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The photoisomerization of diphenylbutadiene was studied by picosecond absorption
spectroscopy over wide pressure and temperature ranges in liquid and supercritical alkanes,
CO,, SF,, and He. The reaction shows typical features of a thermal unimolecular reaction on
the S, potential energy surface. The rate can be expressed by a combination of standard
unimolecular rate theory and Kramers-Smoluchowski theory. However, multidimensional
behavior manifests itself in the transition to the gas phase low pressure range as well as to the
high density Kramers—-Smoluchowski range: in the former case, the low pressure limit of a
unimolecular reaction of the polyatomic molecule is approached; in the latter case, the effective
imaginary barrier frequency shows a marked apparent temperature dependence. The
experiments also suggest contributions of reactant-solvent cluster interactions, which modify

the barrier height even in nonpolar solvents.

I. INTRODUCTION

Reactions in dense media are governed by complex reac-
tant-solvent interactions.

(i) The reactants can be activated or deactivated by bi-
nary collisions or cooperative couplings with the solvent.

(ii) The dynamics can be influenced by viscous or vis-
coelastic forces of the medium.

(iii) The potential energy of the reactants can be modi-
fied by reactant—solvent interactions, either in clusters or in
densely packed solvent cages.

These different “effects” in general are difficult to sepa-
rate. Nevertheless under special experimental conditions
one of these aspects of the reactant—solvent interactions may
dominate. The present work intends to describe the creation
of such conditions for the well-behaved unimolecular iso-
merization of electronically excited diphenylbutadiene
(DPB), i.e., it addresses a typical barrier crossing problem.

The following points distinguish this reaction from less
well-studied cases.

(i) It was investigated earlier in supersonic expansions
under isolated molecule conditions.'™ An analysis of the
results was possible by an RRKM fit with a minimum num-
ber of adjustable parameters.® In this way the high pressure
rate constant k_ of the thermal unimolecular reaction can
be modeled, assuming complete absence of reactant—solvent
interactions.

(ii) The calculated value of k_ is close to results from
measurements in compressed gases and low-viscosity non-
polar solvents.®® These observations, therefore, suggest
only very minor solvent shifts of the reaction barrier.

(iii) Preliminary measurements in compressed low-vis-
cosity solvents”'? indicate a Kramers—-Smoluchowski type
decrease of the rate coefficient with increasing viscosity. De-
viations from this behavior were observed at viscosities
greater than 1 cP in compressed liquid n-octane.®

(iv) In search of the so-called “Kramers—turnover” of
the reaction rate, measurements of the temperature depend-
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ence in liquid ethane and propane revealed an increasingly
steeper rise of the rate constant with decreasing viscosity.®

The DPB system appears to behave remarkably differ-
ent from the analogous trans-stilbene system, for which the
measured rate constants in high pressure gases and low-vis-
cosity liquids by far exceed the modeled &k value (see, e.g.,
Refs. 11-25). The first aim of the present work, therefore,
was a careful investigation of the high pressure gas phase and
low-viscosity liquid limiting rate constant for DPB. Even if
the preliminary measurements suggested agreement with
the modeled & , there may, nevertheless, be specific solvent
effects present, which can only be identified by comparing
pressure dependent experiments in different solvents. Our
present observations of this type, like those for stilbene, are
interpreted as “cluster effects.” Although the experimental
evidence for this effect appears convincing, separate experi-
ments in isolated DPB-solvent clusters still have to confirm
this hypothesis (for a discussion of alternative explanations,
see, e.g., Refs. 24 and 25).

Apart from the study of cluster effects, we investigate
the role of transport contributions to the reaction rate in low-
viscosity nonpolar solvents. By varying the viscosity via in-
creasing the pressure in a single solvent, the validity of a
Kramers—Smoluchowski description of the reaction can be
examined much better than by using a series of different
solvents at ambient pressure. We have followed this philoso-
phy successfully in a large number of earlier studies in our
laboratory (see summaries in Refs. 10 and 26). In the pres-
ent work we observe that for low-viscosity solvents the reac-
tion rate is correctly described by a Kramers—Smoluchowski
solvent friction dependence, i.e.,

kak_ /B, (1)

where £ is the friction coefficient. A frequently discussed
relationship of the type
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kak_ /7% a<l (2)

does not apply in the experiments discussed here.

A further test of the Kramers formalism can be per-
formed by investigating the temperature dependence of the
rate coefficient k at constant friction in the Kramers—Smolu-
chowski range, where Eq. (1) applies. We find a much
stronger temperature dependence of k than given by the con-
tribution from the modeled £, in Eq. (1). We interpret this
observation as an experimental manifestation of multidi-
mensional barrier effects. We attribute the observed tem-
perature dependence to the specific properties of the multidi-
mensional potential energy surface in the barrier region. We
give a simple model representation and relate this interpreta-
tion to our recent quantum-chemical calculations of the cor-
responding barrier in trans-stilbene.?’

- Multidimensional effects in barrier crossing problems
have found attention in a number of recent publications.
There is the “trivial” multidimensional behavior in the
weak-damping regime, where standard unimolecular rate
theory is approached.?5?%-3° For quite a while, this has been
overlooked in discussions of one-dimensional “Kramers
turnovers,” it is, however, generally accepted now.*' Multi-
dimensional effects in the strong-damping regime®*—> may
become apparent in the case of anisotropic friction.’®*’ The
topology of the barrier region also can play a role.***® The
present work suggests an experimental manifestation of the
latter effects in form of the temperature dependence of the
rate coefficient. Deviations from an inverted parabolic po-
tential in the reaction coordinate also*®*' lead to deviations
of the temperature dependence from that given by £, in Eq.
(1). However, the effects observed in the present work are
too large to be explained in this way. Instead, we attribute
our results to a dependence of the imaginary barrier frequen-
cy in the reaction coordinate on the excitation of coordinates
“perpendicular” to the reaction coordinate. On the basis of
our quantum-chemical calculations for the stilbene sys-
tem,?’ we demonstrate how large effects can be caused by
this property of the potential energy surface.

