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The mvesti@ion bf the pressure dependence 6f the’s, photolsomerizatlon of diphenylbutadlene m n-alkanes from ethape to n- 
dodetihe all&s tis-tci dlfferentiat’e b&veen varibus models proposed to explain the observed &&sit~ deplndencc bf the rate 
coefficient /Q., for twisttng about one oft& double bon&. For each solvent we observe a linear dependence of,kl, bn fthb inverse 
of the, solvent v~iscosjty with a slope that increws with solvent qze. Companng this-result with models for rrucroscopja hctlon 
we find $hat the observecj solvent sqeffect IS sigmficiintly stronger than predicted. We copclpdc, that a hydrodynamfc descriptlqn 
of frictional forces m terms of tge, zero f&uqy shear vlscoslty of the solvent IS m agreement with the observed pressure and 
solvent depebdence. We suggest, therefo’k, tbat tlit solvent sue bffeci’reflects variations in ihe shade of the reactIon’ path with 
solvent that are possibly,assbciatkd With th~mhltidmten$lonality of the barrier crossing process. We alSo rtqort nrint-adiatlve tate 
coefficients far DPB m sold solutioa. 

I. Introduction 

The ‘photoisomeriiation ‘of diphenylbutadiene 
(DPB) in the first tlettronically excited ‘singlet state 
has - besides the ‘corresponding’reactionof trans-stil- 
bene - attracted considerable interest as a model sys- 
tern for the study of solvent influenbe on chemical 
reaction rates: In particular, the applicability of G-a- 
mers’ model [ 1 ] ‘and its extensions [ 2- 131 has been 
rested by investi 

f 
ating the dynamics of this reaction 

under a variety b damping conditions [ 14- 19 1. Our 
study of the pressure dependence’in low tiscosity suU- 
percritical and liquid solvents ]20] ‘shotied that ‘the 
variatiorrofthe rate coeficient throughout the entire 
density range extending-from the dilute gas to the low 
viscosity liquid ‘in alkane solventscan be adequately 
represented by a com’inat’ion’of unimole~ular rate 
theory and the Smoluchotiski limit ofKi%ierS equa- 
tion. The surprisingly strong temperature depen- 
dence of the rate coefftcient found in thk’liquid sol- 
vent range was interpreted as a manifestation’of the 
multidimenstonal character of the reaction barrier. 
Up to solvent shear viscosities of x 10e3 Pa s ( = 1 
cP), no significant deviations from the timtrs- 
Smoluchowski prediction of the dependence of the 

rate coeificient on solvent viscosity were apparent. 
In this paper we study the pressure dependence at 

higher viscosities in a series of alkane solvents. As we 
have frequently pointed out [ 18,20-231, this ap- 
proach offers the possibility to separate to a large ex- 
tent specific solvent effects from dynamical transport 
effects that may be difficult to distinguish in experi- 
ments employing even homologous solvent series. In 
this sense our experiments complement the extensive 
fluorescentie lifetime study of Fleming and co-&ork- 
ers, &ho mainly cbncentraWd on the temperature de- 
pendence of the radiationless decay in n-a&an&, [ 14 ] 
and alcohols [ i 5). In alkane solvents; they found that 
the observed viscosity dependence was not in accord 
with the predictions of Kramers’equatibn, and they 
suggeSted that either a frequendji dependence of the 
friction or a free volume effect in’ the liquid might 
lead to the observed fractional power dependence of 
the rate coefftcient k,,, on’ viscosity [ 24 3, 

I$,-q-* with az0.66. (1) 

In alcohols the measured rate coe,fftcients were 
much higher than in the nonpolar environment, and 
their viscosity dependence could, be fitted [ 241‘ with 
a = 0.92, i.e. they were in the’ Smoluchowski limit. 
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This different behaviour in alcohols was attributed to 
a lowering of the barrier for internal double bond ro- 
tation in the S, state of DPB, causing a flatter barrier 
top than in alkanes. Because of its slower motion 
across the barrier top the system in this case would 
experience a constant, frequency independent 
friction. 

It was of interest to us, whether the pressure depen- 
dence of the fluorescence lifetimes in alkane solvents 
would be consistent with this interpretation, or 
whether it would be necessary to consider a break- 
down of the Stokes-Einstein relation [ 191 or a change 
of solvent influence on the potential energy surface 
for photoisomerization even within a homologous 
solvent series [ 1825 1. 

Finally, with the intention to carry the viscosity of 
the environment to extreme limits, we measured the 
S, lifetime of DPB in solid n-decane and in a PMMA- 
matrix at room temperature. In this way - by com- 
parison with the fluorescence lifetimes in highly vis- 
cous liquid solvents - we wanted to get further infor- 
mation on the question how structural properties of 
the microscopic environment influence the photoiso- 
merization dynamics. 

