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Unimolecular reactions in isolated and collisional systems: Deuterium 
isotope effect in the photoisomerization of stilbene 
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The isomerization of t-stilbene (stilbene hl2 ) and three deuterated derivatives has been studied 
in a supersonic expansion, the thermal gas phase, and solution. In the jet we find that almost 
all effect of full deuteration (stilbene d 12 ) is produced by deuteration of the two ethylinic 
hydrog~ns o.nly (stilbene d z ). Complete deuteration of the phenyl rings (stilbene d 10 ) has 
rather httle mfluence on the decay of the jet-cooled molecule. Nonexponential decays are 
found at intermediate excess energies in the jet-cooled system, with the degree of 
nonexponentiality decreasing with increasing excess energy. The ordering of the decay rates 
observed in the jet is not consistent with previous RRKM calculations of the isomerization 
rates of stilbene h 12 and d 2 Using similar parameters the calculations consistently place the 
stilbene d2 and stilbene dlO curves in the wrong order. Our results suggest extensive but not 
complete vibrational relaxation in the isolated molecule. Vibrational redistribution rapidly 
becomes complete in the presence of buffer gas. In thermal samples the isomerization rates of 
stilbene hl2 and stilbene dlO are identical over a wide range of solvents and temperatures. By 
contrast the isomerization rates in stilbene d2 and stilbene d12 are 1.4 and 1.5 times slower 
than in stilbene h 12. Again, these ratios appear constant over a wide range of experimental 
conditions. 

I. INTRODUCTION 

The fact that the isomerization of t-stilbene can be stud
ied over the range of environment from supersonic molecu
lar beams through the gas phase to both polar and nonpolar 
solutions has made this system a test case for theories of 
activated barrier crossing. The supersonic jet data have been 
discussed by Troe l

,2 and by Zewail and co-workers 3.4 in the 
context ofRRKM theory. RRKM theory is able to describe 
the dependence of rate on excess energy k(E) for perprotero 
t-stilbene (stilbene h 12 ) very well, although there does not 
seem to be a concensus on whether an adiabatic or nonadia
batic approach should be used. 1--4 Felker et aU showed that 
if the nonadiabatic approach was used and parameters de
rived which fit k(E) for stilbene h 12 , then a good fit to k(E) 
for perdeutero t-stilbene (stilbene d 12 ) could be obtained 
simply by changing the appropriate frequencies and leaving 
the nonadiabaticity parameter unaltered. In this picture the 
lower rate observed for stilbene d l2 arises simply from the 
higher density of states at a given excess energy, and RRKM 
theory appears to account successfully for the observed be
havior. 

On going from the approximate microcanonical ensem
ble of the supersonic jet to a thermalized but still isolated 
molecule, Balk and Fleming' found that the nonexponential 
fluorescence decay observed for excitation near the origin 
could be described very well by a simple thermal average of 
k(E). This procedure leads to an experimental estimate 

.0' Present address: AT&T Bell Laboratories, Murray Hill, N.J. 07974. 
0' Present address: Department of Chemistry, Cornell University, Ithaca, 

NY 14853 
c, Present address: Dow Chemical Midland, MI 48640 
d) John Simon Guggenheim Fellow. 

k (T) of kTST ( T), the transition state rate constant. How
ever, contrary to expectation, for buffer gas pressures above 
2 atm the isomerization rate was found to exceed k ( T), ris
ing to about 10 times k( T) at 100 atm. This suggests that the 
jet rates may differ from the micro canonical rates and/or 
that some other "nonstatistical" effect is operative in the 
collision dynamics. 6

-
K The interpretation of the collisional 

data is made more complex by the possibility of collisional 
isoenergetic redistribution of vibrational energy in addition 
to inelastic vibrational relaxation. For states with energy 
around the barrier height (1250 cm - I) Felker et a/,J suggest 
an IVR time scale of 20--50 ps as compared with hard sphere 
collision times for stilbene methane collisions of 40-8 ps in 
the 1 to 5 atm pressure range. Thus, the possibility of inc om
plete vibrational redistribution should be considered in in
terpreting both the jet data and the low pressure gas phase 
data. 

In order to investigate the influence of vibrational level 
structure and densities of states on the isomerization dynam
ics, we have studied two further isotopically modified stil
benes-a,a' dideuterostilbene (stilbene d 2 ) and 
2,2',3,3',4,4',5,5',6,6' deca deuterostilbene (stilbene d lO ), in 
addition to stilbene hl2 and stilbene d 12 • Experiments were 
carried out in supersonic expansions, low pressure gases, and 
in solution over a wide temperature range. The data show 
that essentially the full effect of complete deuteration is 
achieved in stilbenedz . Deuteration of the phenyl rings (stil
bene d 10) has a small effect on k (E) and no detectable influ
ence on k( T) over a wide range of solvents and tempera
tures. Thejet data cast serious doubt on earlier conclusions 
about the applicability of RRKM theory to the isomeriza
tion process. We have not been successful in finding a consis-
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tent set of parameters for RRKM calculations that repro
duce k(E) for all four molecules. 