. EXPERIMENTAL TECHNIQUE

Rate coefficients of electronically excited E,E-1,4-di-
phenyl-butadiene(1.3) (trans-DPB) were determined from
the decay of the transient absorption at 616 nm after exciting
the sample at 308 nm employing a picosecond pump-probe
technique. The picosecond pulses in our system'® were gen-
erated by a Coherent 599 dye laser synchronously pumped at
514 nm by an Ar™ laser (Coherent Innova 10 tube). The
output pulses of approximately 2.5 psec duration at 616 nm
were amplified in a three stage dye amplifier chain pumped
by the frequency doubled output pulses from a Quanta Ray
DCRI1-A Nd-YAG laser at a repetition rate of 10 Hz. The
amplified picosecond pulses, which showed the same auto-
correlation trace as the input pulses, were frequency doubled
in a KD*P crystal of 1 mm thickness and subsequently
passed twice through the channel of a properly synchronized
XeCl-exciplex laser (Lambda Physik EMG 150) to amplify
the UV-picosecond pulses at 308 nm. The pulses were then
split and recombined in a standard pump-probe interferome-

ter arrangement. The pump energy reaching the sample cell
was about 0.3 mJ at 308 nm, and the probe energy of the 616
nm pulse was about 0.05 mJ. Pulse energies were measured
in front of and behind the sample cell with photodiodes,
whose output was integrated, digitized, and fed into a com-
puter. The plane of polarization of the probe beam could be
varied by means of a zeroth-order half-wave plate to study
effects of overall rotational relaxation on the transient ab-
sorption signals. Signals from the pump pulse photodiode
were discriminated, eliminating pulses with energies differ-
ing by more than 10% from a nominal value. Blank signals
were recorded in a similar way. Samples of 200 mm thick-
ness were used in high pressure gas phase experiments, and
of 20 mm or 1.8 mm in liquid phase measurements. The
temperature of the cell was controlled to one degree accura-
cy in gas phase experiments. Special care was taken to elimi-
nate photocondensation of photoproducts on the inner sur-
face of the cell windows, which were kept at a slightly higher
temperature than the cell body. More details of our experi-
mental setup can be found in Ref. 19. Solvents, gases, and
trans DPB were of the highest commercially available purity
and used without further purification.

1Il. EXPERIMENTAL RESULTS

The transient absorption of trans DPB at 616 nm, which
was measured in a “magic” angle arrangement*? of the
planes of polarization of pump and probe pulses, first shows
a rapid increase with a rise time of 3—4 psec followed by a
slower decay obeying first-order kinetics with rate coeffi-
cients k., . The fast rise time may be compared with a cross-
correlation width of pump and probe pulses of 3.5 psec and
reflects the time resolution of our picosecond system. This
transient absorption was assigned to the lowest excited sing-
let state of trans DPB in solution.** Figure 1 shows an ab-
sorption-time profile with the associated blank signal. From
the signal decay we obtained the isomerization rate coeffi-
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FIG. 1. Photoisomerization of DPB in ethane (p = 298 bar, T'= 354 K).
Plot of normalized transmitted intensity at 616 nm versus delay time. Upper
trace: without UV excitation; lower trace: with UV excitation. Each trace
consists of 250 discrete data points. (The long lived absorption is excitation
intensity dependent and tentatively assigned to the DPB™* cation produced
by multiphoton ionization.**)
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TABLEI. Experimental photoisomerization rate coefficients & of diphenylbutadiene in gases and supercritical

fluids.
M1/
p/MPa T/K 102 mol cm —* n/cP* D/107*em’s™'  k/10°s7!
Ethane
2.95 388 0.103® 0.013* 46.48 50
12.1 336 1.02 0.036 4.1 13.7
26.6 340 1.28 0.055 3.3" 10.0
27.5 343 1.28 0.056 33 10.0
29.2 337 1.32 0.060 32 10.0
130 337 1.78° 1.5 5.5
290 337 2.04 0.85 35
26.8 365 1.20° 0.049 3.8 15.9
33.0 370 1.24 0.054 3.7 16.8
62.0 Ky)! 1.44 0.071 2.7 14.1
90.0 372 1.52 0.085 24 13.0
270 372 1.94° 1.2 7.0
24.0 306 1.41° 0.067 2.6 4.2
21.4 316 1.34 0.061 29 5.7
25.0 325 1.33 0.060 30 6.7
28.3 348 1.28 0.056 34 14.0
29.6 354 1.26 0.053 3.5 15.0
30.0 356 1.26 0.054 35 12.9
345 382 1.21 0.052 39 24
375 399 1.17 0.048 42 31
38.3 405 1.15 0.047 4.3 31
40.9 421 1.14 0.047 4.5 45
Propane
13.0 393 0.862* 0.052* 2.7 19.6
17.0 386 0.945 0.061 2.3 16.4
51.0 393 1.12 0.10 1.4 16.3
89.0 393 1.22 0.13 1.2 15.1
220 393 1.38° 0.21¢ 0.86 12.2
330 393 1.45 0.35 0.53 8.9
450 393 1.50 0.42 0.46 7.2
n-Butane
0.34 407 0.0108* 0.0102 225 40
CO,
5.3 384 0.187° 0.019¢ 28.08 50
21.8 332 1.69 0.064 2.2 21.3
51.5 350 2.01 0.089 1.8 24.5
145 350 2.51 0.155 1.1 239
235 350 2.75 0.24 0.75 21.5
379 350 3.03 0.38 0.50 18.7
SF,
3.32 364 0.141° 10.7# 27
3.32 388 0.132 12.1 32
Helivm
29.2 429 0.819 62 40

* Reference 71.