2. Experimental 

Fluorescence lifetimes of E,E-1,3_diphenylbuta- 
diene ( 1.3) (trans-DPB) at room temperature 
( T= 295 K) were determined by time-correlated sin- 
gle photon counting. Excitation light pulses at 308 nm 
from a frequency-doubled, synchronously pumped 
dye laser (Coherent model 702, pulse autocorrela- 
tion fwhm 1.4 ps) were used at the full repetition rate 
of 76 MHz. Fluorescence from the 7 kbar high pres- 
sure cell (Nova Swiss model 500.0301.1) was de- 
tected perpendicularly to the excitation beam in a 
“magic angle” arrangement [ 26 1. 

The fluorescence photons were detected by a low 
noise, high gain photomultiplier tube (Valvo XP- 
2020 operated at 2.3 kV) wired according to ref. [ 271, 
whose outputipulses were fed into a CF discriminator 
(Canberra model CFD 2 128). The discriminator 
signals provided the start pulses of the time-to-am- 
plitude converter (TAC; Tennelec model TC 862), 
which was operated in reverse mode. Measurements 
were performed at a count rate of x 40-50 kHz. The 

stop signals for the TAC were derived from the synch 
output of the ion laser mode-locker driver. The TAC 
output pulses were digitized by a fast PC-AT-based 
12 bit A/D converter and stored in computer mem- 
ory. The fwhm of the response function of the detec- 
tion system as determined with Ludox scattering so- 
lution was 520 ps, its time resolution in conjunction 
with the high pressure fluorescence cell x 100 ps. 

For the analysis of the fluorescence decay histo- 
grams we used a convolution and fitting procedure 
[ 271 employing the Levenberg-Marquardt algo- 
rithm. As the time interval between subsequent ex- 
citation pulses was only about 13.2 ns, the fitting pro- 
cedure was modified to account for the periodicity of 
the decay signal [ 281. Fluorescence lifetimes mea- 
sured at ambient pressure in a standard quartz fluo- 
rescence cell agreed to within 2% with literature data 
for the lifetime range from 150 ps to 2 ns, thus con- 
firming the internal consistency of the fitting proce- 
dure. The data scatter obtained with the high pres- 
sure cell was slightly worse, amounting to z 5% at 
most. 

Transient absorption measurements were carried 
out in a picosecond pump-probe arrangement with a 
time resolution of 3 ps using an excitation wave- 
length of 308 nm and a probe wavelength of 6 16 nm. 
These experiments were also performed under “magic 
angle” conditions [ 261. The picosecond system has 
been described in detail elsewhere [ 20,221. 

Solvents were of spectroscopic grade throughout, 
and DPB was obtained from Fluka (puriss., No. 
236589). Further purification had no influence on the 
fluorescence lifetime signal. DPB-doped PMMA 
samples were prepared [ 291 by adding 0.5 g trans- 
DPB to 50 ml monomer methylmethacrylate solvent 
containing 17 mg cu,a’-azoisobutyronitrile starter. 
Careful temperature control during polymerization ( 3 
days at 45°C one day each at 60°C and at 80°C 
l/2 day at 120°C) lead to samples that could be pol- 
ished to high optical quality. The absorption spectra 
of the finished sample showed no signs of apprecia- 
ble trans-DPB loss during the whole preparation 
procedure. 

3. Results 

The fluorescence decays obtained for DPB in al- 
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kane solvents were single exponential throughout the 
entire pressure range up to 7 kbar. The amplitude of 
a second decay component with a lifetime in the na- 
nosecond range was of the order of 10m3 or less and 
considered not to be relevant for the S, decay of DPB. 
In table 1 we compare our lifetimes obtained at 1 bar 
pressure with fluorescence lifetime data from ref. 
[ 141 and the decay of the transient S, absorption 
measured in pump-probe experiments [ 201. We also 
list the corresponding lifetimes in liquid ethane and 
n-butane at a pressure of 100 MPa. The agreement is 
quite satisfactory. 

From the first-order decay rate constant k= 1 /rr 
we obtained the overall nonradiative rate coefficient 
k,, for the S, state of trans-DPB, ‘DPB*, by subtract- 
ing the radiative rate coefficient k,: 

k,,, =k+k, . (2) 

The dependence of k, on solvent polarizability was 
taken from ref. [ 141 as 

k,= [ 1.4f(n2)+0.43] x lo9 s-’ , 

withf(n2)=(n2- l)/(n2+2), and n is the refrac- 
tive index of the solvent. The pressure dependence of 
the solvent polarizability was calculated from the 
Clausius-Mosotti equation f(n2) =4n:[M]N,_cr,/3 
( [M ] denotes solvent concentration, NL Avogadro’s 
constant, and (Y, molecular polarizability ) , and from 
the pressure dependence of the solvent dielectric 
constant E(P) where experimental data were avail- 

Table 1 
S, lifetimes of DPB from fluorescence (7f) and transient absorp- 
tion ( rs, ) decay of DPB at 1 bar 

Solvent 

n-pentane 
n-hexane 
n-octane 
n-nonane 
n-decane 

n-undecane 
n-dodecane 

ethane a) 

n-butane a) 

‘)p=lOOMPa. 

