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Effects of Solvent Fluctuations on the Rate of Thermal Z/E Isomerization
of Azobenzenes and N-Benzylideneanilines
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Effects of pressure on thermal Z/E isomerization of substituted N-benzylideneanilines and azobenzenes were studied
in 2-methyl-2 4-pentanediol. Pressure dependence of the Z/E isomerization of a substituted azonaphthalene was also studied
in glycerol triacetate. From the results in this and earlier papers, the following conclusions were reached. 1) It is possible
to cast slow thermal reactions into the state of fluctuation control in highly viscous liquid phase realized by a combination
of a viscous liquid and high pressure. 2) The viscosity dependence of the rate constant can be rationalized by the two-
dimensional reaction-coordinate model developed by Sumi but not by the Grote~Hynes’ theory of frequency-dependent
friction. Namely, the energy-barrier crossing takes place after the solvent molecules are rearranged to accommodate
the transition state. 3) Whether the solvent rearrangement involves chemical transformations with appreciable energy
increases depends on the nature of the reaction and the solvent.

With the development of laser pulse technique, it became
possible to study very fast reactions in the 1980’s. It has of-
ten been observed for solution reactions with low activation
energies (E,<5RT) that the fundamental hypothesis of the
transition state theory (TST), i.e., the activated complexes
are at equilibrium with the reactants, is not valid anymore.
In other words, the reaction occurs so rapidly that thermal
fluctuations of solvent molecules are not fast enough to re-
alize thermal equilibrium among reactants. Under such con-
ditions, the rate decreases with an increase in the friction
between the reactant and the surrounding molecules because
thermalization in the reactant state is retarded by the friction.
A theory by Kramers" predicts that the rate constant is in-
versely proportional to the friction in this situation. Since the
friction can usually be considered to be proportional to the
viscosity of the solvent 7, the dependence of the rate con-
stant on the solvent viscosity became a central topic in this
new discipline. A large number of experimental works were
performed and it was demonstrated that the rate constant kqps
is inversely proportional to a fractional power of 7 in most
cases (Eq. 1).

kis=Bp P 0<p<1 )

However, the meaning of this deviation from a theoretical
prediction (=1) of Kramers has yet to be clarified. In order
to solve this problem, it is highly desirable to extract pure
viscosity effect from kops and for this purpose it is necessary
to estimate the TST-expected rate constant krgy in the situ-
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ations where TST is not valid. As far as we deal with fast
reactions, however, it is extremely difficult because TST is
easily invalidated even by small frictions. Slow reactions
with high activation energies, on the other hand, do not de-
viate easily from TST even in fairly viscous solvents (vide
infra). Therefore, pressure-induced high viscosities seem to
provide an ideal opportunity to tackle this problem.
Viscosity increase of liquids with pressure can be de-
scribed approximately by Eq. 2 where 7 and 7, are the -
viscosities at pressures P and 0, respectively.?

n=noe*" 2

If a liquid with large 7, and « is used as a reaction medium,
pressure would make it possible to render solvent fluctuations
so slow that TST could be invalidated even if the activation
energy is as large as 20RT. Then, a continuous transition
from the TST-valid region to the TST-invalid region would
be observed and we would be able to estimate kysy values in
the latter region by extrapolations from the former region.