®Extrapolated from Ref. 71 following Ref. 62.

¢ Extrapolated from Ref. 72 following Ref. 62.

4 Extrapolated from Ref. 73 following Ref. 62.

“Reference 74.

fCalculated from Pitzer’s correlation following Ref. 62.

& Reference 75.

b Extrapolated from Ref. 46.

Extrapolated from Ref. 76 via density dependence of 7 D.
1 Gas kinetic value using Lennard-Jones collision integrals.
*1cP = 1072 Pa-sec.
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cient by subtracting the radiative rate coefficient® %,
= [1.4-f{n?) +0.43]-10° sec™' from the measured first-
order rate coefficient, where » is the refractive index of the
solvent and f(n?) = (n® — 1)/(n® + 2). Here we assume
that the nonradiative decay of the observed excited singlet
state of trans DPB is dominated by rotation about one of the
two double bonds and that the subsequent internal conver-
sion to the electronic ground state is a very rapid process.
The resulting values of k = k.,, — k, are listed in Table I for
gaseous and supercritical fluid solvents at various tempera-
tures, and in Table II for liquid solvents for room tempera-
ture (298 K).

The rate coefficients k measured in the three linear al-
kane solvents ethane, propane, and n-butane are plotted ver-

Gehrke et al.: Photoisomerization in nonpolar solvents

sus the inverse of the corresponding self-diffusion coefficient
D! of the solvent in Fig. 2 on a double logarithmic scale. As
discussed earlier,'®'®%> D~! can be taken as a parameter
related to an effective collision frequency scale over the en-
tire density range, extending from the dilute gas to the com-
pressed liquid phase. Diffusion coefficients for liquid and
dense fluid solvents were taken directly or extrapolated from
experimental self diffusion coefficients or viscosity data (see
footnotes of Tables I and II). For the low density gas phase,
it was sufficient to calculate the gas kinetic diffusion coeffi-
cients using pVT data and Lennard-Jones collision inte-
grals.*’

The rate coefficient of photoisomerization decreases by
more than two orders of magnitude when the pressure is

TABLE II. Experimental photoisomerization rate coefficients & of diphenylbutadiene in liquid solvents.

[M])/
p/MPa /K 10" 2 molcm™? 7/cP* D/10"*cem?s™'  k/10°s™!
Ethane
3.9 295 1.115* 0.039* KivA 6.1
10.0 1.30 0.055 3.0 4.1
21.2 298 1.41 0.068 2.6 3.8
22.5 295 1.44 0.073 2.4 3.0
51.0 1.59 0.093 1.8 2.3
205 1.99° 0.265¢ 0.89 1.2
310 2.10 0.34 0.68 0.80
420 2.19 0.44 0.54 0.71
620 2.31 0.60 0.38 0.48
Propane
1.50 298 1.122 0.098* 1.22F 3.41
2.40 1.13 0.099 1.21 3.30
3.30 1.14 0.102 1.20 3.14
17.0 1.19 0.124 1.10 2.36
70.0 1.33 0.189 0.79 1.66
150 1.42¢ 0.31¢ 0.52 1.10
300 1.55 0.53 0.34 0.75
390 1.60 0.69 0.28 0.58
500 1.66 0.84 0.24 0.60
n-Butane
0.24 298 0.986* 0.157* 0.70° 4.2
3.0 ‘ 0.99 0.167 0.66 4.71
50.0 1.08 0.251 0.44 2.94
80.0 1.12 0.301 0.43 2.45
128 1.21° 0.33¢ 0.39 2.16
310 1.27 0.83 0.18 1.12
378 1.29 1.00 0.16 1.02
390 1.30 1.04 0.15 0.99
416 1.31 1.10 0.15 0.91
440 1.32 1.18 0.14 0.82
470 1.34 1.30 0.13 0.79
n-Pentane
0.10 298 0.86 0.228¢ 0.56 1.50
n-Decane
0.10 298 0.51° 0.8978 0.14 0.56

iReference 80.
*1cP = 1072 Pa sec.

*Reference 71.
" Estimated following Ref. 62.
¢ Reference 77.
9 Reference 72.
“Reference 73.
fReference 79.
& Reference 78.
h Reference 46.
{Extrapolated from Ref. 76 via density dependence of 7.D.
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raised from about 0.3 MPa in the gas phase to 62 MPa in the
liquid phase. In the liquid, the rate coefficients are propor-
tional to the self-diffusion coefficient in all three solvents. At
a constant diffusion coefficient, their values increase roughly
by a factor of 2 from ethane to propane, and from propane to
n-butane, respectively. The gas phase measurements had to
be performed at a higher temperature to obtain a sufficient
vapor pressure of DPB. They were converted to the tempera-
ture of the liquid phase experiments using the known tem-
perature coefficient of k_ , see below. A similar procedure
was used in our earlier studies of trans-stilbene photoisomer-
ization.'®'®4% Qur rate coefficients in other nonpolar sol-
vents are plotted in Fig. 3 together with data from Velsko
and Fleming.® The measurements in liquid ethane and n-
butane (Fig. 2) are indicated by the two dashed lines. The
rate coefficients measured in the four higher alkanes at 1 bar
pressure are all quite close to those measured in propane. As
in Fig. 2, the rate coefficients measured in gaseous helium
and in supercritical CO, and SF, were scaled down to room
temperature.