Sf (PSI 

this work 

440 
480 
565 
605 
660 

680 
725 

416 
540 

ref. [14] 

450 
485 

580 

630 
690 
710 

% (PSI 
ref. [ 201 

440 

385 
530 

able. As the dependence of k, on solvent polarizabil- 
ity is fairly weak, both procedures led to practically 
identical results. Table 2 shows the pressure depen- 
dence of the lifetime rf and the nonradiative decay 
rate coefficient k, of * DPB* in alkanes obtained from 
eq. (2). For n-octane, Velsko and Fleming [ 141 have 
also measured the pressure dependence of kr at 20°C. 
As shown in fig. 1, their values decrease slightly less 
than ours with increasing pressure. The reason for this 
discrepancy is not clear, but we note that we observe 
a similar pressure dependence in all alkane solvents 
from ethane to ndodecane, irrespective of the exper- 
imental technique employed. 

We also measured the fluorescence lifetime in n- 

decane at 298 K and a pressure of 320 MPa. Under 
these conditions the solvent solidifies, which leads to 
a noticeable increase of scattered light from the sam- 
ple. We obtained a fluorescence lifetime of rf=860 
ps, considerably shorter than rf= 940 ps in liquid n- 
decane at p= 260 MPa. If we assume that the radia- 
tive lifetime in the solid environment is not signifi- 
cantly different from its value in compressed liquid 
n-decane, this corresponds to a nonradiative decay 
rate k,,= 3.3 x 1 OS s- ‘. In solid PMMA matrix at 
room temperature we measured the ‘DPB* lifetime 
by pump-probe absorption spectroscopy to be 
rs, = 1.0 ns. This would correspond to a value of 
k nr x 1.5 x 1 O8 s- ’ , if one extrapolates the polarizabil- 
ity dependence of k, in alkanes to this more polar 
environment. 

4. Discussion 

Our experiments in low viscosity alkanes [ 201 have 
shown that already for solvent viscosities greater than 
approximately 0.2 mPa s ( =0.2 cP) the rate coeffi- 
cient ki, for ‘DPB* isomerization is well described 
by the Smoluchowski limit of Kramers equation 
[ 1,4,401 

kiso=km&B 9 (3) 

where k, is the thermal high pressure limiting iso- 
merisation rate coefficient, r& a parameter describ- 
ing the shape of the potential energy surface in the 
barrier region, and B the friction coefficient. Assum- 
ing that the potential energy surface does not change 
with solvent in the series of linear alkanes, j? should 
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Table 2 
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Fluorescence bfetlmes qand nonradiative rate coefticlents k,, of ‘DPB* m compressed alkanes 

P @@a) Tf (PS) f(n*) rjd) (mPa s) D ( low9 m2 s-‘) !&, (logs-‘) 

n-pentane 0.1 440 0.215 a’ 0.23 5.2 ‘) 1.54 
80 574 0.237 0.42 3.5 0 98 

130 629 0.247 0.55 30 0.81 
154 660 0.250 0.62 26 0.74 
201 705 0.256 0.76 21 0.63 
241 742 0.260 0.91 1.7 0.56 
270 755 0.263 1.01 15 0.53 
330 804 0.268 1.26 1 1 0.44 
350 824 0.269 1 35 1.0 0.41 
390 839 0.272 1 55 0.85 0.39 
420 825 0 274 171 0 74 0.40 

500 835 0.278 2.22 0.51 0.38 
547 855 0.28 1 2.56 0.4 I 0.35 

n-hexane 0.1 480 0 228 a’ 031 4.2 =J’ 1 34 
25 537 0.234 0.38 3.3 111 
50 576 0.240 0.47 2.8 0 9-I 
75 595 0.245 0.55 2.5 0.91 