We started the study of pressure effects on thermal Z/E
isomerizations about a nitrogen—nitrogen and a carbon-ni-
trogen double bond, Eq. 3, in viscous liquid several years
ago.>™
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The activation energies for these reactions were in the range
of 50—75 kJmol~! and the half-lives at 25 °C and 0.1 MPa
ranged from 7x 10™% st0 6.5 s. To the best of our knowledge,
effects of high solvent viscosity on such slow molecular reac-
tions had never been considered as a subject of the dynamic
solvent-effect study. Several groups of people discussed the
correlation between the rate of geometrical isomerizations
of molecules at their ground state and the solvent viscosity.
For example, Jonas and his co-workers® studied pressure
effects on inversion of cyclohexane. Since the reaction is a
simple structural transformation with little polarity change,
similar activation volumes AV* are expected in different
solvents. However, the value ranged from —1 cm® mol~! in
methylcyclohexane to —5 cm? mol~! in acetone and this sol-
vent dependence was attributed to dynamic solvent effects.
The viscosity range studied was relatively narrow [7<0.04
Pas (=40 cP)], however, and in the whole range studied,
the reaction was accelerated with increasing pressure, i.e.,
with increasing viscosity. Effects of the chain length of
n-alcohols on the ground state isomerization of 3,3’-diethyl-
oxadicarbocyanine iodide (DODCI) was studied by Waldeck
and his co-workers.” Hara and Akimoto® studied pressure
effects on the same reaction later. The observed rate con-
stants could be correlated to the solvent viscosity. However,
the highest viscosities reached in these studies were also low
(17<0.03 Pas). On the other hand, in our studies®'? viscosi-
ties higher than 100 Pa s were realized and it was shown that
the kinetic effects of pressure were in accordance with the
ones observed in “normal” solvents at lower pressures. Re-
tardations of the reactions that could not be interpreted in the
framework of TST appeared only at viscosities higher than
50 Pas. The results allowed us to determine unambiguously
krst values in the TST-invalid region by extrapolation. Dy-
namical solvent effects, we believe, should be discussed by
detecting deviations of kqps from krsr, as in the present work
and our previous works.>'? In the studies by Waldeck and
Hara, however, ktst values were not obtained and, therefore,
the analysis inevitably contained ambiguities.

In the previous communication,'” the results in glycerol
triacetate (GTA) were analyzed on the basis of a two-step
mechanism, Eq. 4, where Z, E, and M are the initial, the
final, and the intermediate state, respectively.

ky
z:f_f:*M 2 E @)
—f
This mechanism is based on a theory by Sumi'"” which as-
sumes a two-dimensional reaction coordinate. One coordi-
nate concerned with rate constants k¢ and k_; depicts rela-
tively slow thermal fluctuations (Brownian motions) on the
energy surface of the reactant. The movement along this
coordinate describes fluctuations of molecular arrangements
in the solute—solvent system, and is subject to the frictional
retardation. The second coordinate concerned with the rate
constant k, depicts energy barrier crossing by rapid atomic
vibrations that are independent of the friction. In the first step
of Eq. 4, the solvent molecules are assumed to be rearranged
by thermal fluctuations to form a configuration suitable for
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the second step while the reactant stays on its energy surface.
The chemical change to the product takes place in the second
step. At low viscosities, thermal fluctuations are fast enough
to make Z and M at equilibrium and TST-expected rate
constants are observed, i.e., kgps~tkrsT=koke /k_.'? At high
viscosities, the first step becomes rate-determining (kops~ks).
At the intermediate viscosity region, kr can be derived from
Eq. 5 obtained as the steady-state rate constant in the scheme
of Eq. 4.

Kovs = 1/ (krsy +; ) ®

The rate constant k¢ thus obtained was called the fluctuation-
limited rate constant. The values at different temperatures
at each pressure gave a linear Arrhenius plot and obeyed
Eq. 1. It has also been demonstrated*'¥ that the experi-
mental results cannot be described by a theory of Grote and
Hynes'? based on the idea of frequency-dependent friction,
which has often been tried to rationalize the deviation from
the Kramers’ prediction.

In this communication, comparison of the results in GTA
and in methyl acetate will be made first in order to further
prove that the pressure-induced retardation in GTA is a result
of high viscosity of the solvent. Then the results in a protic
solvent 2-methyl-2,4-pentanediol (MPD) will be presented
and the two theories will be compared. In addition, the
results for 4-(dimethylamino)-4’-nitro-1,1’-azonaphthalene
(DNAN) in GTA will be presented.

Experimental

Materials. N-Benzylideneanilines and azobenzenes have been
reported previously.*'” DNAN was prepared from N,N-dimethyl-
1-naphthylamine and 4-nitro-1-naphthylamine. Mp 160—161 °C
(1it,'® 156—157 °C). Found: C, 71.49; H, 4.85; N, 15.00%. Calcd
for C22Hi1sN4Oy: C, 71.34; H, 4.90; N, 15.13%.