In our earlier work on trans-stilbene we have discussed
possible connections between density dependent solvent
shifts of the effective barriers for photoisomerization and of
the UV-absorption spectra.'"* In a similar way we have
now measured the pressure dependent shift of the UV-ab-
sorption maximum of trans-DPB near 325 nm, with respect
to its position in the low pressure vapor.*® The shape of the
spectrum remains constant with increasing pressure, and the
shifts are plotted in Fig. 4 as a function of f(n?), which is a
measure of solvent polarity, because the solvents possess no
permanent dipole moment. Whereas one obtains the expect-
ed linear relationship between polarity and spectral shift in
the regime of “normal” liquidlike densities [ f(#?) >0.17],
it is interesting to note the deviation from this linear correla-
tion toward lower densities in the gas and low pressure liquid
phase in ethane, CO,, and SF,. This transition of the density
dependence of the solvatochromic shift from gaslike to li-
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FIG. 3. Photoisomerization rate coefficients & a-t room temperature in heli-
um (4), CO, (O), SF, (O), n-pentane (M), and n-decane (@) from this
work, and in #-hexane (N) and n-octane ( A ) from Ref. 5. The dashed lines

indicate the rate coefficients measured in ethane (left) and n-butane (right)
from Fig. 2.

quidlike densities has also been observed in other systems.>®

In addition to our experiments on the pressure depen-
dence of the rate coefficient k, we also investigated its tem-
perature dependence in supercritical ethane, propane, and
CO,. The results complement earlier measurements of the
temperature coefficients of k£ for DPB by Courtney and
Fleming in liquid ethane and propane in the low temperature
liquid.® Figure 5 shows three isotherms of k vs D ~! in liquid
and supercritical ethane, Fig. 6 isotherms for liquid and su-
percritical propane, and supercritical CO,. The dependence
of k on D becomes weaker with increasing temperature in all
three cases, whereas the rate coefficients show the expected
increase with temperature. We also performed a series of
experiments in supercritical ethane to study the temperature
dependence in more detail, where—by applying the appro-
priate pressure—we kept the solvent self-diffusion coeffi-
cient in the range 2<D<4-10~*cm? s}, i.e., corresponding

FIG. 2. Photoisomerization rate coefficients £ for DPB in compressed eth-
ane (O), propane (@), and n-butane ([0) at room temperature versus the
inverse of the self-diffusion coefficient D of these solvents. (Solid lines from
two parameter fits, see the text, with the parameters £, , = 850 cm ™' and
g is 5.0:10" sec™! for ethane, 6.5-10'' sec ' for propane, and 2.0-10'?
sec ! for n-butane.)
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FIG. 4. Shift of the peak of UV absorption spectrum of DPB in compressed
ethane (O), propane (@), CO, (1), and SF, (B) with respect to the low
pressure vapor spectrum versus the solvent polarizability parameter
(n = refractive index of the solvent).

J. Chem. Phys., Vol. 92, No. 8, 15 April 1990
Downloaded 15 Oct 2006 to 62.141.169.136. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



4810 Gehrke et al.: Photoisomerization in nonpolar solvents

%
10" T~

k/st N
o
\\\\\\
9 P\
10 P \‘\\\§
N
10° 10° 10" 10°

0 scm?

FIG. 5. Photoisomerization rate coefficients & of DPB in ethane at three
different temperatures: (O) 295 K, (@) 337 K, and (0) 370 K. Dashed
curves: model fit (see text) with constant w, = 5-10'' sec~' and tempera-
ture dependent Eo [Eo (295 K) =850 cm~', E,,(337 K) = 700
cm™', and E, , (370 K) = 650 cm™']. Solid curves: model fit (see text)
with constant E,, =850 cm™' and temperature dependent o,
[@5(295 K)=5.0-10"" sec™!, w,(337 K)=1.1-10"2 sec™', and
®5(370 K) = 1.5:10" sec™'].

to values typical for a low-viscosity liquid. The results are
shown in Fig. 7, where we plot k versus the inverse tempera-
ture, together with the rate coefficients obtained in liquid
ethane at low temperatures by Fleming and Courtney.® Evi-
dently, there is a change of the apparent activation energy in
the vicinity of the critical temperature of ethane, T, = 305.4
K.

IV. DISCUSSION
A. Falloff curves of the thermal unimolecular
isomerization

At first, we compare our experimental data, obtained at
the lowest densities, with calculations for the thermal uni-
molecular reaction. The high precision of the lifetime mea-

10"

\\o‘o\‘(;\\\

k/s1

10° 10" 10°
DYscm?

FIG. 6. Photoisomerization rate coefficients of DPB in propane at 298 K
(®) and 390K (O), and CO, at 350 K (). Solid lines: model fits (see text)
with B, =850 cm ™}, #5(298 K) = 6.5-10"" sec™!, and w,(390 K)
=2.5'10" sec™" for propane, and E,, =900 cm™" and w,(350 K)
= 3-10" sec " for CO,.
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FIG. 7. Temperature dependence of the rate coefficient in ethane at
2.0<D<4.0-10™* cm? sec ™ !; (O) this work; (@) rate coefficients from Ref.
8.

surements for jet-cooled, isolated trans-DPB molecules' al-
lowed the construction of an optimized RRKM fit to the
specific rate constants K(E) of the reaction.” The threshold
energy E, and an average activated complex frequency scal-
ing factor could be fixed. After thermal averaging of k(E)
over an equilibrium population f(E), this analysis with
good reliability leads to the limiting “high pressure” gas
phase rate coefficient & _ :

k. =f°° k(E)f(E)dE. 3)
E‘()

In the analogous procedure for simple bond fission reac-
tions, the rotational dependence of k ( E,J) has to be properly
taken into account since it has a large effect.>! The present
analysis of a rigid activated complex isomerization has ne-
glected this aspect. While the k(£) measured in supersonic
Jets correspond to very low J values ((J ) =~ 1), the k_ mea-
sured near room temperature include contributions from
higher values of J. This is taken into account by multiplying
Eq. (3) by a factor Q*,/Q... ~I/I (Q,, denotes rota-
tional partition function, 7 is the moment of inertia, which
typically will be between 1 and 2. More information on this
factor would require knowledge about the activated complex
structure. Considering this lack of information, we estimate
the uncertainty of the modeled limiting rate coefficient,’

k, =6.9-10"-exp( — 11.5 kJ mol~'/RT)sec™ !,
(260 K<7T<410K) 4)

to be about a factor of 2.