100 634 0 249 0.66 2.2 0.80 
125 682 0 254 0.76 1.9 0.69 
150 698 0.258 0.88 1.7 0.64 
190 730 0.262 1.07 1.5 0.57 
232 758 0.266 1.30 1.2 0.52 
300 790 0.272 1.74 0 81 0.46 
378 820 0.278 2.36 0.59 0.40 
446 848 0.282 3 05 0.43 0 36 
492 858 0 285 3.61 0 34 0 34 

n-octane 0.1 565 0 240 b, 051 1.00 
80 704 0 256 0 92 063 

160 784 0 265 171 0.48 
240 852 0 272 2 88 0.37 
340 898 0 278 4 85 0 30 

413 933 0.282 6.82 0.25 
480 938 0.286 9 27 0.24 
501 940 0 288 102 0 24 

n-nonane 0.1 605 0.243 b, 0 67 0.89 
50 681 0 253 1 08 0.68 

100 746 0.261 1 54 0 55 
150 797 0.267 2 31 0.45 

200 844 0 272 3 28 0.38 
250 859 0 276 4 47 0 35 
300 884 0.280 5.85 031 
350 901 0.284 7 49 0.28 
400 947 0 287 9.40 0.22 

n&cane 0.1 660 0.248 b’ 0 89 1.2C’ 0.74 
70 188 0.260 1 62 0.73 0.48 

130 871 0 267 2 70 0.48 0 35 
205 913 0.275 4.68 0.28 0 28 
260 939 0 280 6 55 0.19 0.24 
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P (MPa) P (PS) f(n’) qd) (mPas) D (IO-9mZs-*) /&(logs-‘) 

n-undecane 0.1 680 0.249 ‘) 1.14 0.69 
60 799 0.261 1.94 0.46 

120 874 0.268 3.29 0.34 
180 943 0.272 5 25 0.25 
240 980 0.275 1.77 0.21 
310 1000 0.276 114 0 18 

n-dodecane 0.1 725 0.253 =’ 1 42 0.60 
50 838 0.263 2.23 0.40 

100 908 0.271 3.56 0 29 
160 953 0.278 5.84 a.23 

~)Calculatedfiomc(p) [30]. b)Calculatedfromt(p) [31]. 
‘) Calculated from ClausiucMosotti equation d, Refs. [32-371. 
Cl Ref. 1381, extrapolated forp>ZOO MPa. ‘) Ref. [39]. 

Fig. 1. Pressure dependence of the nonradiative rate CoefTicient 
k., of ‘DPB* m n-octane. ( x ). This work, (0 ) ref. [ 141. 

be the only-solvent dependent quantity in eq. (3). In 
the simplest approximation #I. is proportional to the 
zero frequency shear viscosity of the solvent, and the 
proportionality constant contains only solute param- 
eters assumed independent of solvent and a constant 
factor determined by the hydrodynamic boundary 
condition. On the basis of this picture one expects that 

k,,=Bq-’ 

in contrast to the exponent - 0.66 found experimen- 
tallyinref. [14]. 

In our exI&hnCnts we find that within each indi- 
vidual solvent /c,,, depends linearly on the inverse of 
the viscosity as illustrated in figs. 2-5. The slopes B, 
and the intercepts k,, obtained from fitting the exper- 
imental results for the different solvents are listed in 

I I 

5 10 

r('/103Pa-'s-' 

Fig. 2. Dependence of the nonradiative rate coefficient k, of 
‘DPB* on the inverse of the solvent shear vlxogrty, 1 &tn ethane 
( l ) and propane ( 0 ) at T= 298 K. Solid lines are linear least- 
squares fits to the experimental data from ref. [ 201. 

table 3 together with the correlation coefficients, 
which demonstrate that the linear relation 

knr=W-‘+kl, (5) 

seems to give a very good description of,the data. Only 
the values of A-,,, in n+nonane Iyielded a slightly worse 
tit. While the vaIuesofJ3, increasesystematically with 
the alkane chainlength of the solvent by a factor of 
z 3 on going from ethane to %dodecane,the inter- 
cepts, which are non-zero, wary little from ethane ,to 
n-nonane and then drop off by a factor of 992 for the 
three highest alkane solvents employed. We also list 
the resultsofthe linear *correlation of h&th the sol- 
vent selfdiffusion coeflicient D, k,,,= B;D,, for those 
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0 1.5 30 45 

q-'/lo3 Pa-’ 5-l 

Fig. 3. Dependence of the nonradiative rate coefftcient k,,, of 
‘DPB* on the inverse of the solvent shear viscosity, l/q, in n- 
pentane (0 ) and n-hexane ( 0 ) at T= 298 K. Solid lines are lin- 
ear least-squares tits to the experimental data. 

0 0.5 10 15 20 

q-‘/lo3 Pa-’ s-1 

Fig. 4. Dependence of the nonradiative rate coefftcient k,,, of 
‘DPB* on the inverse of the solvent shear viscosity, I/q, in n- 
octane ( 0 ) and n-nonane ( 0 ) at T= 298 K. Solid lines are lin- 
ear least-squares fits to the experimental data. 

solvents where experimental self-diffusion data were 
available. The constants B, and B: are connected by 
the relation BJB: = Q-D. The fits are of similar qual- 
ity, and the intercepts are only insignificantly lower 
than those obtained from fitting to 9-l in view of the 
experimental accuracy. 

