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In our efforts to examine the validity of the Kramers’ equation, the rate constants of the
excited state isomerization of 1,1'-binaphthyl in #-alkane solvents were measured at room
temperature using picosecond spectroscopy. These data, and data measured previously in n-
alcohols, were compared with Kramers’ model using two forms for the friction. When a
hydrodynamic model for the friction was used, good agreement was found for the alcohol data
only. When the isomerization friction is assumed to scale linearly with the friction for overall
reorientational motion, we find excellent agreement for both the alcohol and alkane solvents.
In addition, the friction in alkanes is found to be considerably larger than that of alcohols of
comparable viscosity. This provides a direct indication that the molecular aspects of the
solute—solvent interaction play a role in the barrier crossing process.

INTRODUCTION

The dynamics of unimolecular reactions in the con-
densed phase differ fundamentally from the gas phase by
virtue of the coupling of reactive motion to the medium de-
grees of freedom. The coupling is manifested in the depen-
dence of the reaction rate on the transport properties of the
medium, such as shear viscosity. A question of current inter-
est concerns the applicability of stochastic models,'~"* such
as Kramers’ model? in describing the reactant-medium
coupling.

In the Kramers’ model the motion of a particle in a one-
dimensional potential coupled to a heat bath is considered.
The escape of the particle over a barrier in the potential con-
stitutes the reaction. The particle-bath coupling is described
by two related contributions: a random fluctuating force act-
ing on the particle, which describes the stochastic features of
the particle-bath interaction, and a frictional force obtained
from a systematic effect of the fluctuating forces that retards
the particle. The result of these coupling mechanisms on the
particle motion consists of two mutually opposing effects,
the activation of the particle to the barrier region by bath—
particle energy transfer, and the retarding effect of diffu-
sional recrossings of the barrier. The interplay of these ef-
fects leads to a nonmonotonic dependence of the reaction
rate on friction. In condensed phases, however, the recross-
ing effect is usually dominant and the rate decreases with
increasing friction. Kramers’ solution of the problem in this
latter regime, i.e., where energy activation to the top of the
barrier is not rate limiting, yielded the justly celebrated equa-
tion known by his name.

To experimentally test the Kramers’ model or any mod-
el of chemical reaction in dense media, it is necessary to
compare the measured rate constants with measured values
of the coupling of the medium to the reaction coordinate(s).
In the Kramers’ model the solute~solvent interaction is con-
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tained in the static friction constant. Since we do not know
how to measure the friction experienced by motion along the
reaction coordinate we must adopt some model of the fric-
tion which can be related to measurable quantities. We note
therefore that to carry out a meaningful test of the Kramers’
model requires a realistic model of the friction. At the pres-
ent time there is no general satisfactory frictional model and
indeed this is an area of active research. We therefore must
proceed with caution since we are using frictional models to
test the Kramers’ equation.