Neglecting weak collision effects, standard unimolecu-
lar rate theory expresses the limiting low pressure rate coeffi-
cient k, as 534

ko=B.Zy, [M] f AEB)E, (5)
E,

where [ M] denotes solvent concentration. The evaluation of
this equation requires a complete set of vibrational frequen-
cies for trans DPB, which was taken from Ref, 52. Neglect-
ing correction factors for rotation and anharmonicity, F.,

=I*/I=1and F,,, =1, using B, ~ 1, and estimating Len-
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nard-Jones collision frequencies Z;; in Eq. (5) for ethane
leads to

ko=2.5-10"%-[M ]-yT/K
‘exp( — 1.40 kI mol~!/RT)cm® mol~'s™!. (6)

Equations (4) and (6) then yield falloff curves for the
photoisomerization rate coefficients k under thermalized
conditions at various temperatures. Broadening effects® of
the transition of k from k, to k_ here are only of minor
importance: Our detailed RRKM modeling® has led to
broadening factors F, = 0.82 at 300 K and F. = 0.92 at 400
K, such that k /k_ =F,/2 at the center of the falloff curve
where k,/k_ = 1. (One should note the anomalous tem-
perature dependence of F,.) At sufficiently low pressures in
thermal gases, however, k would not approach &, since ther-
malization after photoexcitation is not achieved sufficiently
rapidly. Instead, one would observe a rate coefficient that
depends on the wavelength of excitation, corresponding to
the yield of a photochemical activation system.> Since here
we are interested in high pressure phenomena, we neglect
these effects and use only the Lindemann-Hinshelwood
expression

Vk=1/ky+ 1/k_ . (7

The fact that the measured & is close to the calculated
value of k  represents one of the manifestations of the multi-
dimensional character of the problem. If one-dimensional
instead of multidimensional unimolecular rate theory would
apply, k, should be expected to attain a value of the order of
ko=~10"[M]-exp( — 11.5 kJ mol™'/RT) cm*mol~'
sec ™' instead of that given by Eq. (6). At [M]=~10~* mol/
cm® and T = 407 K, its value would be equal to ky;=~3-10°
sec™ !, which is two orders of magnitude below the rate coef-
ficient measured under these conditions (see Table I). This
“trivial” multidimensional behavior in the weak-damping
regime is responsible for the higher rate.

B. Cluster effects in the very low friction range

In contrast to the trans-stilbene system, where the mod-
eled £ in high pressure gases differs from the measured &k _
by a factor of 50?, in trans-DPB the measured value is only
about twice as large as the one derived from Eq. (3). This
discrepancy is still within the uncertainty of the analysis, so
that a difference between the measured k and the calculated
k., in high pressure gases cannot be deduced from measure-
ments within a single solvent. In terms of a combined uni-
molecular reaction—Kramers model, with

izi + = + ! )

k ko k., kux
however, there should be no dependence of k~k_ on the
nature of the solvent, apart from the onset of the transition of
k from k  to k4. We have tested this conclusion by com-
paring it with our results in different gaseous supercritical
solvents at densities, where diffussion effects are not yet im-
portant, i.e., at viscosities where one may still use Eq. (7)
instead of Eq. (8). Figure 8 shows falloff curves calculated
from Eqgs. (4), (6), and (7) for some temperatures together
with the corresponding rate coefficients. There is a systemat-

(8)

]0“

}X

435 K
410 X
390 X

300 K

10° 0 l 10 0
0 /scm™

FIG. 8. Falloff curves calculated from Eqs. (4), (6), and (7) for tempera-
tures of the experiments and 300 K (lowest curve) using the threshold ener-
gY E; sr.. for theisolated DPB molecule (see text, measurements in #-butane
at407 K (0), SF, at 388 K (®), ethane at 388 K (O), CO, at 384 K (W),
and helium at 429 K (A). Reduced diffusion coefficients, see text, are em-
ployed such that falloff curves and measurements in different solvent gases
can be compared in a single plot.

ic deviation of all measured & ’s toward values that are higher
than the calculated & . These deviations amount to a factor
of about 2.5 for CO,, ethane, and n-butane, 1.8 for SF,, and
1.5 for helium, respectively. (The diffusion coefficients for
the different solvents in Fig. 8 were scaled according to the
respective solvent molar mass and Lennard-Jones cross sec-
tion to compare the measured rate coefficients with a single
set of temperature dependent falloff curves. )

The solvent dependent discrepancies between the pre-
diction of the simple falloff model and the experiment sug-
gest that specific solute—solvent interactions can accelerate
the reaction even at moderate gas pressures. We attribute
this phenomenon to a solvent shift of the reaction threshold
energy E, caused by cluster formation between trans-DPB
and solvent molecules M prior to excitation.'® Leaving the
activated complex frequencies unchanged and estimating a
value for the cluster equilibrium constant of the order of K,
~50-dm* mol ™" for all nonpolar solvents, the experimental
points can be fitted by assuming a solvent shift §E of the
reaction barrier according to