The intercepts correspond to the rate coefficient of 
a nonradiative decay channel still open at “infinite” 
viscosity, which we attribute to S, -+ So internal con- 
version in the all-trans configuration. This assign- 
ment is in agreement with conclusions drawn from 
the temperature dependence of/c,,, [ 141 and photo- 
isomerization quantum yields [ 41,421. Velsko and 
Fleming estimated a value of the internal conversion 
rate coefficient of ki, z 2 x 1 O8 s- ‘. This compares very 

I I I 
04 08 12 

q-'/lo3 Pd's-' 

Fig. 5. Dependence of the nonradiative rate coefficient k,,, of 
‘DPB* on the inverse of the solvent shear viscosity, I/q, in n- 

decane ( 0 ), n-undecane ( 0 ), and n-dodecane ( 0 ). Solid lines 
are linear least-squares tits to the experimental data. (Within ex- 
perimental uncertainty the rate coefficients k, in n-undecane and 
n-dodecane are tit by the same values of the coefftcients ki, and 
&.) 

well with the average value from the intercepts in ta- 
b1e30fki,=(2.0~0.5)X10*s-‘.Withthisvalueof 
ki, one arrives at a quantum yield of internal conver- 
sion of 1 OW, which is considerably lower than a value 
of 0.34 estimated on the basis of the trans-cis pho- 
toisomerization and fluorescence quantum yields in 
cyclohexane [ 42 1. A reason for this discrepancy be- 
tween the results from photostationary and time-re- 
solved measurements could be that the usual as- 
sumption of equal partitioning from the excited 
singlet intermediate twisted configuration to the 
ground state trans-trans and cis-trans conformer does 
not hold for DPB. A partition ratio of 3 to 4 in favour 
of coming back to the trans ground state would bring 
the two observations into agreement. Uncertainties 
in estimating the pressure dependence of the radia- 
tive lifetime cannot account for the low internal con- 
version yields, as they probably do not exceed 30% 
[ 14,43-45 1. They could be responsible, though, for 
the apparent solvent dependence of k+ Intersystem 
crossing only plays a very minor role in the decay of 
‘DPB* even at high viscosities [ 4 11. 

Twisting around one of the double bonds is, there- 
fore, a dominant nonradiative deactivation path even 
at high pressures. Its rate coefficient is inversely pro- 
portional to viscosity: 

ki~=k,,-~,=B~tl-‘. (6) 

Fig. 6 shows that indeed all rate coefficients are tit 
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Table 3 
Upper part: parameters obtained from a linear tit to the viscosity dependence of the nonradiative rate coeflicients k,,, of ‘DPB* in 
compressed alkanes. Lower part: tit parameters obtained by correlating with the solvent self-diffusion coefftcient D 

Solvent r” 8. (MPa) ki, (loss-‘) 

ethane 0.994 0.20 0.26 
propane 0.999 0.26 0.25 
n-pentane 0.998 0.3 I 0.22 
n-hexane 0.998 0.34 0.26 
n-octane 0.991 0.40 0.21 
n-nonane 0.992 0.46 0.23 
ndecane 1.000 0.51 0.16 
n-undecane 0.998 0.66 0.12 
ndodecane 0.998 0.66 0.12 

Solvent 

n-pentane 
n-hexane 
ndecane 

‘) Linear correlation coefftcient r. 

r .) B: (10” m-2) ki, (109s-1) 

0.984 0.20 0.23 
0.997 0.36 0.22 
0.997 0.50 0.13 

0.1 1 10 

q/10-3Pa s 

Fig. 6. Viscosity dependence of the solvent scaled rate coefftcient 
ki,,,/Bs ( x ) for twisting about one of the double bonds in ‘DPB* 
in n-alkane solvents from ethane to ndodecane in the pressure 
range from 0.1 to 650 MPa at T= 298 K. The solid line represents 
l/u. 

by the expression ki,/B, = ?,I-” with a = 1 and B, a sol- 
vent dependent constant. This pressure independ- 
ence of B, immediately leads to three important 
conclusions: 

(i) The viscosity dependence of the rate coeffi- 
cient ki, is adequately described by the Smolu- 
chowski limit of the Kramers expression, eq. ( 3 ) . 

(ii) A frequency dependence of the friction coef- 
ficient seems to be of no significance for the photo- 

isomerization dynamics, because /&,, correlates line- 
arly with the zero frequency shear viscosity for each 
individual solvent. 