One model that has had some success in describing mo-
lecular motions in liquids is a hydrodynamic formulation of
the friction, wherein the friction for the reactive motion is
expressed in terms of the solvent shear viscosity, the solute
size and shape, and the boundary conditions of the solute—-
solvent interaction, e.g., slip or stick. A common experimen-
tal approach based on this friction/viscosity connection is to
measure the reaction kinetics at different viscosities. These
different viscosities can be obtained by changing the pressure
on a single solvent,'® or by using the different members of a
solvent family, e.g., n-alcohols. A number of picosecond la-
ser studies of the photoisomerization dynamics of large mol-
ecules like 1,1'-binaphthyl (1,1'-BN),'®!'” diphenylbuta-
diene (DPB),'%'° trans-stilbene,”?> among others®*~* have
been carried out in this latter way. In attempting to fit the
viscosity dependence of the photoisomerization rate with
Kramers’ equation using static (frequency independent) hy-
drodynamic friction, deviations were noted for ¢-stilbene,?
DPB,'®* and DODCI,* whereas we found excellent agree-
ment for the photoisomerization of 1,1’-BN in alcohol sol-
vents.'” This latter result for 1,1'-BN supports the Kramers’
model and possibly the validity of the hydrodynamic ap-
proximation. We cannot be more definitive on this latter
point since a linear dependence of friction on viscosity does
not establish that the friction experienced in the motion is
due to hydrodynamic contributions alone.>'
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The principal ideas that have been proposed to explain
the deviations from Kramers’ behavior are multidimen-
sional effects and non-Markovian behavior, i.e., a frequency
dependent friction that expresses a time correlation, or
memory, in the solvent forces acting on the isomerizing mol-
ecule.*'*32 For 1,1'-BN, the torsional motion is very nearly
one-dimensional. On the other hand, molecules like #-stil-
bene and DPB most certainly experience multidimensional
effects because of their more complicated motions, i.e., bond
breakage accompanying the isomerization. This could cause
the coupling of other motions into the twisting motion, re-
sulting in the breakdown in Kramers’ one-dimensional ap-
proximation. Unlike multidimensional effects, if non-Mar-
kovian effects were important they would be equally likely in
all of these molecules since they all have relatively high bar-
rier frequencies. Yet, 1,1'-BN agrees quite well with the
Kramers’ picture.

“To further explore the issues we have extended our stud-
ies of 1,1'-BN beyond alcohols, the single success of the
Kramers’ model, to alkanes, a solvent class that is consider-
ably different from alcohols. We also report on our results
based on an idea proposed by Fleming and co-workers®® and
Hochstrasser and co-workers,?? that the isomerization fric-
tion be approximated by the friction acting on the rotational
motion of the whole molecule. We can utilize this idea in the
present work since the reorientation friction for rotational
diffusion is directly related to the solute reorientation time.
This latter relation taken together with the aforementioned
idea allows the isomerization friction to be estimated from a
separately measured quantity, the orientational relaxation
time, free of the assumptions of a particular frictional model,
e.g., a hydrodynamic one. It is of course to be noted that this
approach substitutes one assumption for another and will be
judged in terms of its successful application to experimental
results.

EXPERIMENTAL

The technique and apparatus employed in measuring
the kinetics of 1'1-BN isomerization have been described in
detail in our previous work'’ and will only be briefly de-
scribed here, except where differences exist in the present
configuration.

Picosecond pulses were generated by a synchronously
mode-locked, cavity-dumped Rhodamine 6G laser pumped
by an actively mode-locked CW Argon laser. The dye laser
repetition rate was 2.1 MHz. A second beam waist in the dye
laser cavity was located in a jet stream of the saturable ab-
sorber DODCI and resulted in shorter pulse durations and
suppression of satellite pulses. The pulse duration was deter-
mined by SHG autocorrelation®® to be 2.5 ps. The laser
wavelength was 615 nm.

A portion of the laser output was frequency doubled in a
LilO; crystal to produce pump pulses at 307.5 nm for excita-
tion of 1,1'-BN to the S, excited state. The time course of the
excited state isomerization was monitored by transient ab-
sorption of a time-delayed 615 nm probe pulse, which de-
tects viaan S, —.S, transition the population of excited mole-
cules that have isomerized. The pump and probe linear
polarization directions were orthogonal, since this configu-

ration was most sensitive to the absorption change associat-
ed with isomerization.'®'” The 5 10~ M solution of 1,1'-
BN flowed through a 1mm path length cuvette. The pump
beam was modulated at kHz frequencies by a mechanical
chopper and the resultant probe intensity modulation, due to
transient absorption induced by the pump, was detected by a
photodiode and lock-in amplifier. Under the low excitation
intensity conditions of this experiment, the lock-in output
was directly proportional to the absorbance change. The
lock-in output was acquired by a microcomputer which also
controlled the probe pulse delay. The data were averaged by
repetitive scans of the delay interval.

