) Strickler, S. J.; Berg, R. Al. Chem. Phys1962, 37, 814.

in hexane. This may reflect a shift in the position of the excited 19?;13)103"313’2’9'-' A.; Schuster, G. B.; Drickamer, H. G&. Am. Chem. Soc.

cis potential energy well with respect to the ground-state = (34) Keery, K. M.; Fleming, G. RChem. Phys. Letf1982 93, 322.
potential energy surface, resulting in a solvent dependent (35) Dote, J. L.; Kivelson, D.; Schwartz, R. N. Phys. Chem1981,
variation in the ground-state trans-cis branching ratio. 85, 2169. _

(36) Gierer, A.; Wirtz, K.Z. Naturforsch.1953 8, 532.
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