II. EXPERIMENTAL 

A. Materials 

Deuterated trans-stilbenes were synthesized by means 
of sodium and liquid ammonia reduction of alkynes, which 
generally gave the trans-alkene with high specificity.'i-" 

Trans-stilbene-dz, prepared accordingly from Na-liq
uid ND, (MSD isotopes) and diphenyl acetylene in 3: 1 
mole ratio at ~ 700 to ~ 350

, with due care in decomposing 
the excess sodium at the end of 60 min by deuterated ethanol 
and dilute ND4 0D, was recrystallized twice from benzene
hexane for the present studies. (Overall yield, 83%; m.p. 
125.5-126 DC, IR max at 1602 cm 1,909 cm· I, NMR in 
COCl.,: phenyl protons only, triplet at 7.22 ppm, triplet at 
7.33 ppm, and doublet at 7.49 in ratio of 1 :2:2; mass spect: 
m/ e at 182; percentage of deuteration, estimated to be 
> 98% on the basis of NMR and mass spectral analyses.) 

Trans-stilbene din, prepared from Na-liquid NH] and 
tolan dJ(p'i-" with excess sodium decomposed by NH4 NO, 
and dilute NH4 0H in the usual manner, was purified by 
column chromatography (silica gel, activity 1 benzene-hex
ane 1:4 mixture) to remove traces of the diphenylethane 
contaminant, after which it was recrystallized twice from 
benzene-hexane to give a pure product. (Overall yield, 53%; 
m.p. 125-126°C; IR max at 962 cm- I

, "diagnostic" for 
trans-alkene I I; NMR in CDCl,; vinyl proton only, singlet at 
7.13 ppm; mass spect: m/e at 190; percentage of de ute rat ion, 
estimated to be > 98% on the basis of NMR and mass spec
tral analyses.) 

Trans-stilbene hl2 (Kodak scintillation grade) which 
was shown to be over 99% pure by NMR, mass spectral 
analyses and HPLC, was used without purification. No de
pendence of the fluorescence spectrum on excitation wave
length was observed. 

Ethane (Matheson research grade) and propane (Phil
lip research grade) were used as stated. 

B. Time correlated single photon counting 

Fluorescence lifetimes were determined by single pho
ton counting. We have recently described this technique in 
detail 12 and here we only discuss recent improvements and 
details specific to these measurements. 

The excitation source was a cavity dumped dye laser 
(Coherent 599) synchronously pumped by a mode-locked 
argon ion laser. The dye laser pulses (approximately 10 ps in 
duration) were frequency doubled using birefringent crys
tals. The dye laser pulses are monitored using a real time 
spinning autocorrelator. We use an Ortec 457 time to ampli
tude converter (TAC) whose output is sent to a multichan
nel analyzer (Tracor-Northern TN-nOO) running in pulse 
height analysis mode. The data was transferred to either a 
Celerity minicomputer or a micro VAX for storage and itera
tive reconvolution. 

In the supersonic jet expansion and thermal vapor ex
periments, the "stop" signal to the T AC was provided by a 
portion of the laser pulse train (picked off by a beam split-

ter) and sent to a fast photodiode (Telefunken BPW28). 
The anode pulse from a microchannel plate (MCP) was the 
"start" signal. The solution phase measurements were per
formed using the "forward" counting configuration. 

We utilized a new design MCP with 6f-1m channels (Ha
mamatsu R2809U) for the jet measurements. In comparison 
to our older MCP (Hamamatsu RI645U-0l and ITT F4129 
which gave instrument response functions approximately 
70--> 100 ps FWHM), we can achieve slightly narrower in
strument functions using the new tube. For example, Fig. 1 
shows a good fit with a 60 ps FWHM instrument functions 
using an HP 8447E amplifier and a Tennelec TC455 discri
minator. We have tried using very high bandwidth ampli
fiers (dc to 8 GHz) and found no significant improvement. 

C. Supersonic jet expansion 

A detailed description of the supersonic jet apparatus 13 

with single photon counting detection 14 is found elsewhere, 
and thus will only be briefly described here. The dye laser 
was cavity dumped at 3.8 MHz and frequency doubling was 
accomplished with a 2 mm KDP crystal. In these experi
ments the sample, supported on cotton and located immedi
ately behind the 25 f-1m nozzle, was heated via a standard 
oven to 90 dc. Helium was used as a carrier gas at 18 atm. 
Great care was taken to minimize the consumption of the 
deuterated samples. Therefore, conditions were established 
so that for each experiment only 20--30 mg of material were 
required. The laser crossed the jet at approximately 200 noz-

'" +-c: 
:::> 
o 

U 

100 

10 

1 ,--
o 2.0 4.0 6.0 80 10.0 

Time (nsl 

FIG. 1. Time-resolved. single exponential decay for stilbene h" measured 
as the total fluorescence from excitation at 32 248 cm I (E, = 21 cm - '). 

As with all excitations well below the barrier to isomerization, the fluores
cence decay yields the radiative lifetime in the absence of isomerization of 
2.5 ± 0.1 ns l <P F = 1.0 (Ref. 15) J. The instrument response (dotted peak 
below the data) was obtained by laser scattering from argon clusters in a 
separate experiment. The fit (solid line through the data) is composed of a 
single exponential decay of 2.53 ns convoluted with the instrument re
sponse. The differences between the data and the fit are shown at the top of 
the figure jn the form of normalized residuals. 
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zle diameters downstream of the 25 11m nozzle. Instrument 
functions were measured by scattering the excitation laser 
from argon clusters generated by expanding argon through a 
25 11m nozzle with 90 atm of backing pressure. The total 
fluorescence was collected in these experiments. Excitation 
wavelength was monitored for each measurement by send
ing the fundamental laser light into a monochromater. Exci
tation frequencies were selected based on literature values 
for vibronic transitions when available, otherwise the excita
tion laser was scanned for a maximum at the detector. 