Kinetic Measurements.  The unstable Z-isomer was formed
by irradiation from a xenon flash lamp and its- decay was followed
spectrophotometrically. The details of the Kinetic measurements
were described in the literature.'” The reaction mixture remained
clear and no turbidity was detected at all of the conditions studied,
clearly demonstrating the absence of crystallization of the solvent.
Deviations from the first-order kinetics as in polymer matrixes'®
were not observed either.

Viscosity Measurements.  High pressure viscosities of GTA
and MPD were measured by a falling-cylinder viscometer'® which
was calibrated by measuring the falling rate in bis(2-ethylhexyl)
sebacate whose viscosity is known.”” The measurements were per-
formed at 25, 35, 40, 45, and 60 °C and at seven different pressures
at each temperature. The highest pressure was 427 MPa.

Results and Discussion

Viscosity of the Solvents at High Pressures. In
the previous report,'” viscosities measured by a falling-ball
viscometer® were adopted. In that measurements, the sam-
ple was kept in a simple piston-cylinder type pressure vessel
and it was pressurized by means of a hydrostatic press. The
pressure of the sample was estimated from the oil pressure
of the press used to raise the ram. In the present experi-
ment, the pressure was directly applied to the sample by a
hand-operated pump and measured by a “Heise” Bourdon
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tube gauge model CM. The high pressure viscosities ob-
served are shown in Figs. 1 and 2. Although the logarithm of
the viscosity was linearly correlated with pressure in MPD,
slight upward deviations from Eq. 2 were noted in GTA at
high pressures. In order to consider this nonlinearity, an em-
pirical equation proposed by Yasutomi and his co-workers??
was tested. Unfortunately, however, the obtained function
resulted in unreasonably large high-pressure viscosities at
low temperatures and, therefore, Eq. 2 was adopted also for
GTA. In order to estimate the values at the reaction temper-
ature, the observed 77, and a values were fitted to Walther
equation®® and a linear correlation with the logarithm of the
kinematic viscosity, respectively. The values thus obtained
are given in Table 1.

Isomerization of DNAB in GTA and Methyl Acetate.
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Figure 3 shows the pressure dependence of the Z/E isomer-
ization rate of DNAB in GTA and methyl acetate at 5 °C.
At the beginning of pressurization, acceleration of the reac-
tion was observed both in GTA and methyl acetate. This
is because of strong electrostriction around a highly dipolar
rotational activated complex 1 (Chart 1).%*% At higher pres-
sures, pressure-induced retardation was observed in GTA but
not in methyl acetate. Electrostatic and specific solute—sol-
vent interactions are expected to be similar in these solvents
because both of them are acetates. However, their viscosi-
ties at high pressures will be greatly different. Because of its

Table 1. Viscosity Coefficient at 0.1 MPa (7),/Pas) and Its
Pressure Coefficient (/GPa™!) for GTA and MPD at
Various Temperatures
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Fig. 1. Pressure effects on the viscosity of GTA at various
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Fig. 2. Pressure effects on the viscosity of MPD at various

temperatures.

GTA MPD
T/°C 7o a Mo a
—-10 0.0315 43.8 0.647 32.7
-5 0.0230 40.0 0.311 29.7
0 0.0174 36.5 0.164 27.1
5 0.0134 334 0.0931 24.8
10 0.0106 30.6 0.0567 22.8
15 0.00859 28.0 0.0365 21.0
20 0.00706 25.6 0.0247 194
25 0.00589 23.5 0.0175 17.9
30 0.00499 214 0.0128 16.7
35 0.00427 19.6 0.00964 15.5
40 0.00370 17.9 0.00747 14.5
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Fig. 3. Pressure effects on the rate of thermal Z/E isomer-