Eo,cl :EO,free — 6E. (9

The limiting values of the rate coefficient for photoiso-
merization of trans-DPB in the cluster, k_ , and k,_,, are
then represented by Eqs. (4) and (6) with modified E,;
those for the free molecule, k_ ;.. and k.. are calculated
from Egs. (4) and (6). Assuming only 1-1-solute—solvent
complexes, our simplified cluster model then gives the over-
all values of k_ and k, by

ko= kosree (1 — o) + Koot fas

ko =Kkg ree (1 —fa) + Kk afas (10)
where the fraction of clustered solute molecules is given by

Ja=K, IM)/(1+K, [M]). (11)

Equation (10) implies that—in a certain density range de-
termined by the value of the equilibrium constant—the ex-
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perimental decay curves should consist of two exponentially
decaying components resulting from free and complexed
molecules. We did not observe such behavior under our ex-
perimental conditions. The reason could be either that over
the entire investigated density range virtually all DPB mole-
cules are complexed, or that our model with just two types of
species is too crude and a distribution of differently clustered
molecules is present. At present, we cannot rule out this lat-
ter possibility, but our spectral solvent shift data suggest that
the first alternative gives the more likely explanation. The
density range, in which complex formation occurs, probably
corresponds to the region of the steeper slope in the plot of
spectral shift versus polarizability in ethane in Fig. 4. The
densities here are even one order of magnitude smaller than
in our time-resolved experiments. This also confirms our es-
timate of the cluster equilibrium constant.

Applying our simple model as described to the low den-
sity rate coefficients of DPB photoisomerization, we obtain
the following values for the energy barrier E, , in the clus-
tered molecule: £, (ethane, n-butane) = 10.2kJ/mol (850
em™'), E,4(CO,)=10.8 kJ/mol (900 cm™'), and
E, . (SF¢,He) = 11.4 kJ/mol (950 cm ™). The barrier in
the isolated molecule was determined from the RRKM fit to
measurements of K(E) in supersonic jet expansions: E .

=13.2kJ/mol (1100cm™").°

The order of magnitude of the equilibrium constant
does not seem unreasonable in comparison with the value we
obtained for cluster formation in the iodine system,>® which
also suggests that clusters play an important role at pressures
below those applied in the present work. It would be desir-
able to test these ideas experimentally by preparing DPB-
solvent clusters in a supersonic jet. Measurements of energy
specific rate coefficients 4 (E) under such conditions should
exhibit a lowering of the reaction barrier in the cluster with
respect to the isolated molecule. Such experiments are un-
derway in our laboratory. Their RRKM analysis may pro-
vide a cross-check for the 8E values derived here.

The RRKM analysis of energy specific rate coefficients
k(E) for the isolated molecule® assumes complete intramo-
lecular vibrational energy relaxation (IVR). This assump-
tion is in agreement with the observation that there is no
evidence for mode selectivity of DPB photoisomerization'
that would indicate incomplete IVR. A comparison of the
energy dependence of k(E) with the dependence of the ca-
nonical rate coefficients in low-viscosity ethane on average
vibrational energy, however, has led to the proposition®’ that
IVR from the optical mode to the torsional mode is not as
effective in the isolated molecule as in solution phase. This
slow IVR could explain the increase of the experimental so-
lution phase rate coefficients over the thermally averaged
rates obtained in Ref. 5.

A recent study of the deuterium isotope effect in trans-
stilbene photoisomerization®® also reveals inconsistencies
with previous RRKM calculations**® concerning the or-
dering of rate coefficients for deuterated and nondeuterated
species. These results are also interpreted as being a result of
incomplete, though extensive, IVR in this molecule. A theo-
retical model incorporating limited IVR into an RRKM-like
analysis was developed® that qualitatively describes the ex-

perimental observations. In this model it is argued that the
onset of the experimentally observed £(E) in the isolated
molecule is dominated by the onset of IVR and, consequent-
ly, does not give the “real” barrier height E,, which may be
lower than the value deduced from a standard RRKM anal-
ysis.

However, our MNDO calculations of the activated
complex properties in stilbene?’ have revealed a particularly
complicated structure, which may lead to an unexpected or-
dering of rate coefficients for deuterated and nondeuterated
molecules. These complications have not been considered in
the analysis of Refs. 58-60. Therefore it is difficult to decide
on the basis of the experimental and theoretical data present-
ly available, whether this interpretation is valid for the pho-
toisomerization of DPB. The observation that the rates in
the range, where K=k _ , depend on the specific carrier gas
used, in our view also supports the hypothesis of cluster con-
tributions. At present there exists no undisputed evidence
showing that the increase of IVR rates with density exhibits
specific solvent effects.

C. Cluster effects in the Kramers-Smoluchowski range

The transition to a transport-controlled reaction, to a
first approximation, is expressed by the Kramers—Smolu-
chowski equation

kag =~ (05/Pk, (12)

with £ from Eq. (10), the imaginary “barrier frequency”
@ g, and the friction coefficient 8. The a priori identification
of the barrier frequency on the basis of known molecular
parameters still appears equally difficult as that of a reactant
frequency becoming the ““reaction coordinate.” For mole-
cules of this size, there is presently no possibility for a reliable
prediction or even an interpretation of these parameters.
Therefore we consider activated complex frequency scaling
parameters [in the RRKM fit of X(E)] and imaginary bar-
rier frequencies as fit parameters. On the other hand, the
friction coefficient 8 for rotation of the phenyl group can be
estimated by the relationship®'

B=c o/ Ipy, (13)

where 7 denotes solvent viscosity, o, = 0.37 nm represents
the estimated Lennard-Jones radius of the phenyl group,®?
the radius of gyration is » = 0.25 nm, and I, is the moment
of inertia of the phenyl group for rotation around the double
bond, Ip, =~m,r?, with m, = 1.3-10722 g. The value of ¢,
depends on the boundary condition. We use ¢, = 41 for pure
slip. The Stokes—Einstein relation is used to obtain £ in
terms of the self-diffusion coefficient of the solvent. As ex-
perimental diffusion and viscosity data on ethane and also
propane*®%* show that the ratio Dno,/k, T = ¢, is not con-
stant with pressure, we use appropriately interpolated values
for c,.