The reorientation dynamics of 1,1’-BN were investigat-
ed by picosecond polarization spectroscopy.>* Flowing solu-
tions of the 1,1'-BN were excited with a linearly polarized
UV pump pulse and probed by a visible pulse, as before. In
this experiment, however, the probe was initially polarized
at 45° to the pump and, after passage through the sample, the
intensity of the probe passed by a polarizer that was crossed
with the initial probe polarization was detected as function
of probe delay time. To avoid errors that can arise due to
birefringent optics,>* we carefully tested our optical compo-
nents and used high extinction polarizers (107°-10~7). To
further insure the validity of the rotation times obtained we
note, that in all of our previous studies, the rotation times
obtained by measuring the transmitted parallel and perpen-
dicular components are the same as found by the crossed
polarizer method used here. In the absence of birefringence
effects, this signal is proportional to the square of the dichro-
ism associated with the transient absorption. At delay time ¢
the signal is

S(2) = const[r()p(1)]?, (1)

where r(?) is the absorption anisotropy and p(¢) describes
the time dependence of the excited-state population. Thean-
isotropy is proportional to the dipole correlation function
associated with overall motion,3¢

r(t) = 04(P,[2(0)-4(D)]) . (2)

All experiments were performed at 20 °C. Alcohol and
alkane solvents were distilled prior to use. Solvent shear vis-
cosities were obtained from standard tables.?’

Isomerization on the S, excited state potential surface
was monitored by S, -5, transient absorption. The form of
the transient absorption signals and their analysis have been
considered in detail in our previous work.'®'” Since the
pump and probe polarization directions were orthogonal, it
was necessary to also consider the influence of anisotropic
absorption and overall molecular reorientation on the kinet-
ics of the transient absorption. Magic angle polarization,
which suppresses this additional time dependence, could not
be used since the transient absorption component associated
with isomerization became too small for accurate measure-
ment.'®'” In the alcohol solvents overall reorientation of
1,1’-binaphthyl was much slower than isomerization and its
effect on the transient absorption kinetics was minor. How-
ever, in the alkane solvents overall reorientation was faster
and its effect on the rise time of transient absorption should
be considered. In this case it can be shown that transient
absorption follows an equation of the form>®
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A(t) =a(l —ce ™) (1 +02e "), (3)

where a is an amplitude parameter and c is the fraction of the
amplitude due to the slowly rising component of transient
absorption, i.e., the part associated with the isomerization.
The pump and probe transitions have orthogonal polariza-
tion.'¢ This equation only considers the slowly rising compo-
nent and is valid for time after the fast rise is complete (>3
ps). Equation (3) was fitted to the transient absorption
curves using the 7, value measured for the same solvent and
adjusting 7, to achieve the best fit. Excellent fits were
achieved in all cases. The Marquardt gradient-expansion al-
gorithm?® was used in abstracting both the isomerization
and rotation times. The results are presented in Table I. The
isomerization times of 1,1’-binaphthyl in alcohols have pre-
viously been presented by us, and are reanalyzed in this pa-
per. The data for alkane solvents have not been reported
previously.

COMPARISON WITH KRAMERS’ MODEL USING
HYDRODYNAMIC FRICTION

In the intermediate and high friction regimes, which are
relevant to solution phase isomerization, the Kramers’
expression for the reaction rate is'

~ZL 9 (g4 40— g2 M, (4)
Z' 2ne’

where Z* and Z' are partition functions evaluated at the
barrier and well, respectively, with the reaction coordinate
removed, w and o’ are the frequency of the well and barrier,
respectively, Q is the barrier height, and 8 = £, /I, is the
reduced isomerization friction. &, is the isomerization fric-
tion and I, is the moment of inertia for isomerization. For

1,1"-binaphthyl I,,, = 9.84 X 10~*° kg m*>!7
- To analyze our data in terms of the Kramers’ equation
the isomerization friction in each solvent must be known.
One way to do this, as we noted earlier is to use a hydrody-
namic model. For this case the isomerization friction is relat-

TABLE I. Reorientation and isomerization times of 1,1’-binaphthyt.