ization of DNAB in methyl acetate and GTA at 5 °C.
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branched molecular structure, the viscosity of GTA increases
rapidly with increasing pressure. For example, at 25 °C, 500
MPa, the viscosity will be 1.3 % 10° times larger than at 0.1
MPa. On the other hand, the pressure coefficient of methyl
acetate would be much smaller. Although the direct com-
parison is not possible, the « value for propyl acetate can be
estimated as 8.2 GPa~! at 27 °C from the published data®
and the viscosity ratio at 500 MPa and 0.1 MPa will be only
60. Therefore, it is reasonable to assume that the observed
retardation was caused by slow solvent fluctuations in GTA
with high viscosities. This discussion implies that the sol-
vent fluctuations are still fast enough to make TST valid in
the current isomerization even at fairly viscous conditions.
For example, at 5 °C and 200 MPa, the viscosity is 11 Pas
and the pressure effect still looks normal. Linear Arrhenius
plots in Fig. 4 may be considered as a good proof for the va-
lidity of TST up to 200 MPa. The plots were linear in methyl
acetate even at 600 MPa. The activation energies and the
preexponential factors were comparable in these solvents as
can be seen from Table 2. These results leave little doubt that
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Fig. 4.  Arrhenius plots for thermal Z/E isomerization of

DNAB in GTA at various pressures.

Table 2. The Preexponential Factors v and the Activation
Energies Earst for Thermal Z/E Isomerization of DNAB
in GTA and in Methyl Acetate at Various Pressures

GTA AcOMe

PMPa  v/s™'  Earst/kKTmol™'  wis™'  Earsr/kImol™!

01 6.9x10° 49.8 1.3x10% 48.6
100 2.1x10° 51.0 9.1x10% 51.3
200 34x10° 51.0 2.1x10° 52.0
300 24x%10° 51.3
400 24x10° 50.4
500 43%x10° 51.0
600 4.1x10° 50.3

Solvent Fluctuations in Isomerizations

the reaction in GTA was activation-controlled (TST-valid)
at lower pressures but it shifted smoothly to fluctuation-con-
trolled (TST-invalid) at higher pressures.

Isomerization of N-Benzylideneanilines in MPD.
Three N- benzylideneanilines were studied in MPD.
They were N-[4-(dimethylamino)benzylidene]-4-nitroaniline
(DBNA), N-[4(dimethylamino)benzylidene]-4-ethoxycar-
bonylaniline (DBEA), and N-[4-(dimethylamino)benzyli-
dene]-4-bromoaniline (DBBA).2® These compounds were
chosen so as to provide a chance to examine the relation
between the magnitude of krst and k¢. The rate constants
at 0 °C and 0.1 MPa were 158 (DBNA), 5.58 (DBEA), and
0.0997 (DBBA)/s~!. They vary in their rates because of the
difference in the activation energy. The frequency factors
and the activation energies at 0.1 MPa in MPD and in GTA
are listed in Table 3. The observed pressure effects are illus-
trated in Fig. 5 for DBNA. They are qualitatively the same
with those in GTA.'® Similar results were obtained also for
DBEA and DBBA. The pressure effects were nominal at the
beginning of pressurization. The activation volumes calcu-
lated by assuming a linear correlation between In kqps and the
pressure were in the range of 0—3.6 cm® mol~!. The small
activation volumes can be understood in the framework of
TST because the reaction was effected by nitrogen inversion
and neither charge separation nor bond scission takes place
during the formation of the transition state 2 (Chart 1).*”

Table 3. The Preexponential Factors v and the Activation
Energies Earst at 0.1 MPa for the Z/E Isomerization of
N-Benzylideneanilines in GTA and MPD

GTA MPD
vis™!  Earst/kKImol™'  v/s™!'  Earsr/kImol™!