The curves in Fig. 2 are the result of modeling the de-
pendence of the rate coefficient on D ! in liquid ethane,
propane, and n-butane at room temperature with @ as a fit
parameter. We used the energy barrier E,, , = 850cm ™’ giv-
en above, assuming that its value in propane will be approxi-
mately the same as in ethane and n-butane. The exact value
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FIG. 9. Temperature dependence of DPB photoisomerization rate coeffi-
cients in liquid ethane below room temperature. (O: measurements from
Courtney and Fleming?; solid line: model calculation from this work, see
text.)

of K, is of no importance at these densities. In Figs. 9 and 10
we compare the temperature dependence of the rate coeffi-
cient predicted by our expression with the results obtained
by Courtney and Fleming?® in liquid ethane and propane at
low temperatures. We used the parameter values obtained
from the fit to our pressure dependent data. In ethane the
model underestimates the rate coefficients by a factor of 1.3
on average, in propane it overestimates them by the same
amount. The experimental temperature coefficient is about
20% higher than the prediction in both cases. In view of the
limitations of the model and the uncertainties of the param-
eter values, however, this can be considered as good agree-
ment with experiment.

So far the photoisomerization rate coefficient of DPB in
liquid alkanes, therefore, appears consistent with the simple
Kramers-Smoluchowski equation. In each of the solvents
one observes proportionality between D and k. Changing the
size of the solvent molecule, however, causes a shift of the
turnover point into diffusion control along the D ~! axis,
whereas the slope of the curve in the Kramers—Smolu-
chowski range does not change. This shift cannot be under-
stood, if one only considers variations in solvent transport
properties such as frequency dependent friction. There is
also no reason to attribute these shifts to failures of the

5
T O\
ag 0
3 ° o

! —~0

° (o]
05
30 35 40
1000 K/T

FIG. 10. Temperature dependence of DPB photoisomerization rate coeffi-
cients in liquid propane below room temperature. (O: measurements from
Courtney and Fleming?; solid line: model calculation from this work, see
text.)

Stokes—Einstein relation, since it appears to be valid for each
individual solvent. The deviation from the prediction of the
simple Kramers—-Smoluchowski expression observed for
DPB in compressed liquid n-octane® and other high-viscos-
ity solvents,®*? therefore, seems to be restricted to a regime
of higher viscosities and does not have any influence on the
rate coefficients in the “turnover” region we are discussing
here.

The most plausible explanation of the observed shifts of
the k(D ~') curves along the D ~' axis appears to be again a
cluster- or solvent-induced modification of the potential en-
ergy surface. Whereas modifications of the barrier height
were considered in Sec. IV B, we now also suggest modifica-
tions of the imaginary barrier frequency w,. The curves in
Fig. 2, for the three small alkane solvents at room tempera-
ture, were fitted with w, = 5-10'!, 6.5-10", and 2.10'2
sec”! for ethane, propane, and n-butane, respectively. For
higher n-alkanes, @, seems to remain constant at a value
close to that for propane. The very low value of @ ; compared
to the double bond torsional mode frequency, which has
been noted before for both stilbene!® and DPB? in connec-
tion with the observation of an “anomalous” viscosity de-
pendence of the rate coefficient in a series of different sol-
vents, would indicate a very flat barrier to rotation around
one of the double bonds. This is in agreement with our
MNDO calculations for stilbene.”” Apparently, the concept
of a reaction being governed by a single torsional mode of the
molecule is not sufficient here.** Additional experimental
evidence for the importance of other coordinates, specifical-
ly phenyl ring rotation, comes from the observation of fast
structural relaxation processes prior to twist around the
double bond in picosecond experiments on DPB at low tem-
peratures.’ In view of MNDO calculations,®® this was inter-
preted as a manifestation of phenyl ring rotation. The calcu-
lations showed that there is a marked dependence of the .S,
energy on the phenyl ring twist angle, and that the equilibri-
um configurations of ground and lowest excited state show a
different angle, the molecule being more planar in the excit-
ed B state. This had been suggested before®® following
comparative spectroscopic studies of DPB and an analogous
“stiff”” compound, and was also concluded from recent time
resolved UV resonance Raman experiments.®” The change
of the state ordering of the lowest '4, and 'B, excited states
of DPB on going from the dilute gas to the liquid phase is
probably also reflecting the difference in the equilibrium
phenyl ring rotation angle.”*** If the phenyl ring equilibri-
um conformation in both ground and excited states is affect-
ed by the environment, for instance by clustering with sol-
vent molecules, one could imagine a substantial relative shift
of states causing a change of the height and the shape of the
barrier as well.