Solvent Viscosity (cP) Tor (PS) Tiso (PS)

Ethanol 1.08 61+4 122+ 1.0
n-Propanol 2.23 98+5 139+ 1.0
n-Butanol 2.95 11348 1504+ 1.0
n-Pentanol 4.33 156 4+ 8 17.6 + 1.0
n-Hexanol 5.27 176 + 17 192+ 1.0
n-Heptanol 6.90 255 +17 240+ 20
n-Octanol 8.95 325423 270420
n-Pentane 0.227 2742 122+ 1.1
n-Heptane 0.409 41 +2 16.0 + 1.1
n-Octane 0.539 48 42 179+ 1.5
n-Decane 0.907 67+ 4 19.6 + 1.8
n-Dodecane 1.50 90+3 29.2+20
n-Tetradecane 2.18 119+ 7 345+ 3.6
n-Pentadecane 2.86 128 4+-8 36.1 + 3.7
n-Hexadecane 3.44 167+ 6 410+ 3.0

ed to the measurable solvent shear viscosity % by the follow-
ing equation®*%:

giso = 417'17‘1’2 ’ (5)

where for the case of 1,1’-binaphthyl & is the radius of a
naphthyl group approximated as a sphere, and r is the radius
of gyration. A slip boundary condition is assumed. Using
this hydrodynamic relation, the Kramers’ rate can be calcu-
lated as a function of solvent shear viscosity and fitted to the
experimental data.

FITTING OF ALCOHOL DATA USING HYDRODYNAMIC
FRICTION

For isomerization of 1,1'-binaphthyl and alcohol sol-
vents, we have shown that excellent agreement with the
Kramers’ model is obtained when Eq. (5) is used, a two
parameter fit of the viscosity dependence of the isomeriza-
tion rate is shown in Fig. 1. The two parameters are

Z} o o~ /KT

6
Z' 27 (6)
and
2mdr
. 7
1 (7N

150
To extract molecular information from the parameters we
assume that Z* equals Z ', which is reasonable if there are no
large frequency shifts in the vibrational modes. For the case
of 1,1'-BN the absorption spectroscopy and the emission at
low temperatures indicate that the naphthalene chromo-
phores are weakly interacting in the reactant configuration
which supports the approximation that Z* equals Z'. For
the torsional mode @ we use the value of 5.7 ps~' obtained
experimentally from the fluorescence excitation spectrum of
1,1"-BN in a supersonic jet.*® Using these approximations we
find that the first parameter yields the barrier height Q. The
value of 460 cm™' obtained is in good agreement with a
value of 480 cm ™~ ' obtained from spectroscopic data.*' For

100 T T T T LR RE— T T
Barrier = 460cm™! J
8.0+
'S 6.0
”
o
®
‘.g 40 (
o E
20} -
0 — 1 1 - I 1 1 1 L
o] 2 4 6 8 10

Viscosity (cP)

FIG. 1. Barrier crossing rate vs solvent shear viscosity in n-alcohols. The
circles are experimental data. The line is the best fit of Kramers’ equation,
Egs. (4) and (5). See the text for details.
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the second parameter we use x-ray data from crystalline 1,1'-
BN to obtain an r = 1.2 A and an I,,, = 9.8 X 10~* kg m*.
This leaves d and o'. If we use for the radius of the naphthyl
moiety, the value d = 3.0 A, obtained from diffusion data for
naphthalene in solution, we find that the barrier frequency
o' is 23 ps~'. Alternatively we can assume that the potential
is piecewise parabolic, an assumption which relates the val-
ues of Q and ’. Proceeding in this way, the independent
parameters are Q or ©', and d. This yields, as we found in our
first paper, that for Q = 460cm ™', 0’ = 22ps~'andd = 2.8
A. We thus see that either approach gives essentially the
same results, which we note are physically reasonable. It is
furthermore to be noted that although the barrier height Q is
only about a factor 2.5 greater than k, T the validity of the
rate constant law® still holds. This can be seen most clearly in
the theoretical study® (see Fig. 6 of that paper) of isomeriza-
tion dynamics where a barrier height of about 500 cm™'
yielded a plateau value for k(¢), i.e., one could still define a
time independent rate constant. At a value of Q equal to 250
cm ™' the rate constant law was no longer applicable.