D. Thermal vapor 

LiIO] was used to produce the second harmonic of a 
Kiton Red modelocked dye laser cavity dumped at 3.8 MHz. 
The laser fundamental wavelength was 620 nm with a band
width of 0.5 nm FWHM. The sample cell and vacuum 
system (10- 5 Torr) were always rinsed with buffer gas 
(Methane, Matheson) before the cell was brought to the 
desired pressure. We utilized a standard quartz cuvette to a 
maximum pressure of 5 atm. 

E. Solution phase 

The excitation source was the second harmonic of a 
R6G synchronously mode locked dye laser. In this case we 
used forward counting by cavity dumping at 76 kHz. The 
excitation wavelengths used were 300 and 313 nm. The flu
orescence was detected through a polarizer at the "magic 
angle" and acceptable fits were obtained to single exponen
tial decays. In most cases the sample was in normal 1 cm 
fused silica cuvettes set in a cell block with a Neslab RTE-8 
circulating water/ethylene glycol to regulate the tempera
ture. For the low temperature measurements, a Neslab 
UL T -80 bath circulated a water/methanol mixture through 
the cell mount. In both cases the temperature was monitored 
with a calibrated thermocouple/digital thermometer combi
nation. The estimated accuracy of the sample temperature 
was ± 1 "C and the temperature range studied was 42 to 
- 57 0c. The cell block and detection optics were under ni-
trogen to prevent condensation. The instrument functions 
were obtained using light scattered from a suspension of a 
nondairy creamer. 

II. Results 

A. SupersoniC jet expansion 

The excess energy dependence of the fluorescence life
time was studied over a range of about 30 000 cm ~ f for stil
bene h 12 , d2 , and d\O. Zewail and co-workers3

.4 have pre
viously studied stilbene hl2 and d f2 over this range and our 
results were in good agreement with these workers for the 
h12 data. In order to accurately compare the excess energy 
dependence the energy of the origin transition was deter
mined for the three molecules. The values are listed in Table 
I along with the h 12 and d 12 values from Ref. 4. Also listed in 
Table I is the fluorescence lifetime of the vibrationless excit
ed state which is taken to be the inverse of the radiative rate 
since the fluorescence yield is reported to be unity. IS For low 
excess energies the fluorescence decays were all single expo
nential, Fig. 1 gives a typical example for stilbene h 12' As the 

T ABLE I. Origin transitions and radiative lifetimes for the four stilbene,. 

Compound Eo", (em ') Tr (ns)" 

h" 32227 (32244)" 2.52 (2.67) 

do 32248 2.56 
d", 32311 2.48 

d'2 32224 (32336) ... (2.53) 

"Average lifetime measured at less than 500 em 'above the origin. Note 
that the fluorescence was detected "broadband". 

h The values in parentheses are from Ref. 4. 

excess energy is increased the fluorescence decay remains 
single exponential with a constant lifetime until E, = 800-
1000 cm- I. Now the decay time shortens and the decays 
become nonexponential (Fig. 2). The decay curves fit well to 
a sum of two exponential components and the results of such 
fits are given in Tables II, III, and IV for stilbene h 12' d 2 , and 
d lO • respectively. As E, is further increased the amplitude of 
the second component becomes very small ( :S 1 %). A typi
cal curve for Ex = 2729 cm ~ I in d2 is shown in Fig. 3. 

In order to define a consistent rate, since in the interme
diate Ex range in particular the amplitudes and decay times 
of the two components are strongly correlated, we set 

(1) 

Values of k~r are listed in Tables II-IV and shown in Fig. 4. 
along with data from Zewail and co-workers for hl2 and 

V> 
+
c: 
=> 
o 

u 

>. 
+-
V> 
c: 
<U 
+-

-3.4 
10,000 

1,000 

100 

~ 10 

A 

B 

o 2.0 4.0 6.0 8.0 10.0 
Time (ns) 

FIG. 2. Time-resolved, nonexponential decay of stilbene dlO measured as 
the total fluorescence from excitation at 33 727 em -, (E, = 1416 em '). 

The solid curve is a fit to a sum of two exponentials (a, = 0.47, T, LOO 
ns, ao = 0.53, T, 1.49 ns). The residuals are shown for a single exponen

tial fit (upper curve. x1 = 2.2) and the double exponential fit (lower curve 

x1 = 1.2). 
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TABLE II. Nonradiative decay rates as a function of energy for stilbene h ". 