D. Multidimensional barrier effects in the Kramers-
Smoluchowski range

Having fixed the parameters k£, and wp, we now com-
pare our measurements of the temperature dependence of &
in the Kramers-Smoluchowski range with the correspond-
ing model predictions. Inspection of Fig. 6 indicates that the
temperature dependence in this range is much stronger than
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in the transition range to k. The dependence by far exceeds
that of the additional contribution from the temperature de-
pendence of the friction (see Fig. 7). In order to accommo-
date for this effect, one either may try to use temperature
dependent apparent barrier heights or temperature depen-
dent apparent imaginary barrier frequencies. The dashed
curves in Fig. 5 demonstrate the attempt to choose the for-
mer possibility for three isotherms in ethane. Keeping a fixed
value of wy = 510" sec ™!, barrier heights of E, ; (295 K)
=850cm™ ' E,, (337 K) =700cm ™', and E,, (370 K)
= 650 cm ™! had to be chosen. This representation, how-
ever, appears unsatisfactory, since the shape of the curve at
370 K does not correspond closely to the observed k(D ')
dependence of the rate coefficients. The same applies to the
data shown in Fig. 6. Better agreement is found by choosing
temperature dependent apparent barrier frequencies. The
solid curves in Fig. 5 show the results obtained by keeping
E, . = 850 cm™ ' fixed and using for ethane the barrier fre-
quencies @z(295 K) =5-10"  sec™!, wz(337 K)
=1.1-10"2 sec™!, and w5 (370 K) = 1.5-10'2 sec~!. The
curves in Fig. 6 show the corresponding fits to the propane
isotherms with E, . = 850 cm™}, w,;(298 K) = 6.5-10"!
sec™!, and w5 (390 K) = 2.5-10"? sec™'. For CO,, E,_,
=900cm ™' and w; (350 K) = 3-10'% sec™ ! gave the best
fit.

The increase in the temperature coefficient of & in the
Kramers—Smoluchowski range beyond the prediction of a
model with temperature independent effective barrier height
or imaginary barrier frequency is very pronounced. Weillus-
trate this again in Fig. 11, in which a “reduced rate coeffi-
cient” k.., is shown, being defined by

Kea (T) =k(T)-[1+B(T)/0p(295 K)]. (14)
For the one-dimensional Kramers—Smoluchowski model of
Egs. (8) and (12)—neglecting the k, term—=k, (7))
should beequalto k _ (T"), which is also shown in Fig. 11 for
comparison. While the low-temperature values of k.., (T)
roughly agree with k _ (7" ), at temperatures above the criti-
cal temperature 7, of ethane significant deviations appear.
For ethane they can be empirically represented by

-exp[2.03-10° K- (1/T, — 1/T)],

(15)

as shown by the small points in Fig. 11. In the following we
propose possible explanations for this observation.

At first, we inspect the consequences of barrier anhar-
monicity in a one~dimensional Kramers—Smoluchowski
treatment. In the high-damping limit the rate coefficient & is

given by
k~— ,277](” [f exp [(V(r) ]) -dr] —l.
kgT
(16)
Using a barrier shape of
V(r) =Ey—A-(r—r)™, an
this leads to
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FIG. 11. Reduced rate coefficients &,., from Eq. (14) reflecting tempera-
ture dependent effective barrier frequencies, see Eq. (23). (Experimental
points from Fig. 7; dashed line: Kramers—-Smoluchowski representation
with E,, =850 cm™' and w,(295 K) = 5.0-10"" sec™". Small points:
k.., (T ) with temperature dependent wg (T ) from Eq. (15).)

k Zﬂ'kBT.( n

k=—-
r'(1/2n)

ﬁ 7 '(A/kBT)l/Z").

(18)

For n = 1, the result of Eq. (12) with a temperature inde-
pendent imaginary barrier frequency is recovered. For a
completely flat barrier, i.e., n— «, an apparent imaginary
barrier frequency is obtained, which increases as

wp0V'T. (19)

While this consequence of anharmonicity of a very flat bar-
rier may contribute to our observations, the effect is by far
too small to account for the temperature dependence shown
in Fig. 11.

Next we inspect the consequences of multidimensional
barrier shapes. Our MNDO calculations for stilbene®’ sug-
gest that the flatness of the barrier decreases, when at least
one coordinate “perpendicular” to the reaction coordinate is
excited. (In stilbene this was the orientation of the phenyl
rings relative to the plane of the ethylene bridge.) Including
an increase of the barrier frequency w, with excitation of at
least one further coordinate “2” in the form

@p (Ez)zwso'(Ez/a)b, (20)

we calculate & to a first approximation by averaging of Eq.
(12) over a thermal distribution of activated complex states.
Via

@Wpgg * (E,\* — E dE.
PRI (—i) (—2)_—2 21
B J; )\ 6r) or @Y
we obtain
k=(wgo/B) 'k, (kgT/a)>T(b+1). (22)

More sophisticated treatments appear premature as long as
the details of the potential are not better characterized. In
particular, the dependence of wy on several other coordi-
nates may result in multiplicative effects. According to Egs.
(20) and (22), strong energy dependences of wg result in
strong temperature dependences of the apparent imaginary
barrier frequency:
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wp(T)=wgo (kgT/a)>T(b+ 1). (23)

In the present case, a value of 5=4.9 would reproduce the
fitted values of wz (T ). As stated before, b = Zb; may in-
clude the contributions from several coordinates / “perpen-
dicular” to the reaction coordinate.

iV. CONCLUSIONS

In the present paper we have demonstrated cluster- (or
solvent-) induced modifications of the potential energy sur-
face of the photoisomerization of DPB. Apart from this, the
multidimensionality of this surface manifests itself in var-
ious ways. Our experiments suggest that such effects can also
be identified via the temperature dependence of the rate coef-
ficients in the Kramers—-Smoluchowski range. At constant
temperature, the Kramers—Smoluchowski representation
works well for the low-viscosity solvents considered in the
present work. In order to prove the suggestions given here,
detailed quantum-chemical calculations of the potential en-
ergy surface of the free and the clustered molecule appear
indispensible.
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