FITTING OF ALKANE DATA USING HYDRODYNAMIC
FRICTION

The same fitting procedure used for the alcohols has
been applied to the data for 1,1’-BN isomerization in al-
kanes, with the results shown in Fig. 2. We see that unlike the
excellent agreement in alcohols, the Kramers’ equation with
hydrodynamic friction does not quantitatively fit the viscos-
ity dependence of the isomerization rate in alkane solvents.
As we noted earlier similar deviations were reported for iso-
merization of t-stilbene,?! DPB,'® and DODCI?® when the
Kramers’ equation was used with hydrodynamic friction.
The issue to be resolved, based on the results obtained for
1,1’-BN in alkanes, is whether it is the Kramers’ model that
is invalid, e.g., the failure of the assumption of a frequency
independent friction, or the failure of the hydrodynamic
model of the friction that we use in the Kramers’ model.

1007 T T T T
Barrier = 480cm™

1 T T 1 T T T T T T T

2.0

1 1 i 1 L 1 1
24 32 40
Viscosity(cP)

1 1

Ol 0 1 1 1

1 L
(o] 0.8 1.6

FIG. 2. Barrier crossing rate vs solvent shear viscosity in n-alkanes. The
circles are experimental data. The line is the best fit of Kramers’ equation,
Eqgs. (4) and (5). See the text for details.

COMPARISON WITH KRAMERS’ MODEL USING
REORIENTATIONAL FRICTION

To try to separate these possibilities we return to the
idea that the isomerization friction is proportional to the
reorientational friction, i.e., the friction experienced by the
molecule in its overall rotational motion. This reorienta-
tional friction can be obtained in each solvent by measure-
ment of the orientational relaxation time of 1,1’-binaphthyl
in that solvent. An advantage of this approach is that it in-
corporates into the isomerization friction microscopic de-
tails that may be lacking in a particular friction model.

Following this approach we assume that the isomeriza-
tion friction is linearly proportional to the overall friction

giso =f§or ’ (8)

where fis a proportionality constant that scales the generally
different effectiveness of solute-solvent interactions in the
isomerization motion with that for the overall rotational mo-
tion of the molecule. The next step is to relate the orienta-
tional friction with the measured reorientation time 7,.
Such a relationship, obtained by Hubbard*? for a spherical
particle in the rotational diffusion limit, is given by

§or = 6kB TTor (9)

(where k5 is Boltzmann’s constant). The reduced friction
B, appearing in Kramers’ equation, can now be written
§ iso 6kB Tf Tor
B="—=—". (10)
I I;
This provides a model-independent estimate of the friction,
although the absolute magnitude of the friction is uncertain
to the extent that fis unknown. We note that f/ will also
contain a correction for the nonspherical shape of 1,1’-BN.
We turn now to our measurement of the rotational relaxa-
tion time which is the quantity needed to give us the reduced
friction 8 in each of the solutions studied.