(iii) Free space models of rotational diffusion 
[ 46,471, which would also be able to explain an ex- 
ponent of a c 1 [ 141, are not consistent with the fact 
that B, is independent of solvent pressure. 

This behaviour seems to differ substantially from 
that found for trans-stilbene [ 48 1, where ki, was not 
found to be linearly dependent on 1 /II when the tem- 
perature was varied in a single solvent. In that case 
the rate coefficient could only be Iit by Kramers 
equation when a frequency dependence of the fiic- 
tion was included. 

In contrast, the pressure dependence of k, shows 
unequivocally that the fractional power dependence 
of the ‘DPB* photoisomerization on solvent viscos- 
ity observed in alkane solvents at ambient pressure 
results from the solvent dependence of the constant 
B in eq. (4). Accepting eq. (3 ) as a valid represen- 
tation of the rate coefficient ki,y one has to discuss 
two possibilities to explain the solvent dependence of 
B: 

(i) The hydrodynamic description of the rota- 
tional rearrangement in the excited state, relating the 
frictional drag experienced by the isomerizing DPB 
molecule to the solvent shear viscosity, is not valid. 
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This would imply that p no longer scales with solvent 
viscosity if one changes the solvent. 

(ii) The potential energy surface for the reaction 
could change with solvent. This could affect the bar- 
rier height, leading to variations of km, as well as the 
effective shape of the barrier which is expressed m 
the parameter oi3. This would also include effects due 
to the multidimensional character of the barrier 
crossing dynamics. 

We first examine the validity of the hydrodynamic 
model. Based on Stokes’ law for hydrodynamic mo- 
tion of a particle m a continuous fluid, the Stokes- 
Einstein-Debye equation predicts a simple relation 
between the rotational relaxation time tR of a mole- 

cule in a liquid and the solvent viscosity: 

1 
TR= - = ~Tti,,,,c+b, 

6&, B 
(7) 

where V,, is the hydrodynamic volume of the solute 
and D,, its rotational diffusion coefficient in the sol- 
vent [ 47,491. The correction factorsf,,,,k and C have 
been introduced into eq. ( 7 ) to account for the non- 
spherical shape of the solute and. the hydrodynamic 
boundary conditions varying from pure slip to stick, 
respectively. The constant 7. has been included to ac- 
count for the nonzero intercept for vanishing viscos- 
ity found in many experiments. It has been attributed 
to the solute free rotor relaxation time (501. Using 
slip boundary conditions and in the absence of spe- 
cific solute-solvent interactions or dielectric friction, 
this hydrodynamic model has been found to hold for 
the reorientational relaxation times of a large num- 
ber of even fairly small molecules, the viscosity being 
varied by changing solvents, temperature or pressure 
[ 49,5 l-541. There have, however, been some cases 
where, even in presumably weakly mteracting sys- 
tems such as p-terphenyl [ 541, trams-stilbene 
[ 19,48,55 ], DPB [ 561 or all-trans-“stiff’-DBB (E,E- 
ditetrahydronaphthylidene ethane) [ 19 ] in n-al- 
kanes and others [ 57-591, deviations from this lin- 
ear behaviour have been observed when the viscosity 
was varied by changmg solvents. The decrease of rR 
with mcreasing viscosity tended to saturate as the size 
of the solvent molecules became comparable to that 
of the solute. This size ratio effect was attributed to a 
breakdown of the hydrodynamic boundary condi- 
tion. Attempts to introduce the microscopic struc- 
ture of the solute-solvent boundary include models 

that treat the effect of the finite size of the solvent 
molecule [60] and the free space between solvent 
molecules that allow the solute to rotate “freely” in 
periods of vanishing contact with the solvent [ 471. 
Both models qualitatively predict the increasingly 
weaker viscosity dependence with increasing solvent 
size. From the free space model [47], m addition, 
one would also expect a similar effect on rR as the 
viscosity of a solvent increases with pressure. For p- 
terphenyl and all-trans-DPB, however, one finds a 
linear dependence of 7R on viscosity in compressed 
n-alkane solvents [ 54,6 11. This mdicates that the 
solvent-to-solute size ratio is the more important fac- 
tor in determining the deviation of the microscopic 
from the hydrodynamic friction. 

A quantitative model for the solvent size effect in 
microscopic fnction was first developed by Gierer and 
Wirtz [60] for stick boundary conditions and later 
extended by Dote, Kivelson, and Schwartz to mcor- 
porate a more general description of the boundary 
conditions [ 471. In the latter formulation the con- 
stant C m eq. (7 ) becomes: 

c= ac, ) 

with 

0=(1+6cr,C,)-’ 

(8) 

(9) 

60, 1 
--L 

(1+20r)4+ (1+4cr,)3 . 