E - Eo_v (cm ~ , ) A, 7, (ns) A, " (ns) k~, (ns-')" 

21 100.0 2.53 0.0 
52 100.0 2.52 0.0 
94 100.0 2.54 0.0 

125 100.0 2.51 0.0 
225 100.0 2.52 0.0 
293 100.0 2.51 0.0 
421 100.0 2.50 0.0 
496 100.0 2.47 0.01 
689 100.0 2.43 0.02 
743 100.0 2.44 0.01 
765 100.0 2.40 0.02 
864 64.0 2.66 36.0 1.67 0.04 
985 71.0 2.46 29.0 1.33 0.07 

1062 68.7 2.41 31.3 1.34 0.08 
1184 62.1 2.15 37.9 1.13 0.17 
1263 54.5 1.94 45.5 1.10 0.24 
1330 48.0 1.75 52.0 1.00 0.34 
1466 64.0 0.823 36.0 1.40 0.56 
1466 76.6 0.876 23.0 1.62 0.57 
1660 82.8 0.616 17.0 1.13 1.02 
1856 95.0 0.452 5.0 1.18 1.65 
1856 87.6 0.445 12.4 0.882 1.61 
2031 93.7 0.347 6.3 0.812 2.26 
2196 96.7 0.267 3.3 0.852 3.00 
2447 98.4 0.202 1.6 0.867 4.30 
2665 98.9 0.159 1.1 0.758 5.63 
2861 99.1 0.132 0.9 0.617 6.96 

"The value tabulated has the average fluorescence rate near the 0-0 subtracted (see Table 1) and is a simple 
weighted average for the double exponential fits. 

TABLE III. Nonradiative decay rates as a function of energy for stilbene d,. 

E - Eo_" (cm-- ') A, " (ns) A, " (ns) k~, (ns ')" 

-11 100.0 2.53 0.01 
31 100.0 2.56 0.0 
73 100.0 2.54 0.0 
83 100.0 2.56 0.0 

178 100.0 2.59 0.0 
220 100.0 2.55 0.0 
220 100.0 2.56 0.0 
283 100.0 2.56 0.0 
378 100.0 2.60 -0.01 
539 100.0 2.53 0.01 
668 100.0 2.54 0.0 
975 100.0 2.50 0.01 

1152 100.0 2.34 0.04 
1163 100.0 2.35 0.04 
1208 100.0 2.11 0.08 
1309 57.8 2.17 48.2 1.42 0.16 
1343 60.9 2.39 39.1 1.54 0.10 
1411 52.5 1.95 47.5 1.23 0.23 
1502 56.8 1.25 43.2 1.69 0.30 
1650 64.9 0.846 35.1 1.36 0.58 
1650 59.5 0.815 40.5 1.35 0.58 
1696 97.0 1.00 3.0 2.55 0.56 
1777 65.0 0.733 35.0 1.10 0.77 
1882 86.0 0.644 14.0 1.08 1.03 
1999 91.0 0.515 9.0 1.05 1.39 
1999 97.0 0.551 3.0 1.86 1.30 
2128 99.0 0.483 0.6 3.97 1.60 
2235 94.0 0.383 6.0 0.794 2.06 
2354 97.0 0.333 3.0 0.749 2.51 
2438 98.0 0.301 2.0 0.744 2.84 
2571 98.0 0.256 2.0 0.634 3.40 
2729 99.7 0.217 0.3 1.24 4.15 

"The value tabulated has the average fluorescence rate near the 0-0 subtracted (see Table I) and is a simple 
weighted average for the double exponential fits. 
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TABLE IV. Nonradiative decay rates as a function of energy for stilbene d lO . 

E-Eo-"J (cm- ') A, 1", (ns) A, 1", (ns) k ~1 (ns ,) .. 

- 32 100.0 2.48 0.0 
-11 100.0 2.51 0.0 

41 100.0 2.47 0.0 
209 100.0 2.48 0.0 
444 100.0 2.46 0.0 
551 100.0 2.46 0.0 
649 100.0 2.36 0.02 
758 100.0 2.39 0.02 
857 80.9 2.17 19.1 3.14 0.02 
945 68.0 2.53 32.0 1.64 0.04 

1045 68.0 1.89 32.0 2.82 0.05 
1156 60.0 2.10 40.0 1.18 0.17 
1235 66.0 1.97 34.0 1.15 0.19 
1280 59.0 1.71 41.0 2.58 0.08 
1416 53.0 1.49 47.0 1.00 0.39 
1416 98.0 1.23 2.0 6.17 0.35 
1541 94.0 0.929 6.0 2.05 0.60 
1622 77.5 0.717 22.5 1.19 0.81 
1714 93.0 0.681 7.0 1.33 0.97 
1761 87.0 0.569 13.0 1.06 1.18 
1761 91.0 0.593 9.0 1.29 1.12 
1900 98.0 0.516 2.0 1.91 1.44 
2041 95.0 0.394 5.0 0.977 1.96 
2172 97.0 0.347 3.0 1.11 2.30 
2569 99.0 0.218 1.0 1.17 4.00 
2715 99.0 0.184 1.0 0.979 4.81 
2838 99.0 0.162 1.0 0.788 5.55 
2962 99.0 0.144 1.0 0.772 6.27 
3062 99.0 0.134 1.0 0.818 6.69 

"The value tabulated has the average fluorescence rate near the 0-0 subtracted (see Table 1) and is a simple 
weighted average for the double exponential fits. 

en 
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FIG. 3. Time-resolved, nonexponential decay of stilbene d, measured as the 
total fluorescence from excitation at 34 977 cm - , (E, = 2729 cm -- '). The 

short decay time ( > 99%, 220 ps) reflects the contribution from the nonra
diative isomerization process. The instrument response (dotted curve be
low the data) and the fit (solid line) are also shown in the figure. The differ
ences between the data and the fit in the form of normalized residuals are 
shown at the top of the figure (curve B) and can be compared to the nonran
dom residuals from a single exponential fit (curve A). 

d l2 4 (although these authors reported only single exponen
tial decay times our k~r values are in quite good agreement 
with their k~r values for stilbene h I2 ). The large variations 
possible in A I and 71 and A2 and 72 are shown, for example, 
by the two entries for E< 1416 cm- I for stilbene d lo in Table 
IV. k~r is, however, the same for both sets of parameters. 