REORIENTATION DYNAMICS OF 1,1-BN:
MEASUREMENT OF r,,

The transient dichroism signal S(¢), Eq. (1), exhibited
arapid rise of dichroism followed by a slower decay. The rise
was associated with the isomerization process and the decay
was due to the overall reorientation of the isomerized mole-
cules, this later process being slower than the isomerization.
For times after the rise is complete, the signal S(¢) is asso-
ciated only with the population of isomerized molecules, so
that P(z), Eq. (1),is givenby e~ /™, where 7* is the lifetime
of the isomerized excited molecules, which is typically 3 ns.*?
The single exponential decay of S(¢) implies that the rota-
tional correlation function associated with reorientation of
the isomerized molecules is also a single exponential decay.
Thus, in this case, S(¢) is given by

- - —t/
l/rore t/r') — const e t Tm’ (11)

where 7, is the overall reorientation time and 7, is the mea-
sured decay time of S(¢). From Eq. (11) we see that the
reorientation time is obtained from the measured decay time
as follows: '

V/r, =1/21, — 1/7*%. (12)

S(t) = const(e

J. Chem. Phys., Vol. 89, No. 2, 15 July 1988

Downloaded 09 Apr 2005 to 128.59.115.179. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



766 Bowman, Eisenthal, and Miltar: The Kramers’ equation

320 T T T T T T T T
L / .
| P i
L // ]
240 b
@ - /}/ h
o 7
St - ]
E r s ]
=160} o7
8 N 7° i
B //’ 4
s L
a )
L o’ 4
80| h
- o/// 4
t .
0 - 1 1 i 1 % IR § L 1
[o] 2 4 8 10

6
Viscosity (cP)

FIG. 3. Rotation time vs solvent shear viscosity in n-alcohols. The circles
are experimental points. The line is a linear least-squares fit to the data. See
the text for details.

The results of these measurements of the rotational cor-
relation times are shown in Figs. 3 and 4. There is clearly a
difference in the viscosity dependence of the rotation times
between the two solvent classes. For the alcohols, 7, is pro-
portional to viscosity, but in the alkanes, the relationship
between 7, and viscosity is nonlinear, showing some satura-
tion effects at higher viscosities. While this difference
between solvent series is quite interesting, it is not the main
concern of this paper and will be addressed in a future com-
munication.**

KRAMERS’ EQUATION USING ORIENTATIONAL
RELAXATION MEASUREMENTS

Kramers’ equation can now be written in a more useful
form for comparison with experiment, as follows:
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FIG. 4. Rotation time vs solvent shear viscosity in n-alkanes. The circles are
experimental points. The line is a linear least-squares fit to the four lowest
viscosity points. See the text for details.
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FIG. 5. Barrier crossing vs rotation time in n-alcohols. The circles are ex-
perimental points. The line is the best fit of Kramers’ equation, Eq. (13).
See the text for details.

k=A[(1+Bzfc21r)l/2'_BTor] ’ (13)
where
4=Zi0 i ona
zZ' 2
and
B~_————3k”Tf.
I o

iso

The isomerization rate is plotted in Figs. 5 and 6 versus 7,
for both alcohol and alkane solvents, respectively, and gives
an excellent fit to the Kramers’ equation, using A and B as
adjustable parameters. The best fit parameter values in each
case are

®
o

o
[=)

Rote (100sec™)

»
o

o
(=)

0 1 1 L 1 4

1 L N 1
[¢] 40 80 120 160 200
Rotation Time (ps)

FIG. 6. Barrier crossing rate vs rotation time in n-alkanes. The circles are

experimental points. The line is the best fit of Kramers’ equation, Eq. (13).
See the text for details.
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Alcohols: 4 =10.8x10"°s™!, B=4.63x10°s"",

Alkanes: 4 =12.8Xx10Ys™!, B=182x10"Ys"".
These parameter values can be used to estimate the potential
surface parameters, providing certain assumptions are
made. First, Z* /Z ' will be close to 1 provided there are no
large frequency shifts of the vibrational modes of the mole-
cule during isomerization, which we have argued previously
is reasonable for 1,1'-binaphthyl. Second, the well frequency
is assumed to equal the measured free-molecule value of 5.7
ps ! ? for both solvents. With these assumptions we obtain
the following potential parameters:

Alcohols: Q=430cm™", =271ps ',

Alkanes: Q=400cm™', =69.0ps™'.