DBNA 24x10% 53.5 2.7%x10" 53.5
DBEA 6.0x10" 62.6 4.8%x101 62.3
DBBA 8.6x10% 71.2 8.5%x10" 72.9
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Fig. 5. Pressure effects on the rate of thermal Z/E isomer-
ization of DBNA in MPD at various temperatures.
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As pressure was further raised, strong retardations were ob-
served, suggesting a change in the rate-determining step.
The fluctuation-limited rate constants calculated from Eq. 5
with krst values estimated by a linear extrapolation to high
pressures are plotted against solvent viscosity in Fig. 6. As
observed in GTA,'? the points for different reactants flock to
separate lines clearly showing the dependence of ¢ on the
reactant. The temperature dependence of k¢ was small when
compared at the same viscosity. In other words, the apparent
temperature dependence of ks mainly comes from that of the
solvent viscosity suggesting strongly that the energy of the
reactant system remains the same and little chemical changes
take place during the solvent rearrangement. The f values
calculated from all of the data points for different tempera-
tures are given in the Figure. They are slightly smaller than
those in GTA, i.e., 0.66 (DBNA), 0.68 (DBEA), and 0.73
(DBBA). Compared at the same viscosity, the k; values were
more or less similar in GTA and MPD as shown in Fig. 7
for DBNA. The hydroxyl groups in MPD did not result in
any major difference in the solvent rearrangement during the
isomerization of the N-benzylideneanilines. The k¢ as well as
the krst values were in the order of DBNA>DBEA>DBBA
both in GTA and MPD. Obviously the first step is not in-
dependent of the second step. According to Sumi,'” the
fluctuation-limited rate constant can be written as

ki~ 1P v P exp(—yEarst/RT) 0<B,y<1 (6

where 7 is the relaxation time of the solvent fluctuations,
[’ is a parameter related to the distribution of the interme-
diate state M (smaller the f’, larger the distribution), v is
the preexponential factor of krst (Eq. 7), and yEargr is a
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Fig. 6. Plots of the fluctuation-limited rate constant against
solvent viscosity for thermal Z/E isomerization of N-ben-
zylideneanilines in MPD.
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Fig. 7. Comparison of the fluctuation-limited rate constant

for thermal Z/E isomerization of DBNA in GTA and in
MPD.

component of Earst brought about by slow solvent motions.
krst = vexp (—Earst/RT) @)

Usually 7 is proportional to 77 and pressure dependencies of
v and Earst were much smaller than that of # in the iso-
merization of the N-benzylideneanilines. In this case, the 8’
value in Eq. 6 approximately coincides with the £ value in
Eq. 1 derived experimentally from the log ks—log 7 plot. The
[ value increased in the order of DBNA <DBEA <DBBA
both in GTA and MPD and the preexponential factor v was
in the order of 10'2 s~! in all of the cases studied. There-
fore, the substituent dependence of k; might be a reflection
of the order of v!=#". On the other hand, the correlation
between ks and kgt could be a result of the difference in
the exponential factor in Eq. 6 because the activation energy
was considerably different among these reactants. In order
to determine which factor is predominant in these reactions,
it is necessary to estimate the values of §’ and y. However,
it was not possible to do the analysis because the variations
of v and Eargy with pressure were small and rather erratic.

Isomerization of Azobenzenes in MPD. Two push—pull
substituted azobenzenes, 4-(dimethylamino)-4’ -nitroazoben-
zene (DNAB) and 4-(dimethylamino)-2’-methoxy-4'-nitro-
azobenzene (DMNAB) were studied in MPD. Results for
DNAB are illustrated in Fig. 8. The results at low pressures
were extrapolated by means of an empirical equation given
below where k and k¢ are the observed (TST-expected) rate
constants at pressure P and 0, respectively, and a and b are
the adjustable parameters.”®

Ink=1Inko+aln(1+bP) ®)

The fluctuation-limited rate constants are plotted against vis-
cosity in Figs. 9 and 10.
There is an important difference between the present re-
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Fig. 8. Pressure effects on the rate of thermal Z/E isomer-
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Fig. 9. Plots of the fluctuation-limited rate constant against
solvent viscosity for thermal Z/E isomerization of DNAB
in MPD.