Here a, is the solvent-to-solute ratio of the molecular 
radii. With these expressions inserted in eq. (7) de- 
viations from the hydrodynamic description due to 
the solvent-size effect could be qualitatively ac- 
counted for [ 54,571. 

If we model the motion of the twisting group in the 
photoisomerization of DPB as that of a sphere of hy- 
drodynamic diameter o,h rotated at a distance r from 
a fixed axis, we obtain for “stick” boundary condi- 
tions [ 62 ] 

(11) 

where lrcd is the reduced moment of inertia for rota- 
tion around the double bond and I@, is that for rota- 
tion of the phenyl group about its own axis. Applying 
the appropriate correction factorsfti,ck (for the non- 
spherical shape ofthe rotating group) and C (for mi- 
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croscopic friction) to the rotational term in eq. ( 11) 
and correcting the translational part according to 
Gierer and Wirtz [60] by a factor 

A+( q, 1.50,+ 
I+& 

one obtains 

(12) 

(13) 

We inserted this expression into eq. (3),.calculated a 
slope Beak of k,, versus l/q for each solvent and 
compared it with the,values &obtained from the 
pressure dependence. The parameters used are given 
in table 4. (The value of wa was adjusted to give 
B talc = Bs in ethane.) Fig. 7 shows that B,,, increases 
much less with solvent hard sphere’ diameter qs than 
B,. The same holds, if we use the microfriction fac- 
tors empirically estimated from translational diffu- 
sion coefficients of toluene in n-alkanes, as recently 
proposed by Sun and Saltiel [ 65 1. Qualitatively, the 
two methods give very similar results, only the fric- 
tion coefficients /3 obtained from the empirical rela- 
tion are about a factor of three lower due to the neg- 
lect of rotational friction. (As Sun and Saltiel are 

Table 4 
Parameters used for the calculatton of Bearc 

k, (T~298K;E,=850cm-‘)=2.2x10’0s-‘a) 

ff,, = 0.37 nm rz0.25 nm 
1,,0.71xIO-37gcm2 1,,=1.5xlO-“gcm2 

pph=7 b’ 
fstlek= 3.06 ‘) 

obrd’ (nm) kc’ (PS) 

ethane 
propane 
n-pentane 
n-hexane 
n-octane 
n-nonane 
ndecane 
n-und&ane 
ndodecane 

0.4240 8 
0.4773 10 
0.5575 15 
0.5959 20 
0.6550 
0.6802 
0.705 r’ 
0.729 f, 
0.7529 

‘i Ref. [ 20 ]. b, Axial ratto for phenyl ntqg. ?) Ref. [ 63 ]. 
d, Hard sphere drametessof alkaw solvents; ref. [:64]. 
‘) Romtmnal relaxation times of ‘DBP*, ref. [60]. 
r) Interpolated values, 

061 

04 06 08 

uhs Inm 

Fig. 7. Companson of observed and calculated slopes, B, ( x ) 
and &,, (sohd line), as a function df solvent hard sphere dram- 
eter as,. Values ibr B& were calculated by using microfriction 
factorsestimated from the Giere-Wirtz model ]47,60], eqs. (8)- 
(13) (see text). 

implicitly ,using the “stick” limit, it is surprising that 
they do,pot takeinto account the rotational motion 
of the phenyl ring about its own axis [ 62 ]. ) 

An alternative’ approach would be to estimate B 
from the rotational relaxation times. It was first sug- 
gested by Velsko et al. in their study of the isomeri- 
zation of the dye molecule .DOqCI [ 661 that there 
might be an intimate connection between microvis- 
cosity effects on rotational relaxation and on the mo- 
tion along the reaction coordinate m photoisomeri- 
zation. They used8 the Hubbard relation [ 671 to 
extract a. friction coefficient /Ia from the rotational 
relaxation times that was inserted into Kramers 
equation, (eq. (3) ). Whereas in the case of DODCI 
rotational relaxation ‘times obeyedthe purely hydro- 
dynamic description and there was PO improvement 
in&ting the Kramers equation tothe isomerization 
rate coefficients observed in a series of alkane, sol- 
vents, for trans-stilbene [ 19,48,55 ], and trans-“stiff’- 
DPB. [ 19 ] the data could be tit successfully by em- 
ploying the fi%%ion coefficients derived from rota- 
tional relaxation times. If we estimate fin from ra val- 
ues measured for “stiff ‘-DPB [ 191 and DPB ] 6 l] 
in alkanes,_we obtain the values of BcalC shown in fig. 
8. Clearly not even the correct trend of B, is repro- 
duced. This is not such a great surprise if one consid- 
ers the ,Vi=Sity dependence of rR for DPB in com- 
pressed alkanes from ethaneto n-hexane [ 6 11: there 
is no departure from a simple inverseviscosity de- 
pendence inthis range of solvents that would indi- 
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Fig. 8. Comparison of observed and calculated slopes, & ( X ) 
and B,,, (solid line), as a function of solvent hard sphere diam- 

eter 4,. Values for B,, were obtained by estimating friction 
coeffkients from measured rotational relaxation times of ‘DPB* 
[61 ] and “stiff”-‘DPB* [ 191 (see text). 

cate a breakdown of hydrodynamic behaviour 
whereas already for these small alkanes there is a 
marked change of B, with solvent. 