The order of the experimental curves in Fig. 4 does not 
conform to expectations based on density of states argu
ments. This order (at a given E,) is k(h I2 ) > k(d lo ) 

> k(d2 ) > k(d I2 ). Shown in the upper panel of Fig. 4arethe 
results of nonadiabatic RRKM calculations (using the fre
quencies listed in Table V), assuming a constant nonadiaba
ticity parameter (r' = 0.27') and unchanged frequencies in 
the transition state. The experimental h 12 and d l2 curves are 
reproduced quite well, but the d 2 and d lo curves are in the 
wrong order with the calculated d10 and d l2 curves lying 
close together and d2 lying close to h 12 . 

B. Thermal vapor 

The fluorescence decay of the stilbene isomers, under 
thermal conditions but at very low pressures where there are 
no collisions during the excited state lifetimes is highly non
exponential. The curves labeled HV and DV in Fig. 5 show 
data for hl2 and d l2 excited near the origin in order to pro
duce an initial rovibrational distribution in the excited state 
which closely approximates the original ground state Boltz
mann distribution.' 
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TABLE V. Reactant frequencies used in RRKM calculation. 
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FIG. 4. Top-Nonadiabatic RRKM calculations using the expression of 
Felker and Zewail ' and the frequencies described in the text. Bottom-Ob
served nonradiative decay rates for the four stilbene isomers. (a) The values 
obtained in Ref. 3 for h" and d" are included for comparison. Notice that 
the ordering of the d, and d,o isomers are reversed relative to the calcula

tion. 

The qualitative picture behind the non exponential de
cay is apparent. The hot molecules decay rapidly leading to a 
progressive cooling of the ensemble. At long times only mol
ecules with insufficient energy to isomerize are left and the 
decay approaches the radiative lifetime. Quantitatively Balk 
and FlemingS were able to describe the collision-free fluores
cence decay in h12 by simply summing the (exponential) 
decays for each level (obtained from the jet data), weighted 
by their initial relative populations. As the buffer gas (meth
ane) pressure is increased, the fluorescence decay becomes 
more nearly exponential. For pressures above 2 atm the de
cays are single exponential over two decades and as the buff
er gas pressure is increased the observed lifetimes decrease 
monotonically. Figure 5 shows data for h12 and d l2 at 1 atm 
and 5 atm methane buffer gas in addition to the very low 
pressure results. In contrast to the jet data the isolated mole
cule curves are very similar for the two isotopes (although 
d l2 consistently decays slightly faster than h I2 ). However, 
as the buffer pressure is increased the order of the decays 
reverts to the jet result. Figure 6 summarizes our data for all 
four molecules over the methane pressure range 1-5 atm. 
The inverse of the lifetime is linearly related to pressure over 
this range. The hl2 and d,o data are identical within our 
experimental error, whereas the d2 data consistently lie at 
slightly higher rates than the d l2 data. 

h" 

3092 
3090 
3080 
3088 
3086 
3078 
1671 
1606 
1566 
1523 
1500 
1460 
1392 
1321 
1264 
1177 
1155 
1086 
1041 
1036 
915 
700 
654 
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1012 
1003 
903 
800 
834 
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445 
401 
289 
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1006 
999 
906 
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721 
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469 
396 
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55 
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1306 
1174 
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1021 
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668 
593 
548 
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d, 

3088 
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2270 
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1529 
1462 
1374 
1146 
1270 
1173 
1156 
1083 
1030 
1002 
848 
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FIG. 5. Comparison of stilbene h" and stilbene dl2 transient fluorescence 

decay curves ( < I mTorr) and stilbene plus methane in the gas phase. All 
measurements are at 296 K. HV = stilbene h" vapor; OV = stilbene d" 
vapor; HI = stilbene h" in I atm methane; 01 = stilbene d'2 in I atm 

methane; H5 = stilbene h" in 5 atm methane; D5 = stilbene dl2 in 5 atm 

methane. 

C. Solution phase 

At 5 atm methane buffer gas the decay rates of h 12 and 
dlO are about 1.3 times faster than those of d l2 and d 2 • Since 
the Kramers turnover does not occur until about 100 atm 
pressure6

,7,H, II> the difference between the decay rates would 
be very large if the curves continued to diverge at the same 
rate. In fact by 5 atm, the curves have almost reached their 
limiting separation, Figure 7 shows a comparison of h 12 and 
d l2 (A) and dlO and d2 (B) in hexane solution. All the 
decays are single exponential. At 23 T the ratio of decay 
times for hl2 and d l2 is 1.49 and at 6 °C the ratio for d w and 
dz is 1.47. 