sults and the ones in GTA reported earlier.!” In GTA, the
plots of log k¢ against log # for different temperatures were
close to each other and it was not possible to discuss their
temperature dependence. In MPD, however, the same plot
gave separate lines for different temperatures as shown in
Figs. 9 and 10. Compared at the same viscosity, the first
step was faster at higher temperatures. The present reaction
is affected by electric fluctuations in polar solvents due to a
polarity change during the activation as well as by viscosity
related solvent fluctuations. However, it can be considered
that 7 is determined still by 7 under highly viscous condi-
tions, as zocr, and discussion based on Eq. 6 may be vali-
dated. The separate lines in Figs. 9 and 10 indicate that the
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Fig. 10. Plots of the fluctuation-limited rate constant against
solvent viscosity for thermal Z/E isomerization of DMNAB
in MPD.

parameter Yy is appreciable in these reactions. Equation 6 is
convenient for discussing the 7 dependence of k¢ when Earst
and v are kept unchanged. In the isomerization of DNAB
and DMNAB in MPD, however, these activation parame-
ters change considerably with pressure as shown in Table 4
and they are not negligible compared with the variation of 7
(ocn) in Eq. 6. In order to analyze these results, let us divide
Earsr into two contributions as in Eq. 9 where Eayst(0) is
the activation energy at zero pressure, and A(P) is a pressure
dependent part of Eayst with A(0)=0.

Earst = Earst(0) + A(P) ©)

Since the intrinsic activation volume must be close to zero
in these reactions,” the pressure dependent part A(P) is
supposed to be mostly related to the pressure dependence
of the solvent electrostriction in the activation step. The
electrostriction is brought about by slow solvent motions.
Therefore, it is reasonable to assume A(P) is, as a whole,
a component of the thermal activation energy of k;. In this
case, Eq. 6 should be modified as

ke ~ 7P v' =P exp [~ A(P)/RT] exp[—rEarst(0)/RT)
0<p,y<1t (10

Table 4. The Preexponential Factors v and the Activation
Energies Farst at Various Pressures for the Z/F Isomer-
ization of Azobenzenes in MPD

DNAB DMNAB

P/MPa  v/s~'  Earst/KImol™'  v/s™'  Earst/kJmol™!
0.1 1.09%x10%° 50.3 4.25%10° 50.2
150  6.94x10%° 52.7 3.71x 10" 53.2
300 2.27x10" 54.3 1.20x 10" 54.7
450  6.11x10" 55.9 3.30x 10" 56.1
600  1.30x10" 57.0 7.40x10" 57.3
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where yEa4r(0) represents acomponent in Earsy(0) brought
about by slow solvent motions contributing to k¢. The pa-
rameters 8’ and y are assumed to be independent of pres-
sure and viscosity. This equation explicitly shows that
when v and/or A(P) changes simultaneously with 7, it is
not possible to determine S’ value from the slope of the
log ks—log 17 plot even if it behaves as Eq. 1. Let us write,
here, the kypgy value at a pressure P by krst(P). Then, ap-
plying v exp [—A(P)/RT)=krst(P)exp [Earst(0)/RT] and
exp [~ Earst(0)/RT]ockrst(0) to Eq. 10, we obtain Eq. 11.

ke oc (7v)™P kerst(PYkrst(0)7 ! (11)

By fitting k¢ along with 7, v, krsT(P), and kts7(0) to this
equation, it is possible to determine the values of 8’ and
y simultaneously. They are listed in Table 5 with their
standard deviations. The table also contains the values in
GTA for subsequent discussion. The results of this treat-
ment can be visualized by plotting In ktkrst(0)! =7 /kst(P)
against In 77v. Such plot must give a straight line with a slope
equal to B’. Figure 11 shows plots for the present results.
Little systematic deviation from the expected linearity was
observed and the correlation was satisfactory. The y values
strongly suggest that a considerable part of Eargr is related
to the slow solvent motions and chemical transformations
takes place in association with the solvent rearrangement.
Although the pressure dependence of v and Earst (Table 6)

Table 5. Values of the Parameters in Eq. 10 Estimated by
Least-Squares Calculations
Solvent
MPD GTA
Reactant i y i y