Concerning the importance of deviations from hy- 
drodynamic friction models, we can therefore draw 
two conclusions: 

(i) If microscopic friction plays a role in the mo- 
tion of the isomerizing group, it does not correlate 
with the friction parameter inferred from overall ro- 
tational relaxation of DPB in alkanes. A similar ob- 
servation was made for trans-stilbene in alkanes [ 48 1. 

(ii) The solvent size effect as predicted by the 
Gierer-Wirtz model and its extensions may contrib- 
ute, but is too small to account quantitatively for the 
change of B, with solvent. As no comparable effect is 
observed for rotational relaxation experiments, one 
may suspect that deviations from hydrodynamic be- 
haviour play an even minor role. 

Assuming that frictional effects are on the whole 
correctly described by the solvent zero frequency 
shear viscosity, we are led to the conelusion that sol- 
vent effects on the potential energy surface are re- 
sponsible for the variation of B, with solvent. As we 
found in our low density experiments [20] a con- 
stant barrier height E. in ethane, propane, and n-bu- 
tane, we suggest that, to a first approximation, E. re- 
mains unchanged also in the other alkane solvents 
employed here. (From the RRKM analysis of micro- 
scopic rate coefficients for DPB photoisomerization 
[20,68] one may estimate that a decrease of E. by 

z 25% from ethane to n-dodecane would account for 
the solvent dependence of B,. ) In our model, the sol- 
vent dependence of the potential energy surface would 
then appear as a solvent induced variation of the pa- 
rameter wg. Fig. 9 shows that the fitted values of ma, 
as a function of solvent size, only need to vary by a 
factor of x 3 to account for the changes in Bs. In view 
of the Strong tt?tIIperatUre dependence of WB arising 

from the multidimensionality of the barrier crossing 
dynamics [ 201, this comparatively small effect could 
also be understood as a manifestation of multidi- 
mensional Kramers behaviour. This possibility will 
be discussed in more detail in conjunction with com- 
plementary experiments on trans-stilbene [ 691. 

The values of /c,,r in solid environment give us some 
hints regarding the microscopic structure experi- 
enced by the twisting phenyl group in ‘DPB*. In 
PMMA we found knrz ki,, so apparently there is no 

0 

0.8 

04 06 08 

cjhs / nm 

Fig. 9. (a) un values calculated from experimental slopes ES as a 
function of solvent hard sphere diameter 4,. The solid line res- 
presents a fit of these values to u&. (b) Comparison of observed 
and calculated slopes, B. ( x ) and B,, (solid line), as a function 
of solvent hard sphere diameter uhS. Values for &.,= were calcu- 
lated by using the hydrodynamic friction coeffkients and the tit- 
ted w, values. 
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“space” for the molecule to isomerize, the strongly 
interacting solvent holds it in place. In solid n-de- 

cane, however, knrz 2k,,, and there is room enough 
in the weakly interacting solid solvent to permit the 
molecule to twist even more rapidly than in liquid n- 
decane at the same temperature and lower pressure. 
Clearly, more experiments are needed to substantiate 
the conclusion that there are apparently more holes 
in solid than in liquid n-decane for DPB to photoiso- 
merize in. 

5. Conclusion 

The investigation of the pressure dependence of 
‘DPB* photoisomerization allows us to differentiate 
between various models proposed to explain the ob- 
served viscosity dependence of the rate coefficient ki, 
for twisting about one of the double bonds. The main 
result is that for each solvent we observe a linear de- 
pendence of ki, on l/q. However, the slope B, varies 
with solvent. From the analysis of the data we con- 
clude that (i ) there is no evidence for frequency de- 
pendent friction having an influence on the rate coef- 
ficients, (ii) a hydrodynamic description of frictional 
forces on the whole seems to be sufficient, though a 
solvent size effect as described by the Gierer-Wirtz 
model may contribute to a minor extent, and (iii) 
solvent effects on the potential energy surface seem 
to play the major role in changing B, with solvent. 
Whether the latter effect is associated with the mul- 
tidimensionality of the barrier crossing process re- 
mains to be clarified in future experiments. 
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