A number of studies have shown that isomerization of 
stilbene is much faster in an alcohol solution of given viscos-

+3 

] '" rl 
co 
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'0 
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en o 
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6 

FIG. 6. Nonradiative rates observed for the four stilbene isomers with 
methane buffer gas present. The rates are weighted averages from double 
exponential fits (seethetextforthedetails).Oh 12 , od" + d lO , Od'2' 

ity than in an alkane solution of the same viscosity. 17-1'1 

However, the ratios of rates between the isomers are almost 
completely insensitive to a change to polar solution. For ex
ample, in methanol at 24 T the lifetimes of hl2 and d l2 are 
42.6 and 66.1 ps, respectively, giving a ratio of 1.48. Table VI 
summarizes data in hexane, methanol, and propanol. In all 
cases, r( h 12 ) = r( d 10) within our precision ( ± 2 ps), but 
r(d2 ) is consistently slightly shorter than (d I2 ). 

The differences in decay rate observed for the different 
isomers might simply be due to a difference in barrier height. 
If this were the case temperature dependent studies should 
reveal differing activation energies, providing the tempera
ture range is large enough. Figure 8 shows Arrhenius plots 
for all four isomers in propanol solution over a temperature 
range of ~ 100°C. The slopes for h 12' d 10' and dl2 are identi
cal within our experimental error, the slope for d 2 is slightly 
larger than for the other three compounds in this particular 
solvent. Arrhenius parameters for hexane, propanol, and 
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(8) 

FIG. 7. (a) Fluorescence decays 
of stilbene d12 (upper curve) and 

stilbene 11" (lower curve) in n

hexane at + 6 'c. Single expo
nential fits give T = 204 ps and 
T = 131 ps, respectively. (b) 
Fluorescence decays of stilbene 
d, (upper curve) and stilbene 

d,o (lower) in n-hexane at 

+ 6'C. The single exponential 
fits yield T = 197 ps and T = 134 
ps, respectively. The instrument 
response function was approxi
mately 100 ps FWHM. 
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TABLE VI. Compari,on of ,elected lrans-stilbene isotopes solution phase 
lifetimes. 

h" d. din d,. 
T(K) 'l(cP) T{ ( ps) T{ (ps) T{ Cps) '{ Cps) 

Hexane 
296 0.307 82.9 119.2 82.7 123.3 
240 0.607 308.9 450.1 308.7 462.5 
229 0.721 411.1 564.7 422.8 637.9 
216 0.905 570.1 753.5 569.4 771.7 

Methanol 
297 0.56 42.6 61.1 44.1 63.1 
247 1.32 149.6 210.3 154.5 222.4 
230 1.92 253.3 346.7 256.6 363.4 
216 2.74 393.3 530.0 395.9 550.0 

Propanol 
294 2.18 58.0 76.3 57.1 81.7 
250 7.80 205.1 279.4 230.2 297.5 
232 15.1 400.4 495.8 379.4 522.0 
220 25.0 526.8 664.3 531.9 693.2 

methanol are given in Table VII. Within our experimental 
error there is no evidence for a change in activation energy 
between the isomers. 

III. DISCUSSION 

A. Supersonic jet expansion 

In the isolated I-stilbene molecule at least two funda
mental questions relating to the isomerization process have 
not yet been clearly answered. (I) Is energy randomization 
complete on the relevant time scale, so that a statistical theo
ry such as RRKM is applicable to the dynamics? (2) If 
RRKM is appropriate, should the process be considered as 
adiabatic or non adiabatic? This latter issue has been recently 
discussed.'·\ Equally good fits to the stilbene hl2 k(E) data 
in supersonic expansions have 1---1 been obtained by adiabatic 
or nonadiabatic approaches. A recent calculation~() supports 
an adiabatic reaction surface. A simple RRKM calculation 

25 T --, 
I 

0- hl2 

24 * - d2 
0- dlO 

I <tj \l - dl2 
-:. 23 --J -'. 

c 
'Y. ~, 

C 
r-1 22 

20 

3 3.5 L. 4.5 
~/T (10-3 1<:-1; 

FIG. 8. Arrhenius plots for the four stilbene isomers in propanol. See Table 
V for the parameters. 0 Iz '." • d,. t· d ll " V d, . . In all the liquid conditions 
studied, the rates determined for hIe and d,,, were indistinguishable. 

selecting a reaction coordinate frequency and leaving all oth
er frequencies unchanged produces rates that are substan
tially faster than the experimental value. Zewail and Felker' 
introduced an adiabaticity parameter y in order to lower the 
calculated rates. Troe,1.2 on the other hand, assumed the 
isomerization was adiabatic and reduced the calculated rates 
by increasing the frequency of one or more modes in the 
transition state. (It should also be noted that the two calcula
tions used significantly different values of the reaction coor
dinate frequency, - 88 I vs 400 cm I.U The lower value of 
the reaction coordinate frequency also leads to lower abso
lute rates.) Zewail and co-workers extended their nonadia
batic calculation to stilbene die and found that the k (E) data 
could be well fit using the same adiabaticity parameter as for 
h 12 , assuming unchanged transition state frequencies and 
changing the appropriate vibration frequencies from their 
values in the perprotero molecule. Thus RRKM appeared to 
give a successful description of the isomerization of {-stil
benes. 