DNAB 0.30£0.01 0.76+0.04 0.65+0.03 0.27+0.11
DMNAB 0.30+0.01 0.784+0.03 0.60+0.02 0.47£0.10
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the isomerization of DNAB and DMNAB in MPD.
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and the temperature dependence of the log ks—log 77 plot are
considerably smaller in GTA, the same treatment was tried
to the results in this solvent. The parameters are given in
Table 5. The f values were 0.69 and 0.65 for DNAB and
DMNAB, respectively and they were larger than the S’ val-
ues. The differences were less than 10%, however. This
is reasonable because the variations in Earst and v amount
less than 10% of that in the solvent viscosity 7 in Eq. 6. The
smaller variations in v and Earst inevitably make £’ and y
more liable to experimental errors but a qualitative compari-
son of the parameters would be justified. The ¥ values were
smaller in GTA suggesting chemical changes connected to
the solvent rearrangement are less extensive in GTA. Prob-
ably, desolvation of the solvent molecules hydrogen-bonded
to the dimethylamino group has to take place in MPD and
it might induce as well some structural changes in the re-
actant through the increased electron-donating ability of the
substituent. In GTA, there is ho specific solvation to the di-
methylamino group and movements of solvent molecules are
less directly connected to the energy of the reactant system.
The smaller £’ values in MPD may reflect a difference in the
distribution of the intermediate state M on the reactant coor-
dinate. The final transformation to the E-isomer may require
less strict solvent arrangement in MPD than in GTA. If M
has a wider distribution in MPD, it must be reflected in the
preexponential factor of krst because the distribution of M
has to be kept throughout the second step including the tran-
sition state. This expectation was met. The isomerization is
10—15 times faster in MPD because of the larger v values
as can be seen from Tables 4 and 6. This view is somewhat
different from the traditional understandings of the solvent
effects on a reaction with a large polarity increase during
activation. It is customarily discussed that an increase in
solvent polarity accelerates such reactions because solvation
stabilization decreases the activation energy. Undoubtedly,
this discussion is correct when a comparison is made for sol-
vents whose polarities are widely different as in hexane and
methanol. The activation energies for DNAB in these two
solvents were 82.6 and 48.6 kI mol !, respectively and the
ratio of the krgy value was 23400.2? However, for GTA
and MPD, the same rationalization is not applicable. The
activation energy in MPD was as large as or larger than that
in GTA.

Isomerization of DNAN. Since the solvent rearrange-
ment required for the energy-barrier crossing is expected to

Table 6. The Preexponential Factors v and the Activation
Energies Earsr at Various Pressures for the Z/E Isomer-
ization of Azobenzenes in GTA.

DNAB DMNAB

PMPa  v/s~!  Earst/kImol™'  w/s™'  Earsr/kI mol™!
0.1 6.90x10° 49.8 3.22x108 50.8
150  3.18x10° 51.4 6.17x 108 50.0
300 5.85x10° 51.5 1.41x10° 50.5
450  7.01x10° 50.8 3.09x10° 51.1
600  6.60x10° 49.8 434x10° 50.9
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depend on the steric bulk of the reactant, the isomerization
of DNAN was studied in GTA. In DNAN, 1-naphthyl group
has to rotate with respect to the nitrogen—nitrogen bond. This
group is almost twice as large as the phenyl group and more
extensive solvent rearragement will be required. Therefore,
the pressure-induced retardation will appear at lower pres-
sures. The kqs values are plotted against pressure in Fig. 12.
The isomerization was much faster than in the azobenzene
homologue because of the lower Earst (27—30 kImol™!)
and, as expected, the maximum value in ks Was reached
at lower pressures. It was also clear, as can be seen from

Solvent Fluctuations in Isomerizations

Fig. 13, that the k¢ value at the same viscosity was larger
in DNAN than in DNAB. Probably, this would be a result
of a larger exponential term in Eq. 10. Unfortunately, how-
ever, the number of the kops values used in the extrapolations
based on Eq. 8 was small and, therefore, the k; values and
their Arrhenius plots at high pressures were subject to large
uncertainties. This prevented us from analyzing the results
on the basis of Eq. 11. In order to study the pure steric ef-
fects on the magnitude of k¢, a comparison has to be made
for compounds with similar kops values.