We have used the approaches of both Zewail and co
workers3

•
4 and ofTroe l in carrying out RRKM calculations 

on stilbenes d 2 and d iO • Vibrational frequencies were ob
tained by using the ground state of Meic and Gusten 21 to 
scale the excited state frequencies calculated by Warshef 2 

for stilbene h 12' The values of the frequencies used for all 
four molecules are listed in Table V. 

We have already noted (see Fig. IV) that the nonadia
batic calculation (with unchanged transition state frequen
cies) does not reproduce the order of the four curves. A 
similar, incorrect, ordering is found using the adiabatic ap
proach of Troe (his model E I) as shown in Fig. 9. Here the 
Cc - cp torsion frequency is increased by a factor of 2.15 in 
the transition state. Again the d2 curve lies close to the hl2 

curve and the dJO close to thedl2 curve. At this point we note 
that after the experiments the identity of the samples was 
rechecked and confirmed by NMR. 

Evidently the major effect of deuteration arises from the 
ethylinic deuteriums and the influence of the increased den
sity of states resulting from phenyl ring deuteration is much 
smaller than would be expected on the basis of a purely sta-

, 
f/J 
r: 

10 

g 
x 5 

o 
1300 1820 2340 2860 3380 3900 

ENERGY (em-' ) 

FIG. 9. RRKM calculations for the stilbene isotopes using the paramcteri
zation of Troc.' The reaction coordinatc frequency is ~~ cm 'in all four 
molecules and the C. -'f' torsion frequency (41 em ') is increased by a fac

tor of 2.15 in the transition stalC. All other frequencies arc listed in Table V. 
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tistical theory. The lack of complete energy randomization is 
also indicated by the small amount oflong lived fluorescence 
observed even at fairly high excess energies (Tables II-IV). 
Since the fluorescence near the origin is rigorously single 
exponential, the short component at higher energies is un
likely to be an impurity and most likely represents an intrin
sically non exponential decay process. The finding that both 
the amplitude and the lifetime of the long component de
crease with increasing excess energy is in line with the expec
tation that randomization should become complete for large 
values of excess energy. Although a model involving exten
sive but not complete IVR seems consistent with our data, a 
number of other possibilities should be considered. First, it 
may be possible to "rescue" RRKM by assuming that the 
change in Ce-cP torsion frequency in the transition state is 
substantially different for Ce-H than for Ce-D. It is not ob
vious, however, why deuteration on Ce or on the 2-position 
of the phenyl ring (i.e., d2 vs d lO ) would produce such dif
ferent results. Recent spectroscopic studies of Spangler et 
al.23 on stilbene d l indicate that in SI (i.e., the reactant 
state) the Ce -cP torsion frequency differs very little from that 
in stilbene h 12 • Second, the adiabaticity parameter could 
vary between the different molecules. In this case it seems 
that deuteration should enhance the isomerization rate, 
since if the relevant motion involves hydrogen (or deuter
ium), substitution of the heavier isotope will make the pro
cess more adiabatic (slower motion). Numerical estimates 
suggest that this effect should be very slight « 1 % ). A 
further possibility is that there are changes in the barrier 
height resulting from zero point energy differences between 
reactant and transition states. Ifthis involves high frequency 
modes it can be modeled by simply changing the value of Eo 
in the RRKM calculation. Figure 10 shows a set of calcula
tions based on the hypothesis that ring deuteration lowers Eo 
by 50 cm - I and ethylenic de ute ration raises Eo by 75 cm - I. 

In dl2 the two effects are assumed additive. Now the order
ing is correct. It would be very difficult to tell from the data 
in Fig. 4 or Tables II-IV if such small changes in Eo are 
present, however the hl2 and dlO curves (Tables II and IV) 
do seem distinct below Ex - 1700 cm - I which is not the case 
in Fig. 10. More revealing perhaps, is the finding that the 

r ---I 
10 

~ 
"" \ 

(J) 

C 
d'O 

~ d2 

-" 5 

1300 1820 2340 2860 3380 
ENERGY (em') 

FIG. 10. RRKM calculations for the stilbene isotopes using different Ell 
values for the four molecules. £~) = 1300 cm --, (h l1 ). 1250 em ' (d,") 

1375 em I (d,)' and 1325 cm -- I (d,,). Other parameters are as in Figure 
9. 

thermal average decay curves calculated for the parameters 
of Fig. 10 are significantly different from each other which is 
not the case experimentally. In addition, the Arrhenius pa
rameters for hl2 and dlO differ by only -15 cm- I in the 
three solvents studied (Table VII). The d2 and d l2 Arrhen
ius parameters are not systematically higher than hl2 but we 
cannot rule out an increase of - 50 cm - I in Eo. 

B. Thermal gas phase 

In contrast to the exponential decays observed in solu
tion and to the nearly exponential decays observed in the 
supersonic expansion, highly non exponential decay is ob
served in the isolated thermal samples. In the case of stilbene 
h12 this nonexponential decay was successfully modeled by 
Balk and Fleming5 using the expression 

flU) = L D(EI)exp[ - k(EI)t], (2) 
I 

where k(Ef) is the total fluorescence rate out of level! [i.e., 
k(Ef) = knr (Ef ) + k" where knr and kr are the nonradia
tive and radiative decays, respectively]. D( EI ) is deter
mined by the Boltzmann distribution in So prior to excita
tion, by the Franck-Condon factors between levels of So and 
SI and by the spectrum of the excitation pulse. In our pre
vious study of stilbene h 12 , we made the simplifying assump
tion that the initial population in SI was a Boltzmann distri
bution shifted by the excess energy above that of the 0-0 
transition. In this model the nonexponentiality simply arises 
from the progressive "cooling" of the ensemble as hot mole
cules decay by isomerization. The use of Eq. (2) implies 
complete IVR since energy solely determines the rate and all 
states contribute. However, if IVR is extensive, the error in 
using Eq. (2) may be rather small. 

The top two curves in Fig. 5 show decays from isolated 
thermal samples of stilbene hl2 and d l2 excited near the ori
gin. The decays are very similar, although the d l2 curve lies 
slightly below the hl2 curve at long times. Figure 11 shows 
thermal decays calculated via Eq. (2) using the RRKM re
sults of Fig. 9. All the isotopes have very similar initial de
cays as they must since the initial decay corresponds to the 
transition state rate,S which is identical for all the molecules 
given the parameters used in Fig. 9. The dlO and d l2 curves 
do, however, decay slightly more rapidly than the h12 and h2 
curves in the intermediate time regime. In particular, the 
difference between hl2 and dl2 is quite similar to the experi
mental curves. It might, at first sight, seem odd that the 
thermal dl2 system decays slightly faster than the thermal 
h 12 system, given that the reverse is true for the microcanoni
cal rates. The reason for this behavior is that the Boltzmann 
distribution is shifted to higher vibrational energies in d l2 

because of the lower vibrational frequencies. Thus in a ther
mal sample a larger fraction of the molecules have sufficient 
energy to cross the barrier to isomerization. 

When collisions are introduced by adding methane buff
er gas the isomerization rates of hl2 and d l2 revert to the 
order observed in the jet (Fig. 5). Figure 6 shows data for 
P> 1 atm for all four molecules. For P> 1 the h 12 and d 10 data 
are identical within our precision. This trend continues into 
solution and is consistent with the differing micro canonical 
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TABLE VII. Arrheniu,> parameter,. 

Hexane Propanol 

hie E" :182 :f 0 10 4.43 ± 0.06 
(kcallmol) 
A (s ') (7.58 ± 1.79)'" 10" (3.17 T 0.40)<: 10" 

d, E" 3.83::,::(J.l0 4.66 t 0.06 
(kcallmol) 
A (s ') (5.25 ± 1.24) ,; 10" (3.61 ± 0.43) X 10" 

d ,o £u 380 ± 0.10 4.43 :Ie O.OB 
(kcallmol) 
A (s ') (7.26 ::': 1.71) X 10" (3.07 ± 050);> 1O' , 

d" E" 3.96 ± 0.45 4.47 i: 0.08 
(kcallmol) 
A (s ') (6.14 :L 1.57) >: 10" (2.29 ± (1.35) X lO il 

rate in the two molecules arising solely from an increased 
density of states in the dlO molecule. Although the nonradia
tive rate appears to increase linearly with methane pressure, 
this trend cannot continue because by 5 atm the ratios of 
rates between hl2 (or dlo) and d 2 or d l2 have essentially 
reached their solution values. All the decays appear expo
nential above 2 atm. The rapid changes in the fluorescence 
decays over the range 1-·5 atm buffer gas pressure can again 
be explained by a lack of complete IVR in the isolated mole
cules. In this picture k",. / k",., for example, will reach a con
stant value when IVR is effectively complete on the isomeri
zation time scale. 

Troe and co-workers24 have stressed that changes in the 
barrier height for isomerization may occur even at very low 
densities as a result of van der Waals interactions. Their ar
gument stems from the finding that the transition state rate, 
estimated from either supersonic jet data or RRKM calcula
tions is about ten times smaller than the observed maximum 
rate. 16.17 While we do not wish to rule out the importance of 
solvent shifts, it is not clear why there would be differing 
effects between d l2 and h 12 , for example, as methane pres
sure increases from 0 to 5 atm, whereas from 5 to 100 atm the 
curves change in a parallel fashion (Fig. 6). In addition, if 
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FIG. II. Thermal isolated Illolecule decays for the stilbene i,otopcs calcu
lated from the data of Fig. 9. 

MeOH 

3.90 t. 0.32 

( 1.69 ± 1.68) X lO il 

3.97 ± 0.32 

(1.33 ± 1.31) X 10" 

3.84 ± 0.32 

(1.46±1.45):,1O" 

3.98 ± 0.32 

(1.30 ± 1.27) X 10" 

IVR is incomplete in the isolated molecule, estimates of kTS r 
from the experimental data or from RRKM calculations 
that have been parametrized to fit the jet data are not secure. 

IV. CONCLUDING REMARKS 

The ordering of the microcanonical decay rates of the (
stilbene isotopes h 12 , d 2 , dill' d l2 does not conform to the 
predictions of RRKM theory, in either of the forms that 
have been used previously to describe the h 12 data. I.' 

A model based on extensive but not complete IVR in the 
isolated molecule, which rapidly becomes complete as buffer 
gas is added, seems qualitatively compatible with all our 
data. Further studies of IVR are clearly required in order to 
test this model. 
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