Isoviscosity Rates.  In the previous papers, it was
shown that application of Grote—Hynes’ theory to our results
yielded unrealistically large values for the correlation time
among random forces in the generalized Langevin equation.
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Here, in this section, we would like to examine the theory
from a more chemically oriented point of view. In a single
reaction coordinate model of Grote and Hynes, the same
barrier must thermally be surmounted for reactions at any
situation (see Fig. 2 of Ref. 11). To be more exact, in their
model, the viscosity-induced retardations are incorporated as
a transmission coefficient % (Eq. 12) and x is considered to
become inversely proportional to the fractional power of 7
when the reaction is retarded considerably by slow solvent
fluctuations.

kovs = #ktsT (12)

Therefore, the temperature dependence of kq,s must be inde-
pendent of the solvent viscosity so long as it is kept constant.
In other words, when log kops is plotted against log 7 for vari-
ous temperatures, the curves must stay separated even at high
viscosities unless the pressure-induced acceleration in TST-
valid region decreases considerably with increasing temper-
ature and, as a result, the sign of Earst changes from plus
to minus at higher pressures. As can be seen from Figs. 5
and 8, this is not supported by the experimental observations.
On the other hand, in Sumi’s model, ks reaches k¢ at high
viscosities and, therefore, the isoviscosity rate constant will
have an activation energy considerably smaller than Eargst.
Two examples of log kops—log 77 plots are shown in Figs. 14
and 15. Obviously, the results confirm predictions of Sumi’s
model but they cannot be rationalized on the basis of the
Grote—Hynes model.

Waldeck? and Hara® constructed their discussions on the
basis of Eq. 12 and tried to fit the transmission coefficient
% to the Grote—Hynes model. In their studies, however,
krst values have not been obtained, and then the analysis on
the basis of Eq. 12 cannot be performed unambiguously. In
this situation, we believe, their viscosity variation ranging
over only about 10 times was not wide enough to guarantee
dynamical solvent effects.*® In the present work, on the other
hand, the viscosity variations ranges over 10® times.

Troe and his co-workers®'—* studied photo-induced iso-
merization of stilbene and 1,4-diphenyl-1,3-butadiene in var-
ious media including high pressure gases and liquids. Instead
of assuming frequency-dependent friction for x in Eq. 12,
they tried to rationalize their observations by a combina-
tion of the Kramers theory giving #ocnp~! and the lowering
of Earst in kst caused by a polarizability increase of the
solvent. This polarizability dependence of Earsy was as-
sumed on the basis of the linear correlation of the activa-
tion energy determined from isoviscous Arrhenius plots with
n*—1) / (n>+2) where n is the solvent polarizability. The
viscosity variation ranges over about 10 times still in their
studies in the liquid media. Then, studies in a much wider
variation may lead to a different conclusion. To be more
concrete, we consider that the pressure dependence of kqps in
the liquid media shown in Refs. 31 and 33 may be interpreted
as data from the end of TST valid region to the TST invalid
region. On the basis of Eq. 5, they seem to be in a region
where a situation of ks~krgt changes into that of ks <kyst.
In this region, it is indispensable to use a reliable value of
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krsT in the analysis of kops and also a sufficiently wide range
of 7 variations is required to derive a reliable # dependence
of k¢ from kops. We consider that the data by Troe and his
co-workers are not sufficient to prove the validity of their
discussion.

Conclusions

The results presented here along with the ones reported
earlier demonstrate unequivocally that the rates of Z/E iso-
merization of N-benzylideneanilines and azobenzenes in
highly viscous fluid can be rationalized by Sumi’s two-di-
mensional reaction-coordinate model. It was also shown that
whether the solvent rearrangement for accommodating the
transition state involves chemical transformations depends
on the type of solvent and the reaction mechanism. Similar
measurements in nonpolar liquid are under progress and the
results will be reported when they are completed.
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