NN

The estimate of the barrier height in alcohols is in rea-
sonable agreement with our previous estimate of 460 cm ™!
using a hydrodynamic fit and with an independent estimate
from spectroscopic data of Q = 480 cm ™. The spectroscop-
ic data also show very little variation with solvent*' which is
consistent with our barrier height estimates. We are present-
1y performing isoviscosity experiments at different tempera-
tures, in the alcohols, to measure the barrier height indepen-
dently. There appears to be no strong polarity or solvent
dependence of the barrier height for 1,1’-binaphthyl. This is
in contrast to t-stilbene*> and DPB'® which exhibit much
lower barrier heights in alcohols than in alkanes, and p-di-
methylaminobenzonitrle where polarity-induced barrier ef-
fects are found to occur not only between different solvent
types, but also within a solvent family and with temperature
changes in a given solvent, as well.* The insensitivity of 1,1’
binaphthyl isomerization to solvent polarity is consistent
with quantum calculations of the S, excited state, which in-
dicate that the interaction between the naphthyl groups is of
excitonic rather than charge transfer character.*’

DEPENDENCE OF FRICTION ON SOLVENT CLASS:
MOLECULAR EFFECTS

Our results show that the ratio w'/fis significantly dif-
ferent for the two solvents, being smaller for the alkanes.
This could indicate a substantial flattening of the barrier in
alkane solvents. However, since the barrier is apparently
only slightly lower in alkane solvents, this degree of flatten-
ing could only result from a large increase in the equilibrium
torsion angle separation between the excited-state isomers,
for which there is no evidence. The possibility of a marked
change in the barrier anharmonicity is also unlikely, based
on the insensitivity of the spectra to solvent. Only a small
reduction in @’ is expected in the alkanes on the basis of the
barrier height estimates. The different '/f ratios must
therefore predominantly reflect differences in the friction
scaling factor f, defined in Eq. (8). We can use our data in
fact to estimate f; provided that an estimate of @’ can be
made. One possibility is to consider certain model potentials
for which simple relationships exist between the various po-
tential parameters. We have previously considered a contin-
uous piecewise-parabolic potential that incorporates the ex-
isting data on the S, state torsional potential.'” The barrier

frequency can be calculated from the barrier height for this
model and, when the present estimates of the barrier height
are used, the model potential yields ' = 15.0 ps ™' for alco-
hol solvents and o’ = 11.9 ps™' for alkane solvents. As ex-
pected, the barrier frequency is only slightly less in the al-
kanes. Finally, using these estimates of ' and the best-fit
values of »'/f, we obtain f= 0.055 for alcohol solvents and
f=0.17 for alkane solvents. Both of these values suggest
that the isomerization friction is substantially smaller in
magnitude than the friction for overall reorientation which
may at first seem surprising. The result is clarified if we esti-
mate f by another method. Such an estimate is provided by
the ratio f,, = £,,, /€., where the friction constants are cal-
culated from the hydrodynamic expressions, Egs. (5) and
(9). Using 7., as given by the modified Debye-Stokes—Ein-
stein equation for rotational diffusion,*®

ksV
or = 14)
Tor =T (
we find that
g iso 417'dr2
= - . 15
I £ OksV (15)

K is a constant that depends on the boundary conditions*®
and s is the Perrin shape factor.*” CPK space-filling models
were made of the twisted form of 1,1’-BN and a volume of
300 A was found. From this model, 1,1’-BN was found to be
closest in shape to an oblate rotor. Using a slip boundary
paper and an axial ratio of 0.48 we found « equal to 0.261.
The Perrin shape factor s was equal to 1.17 using the same
axial ratio value. The values of » and d have been mentioned
previously.

Although these hydrodynamic expressions are not
quantitatively accurate, the ratio may contain less error and
should at least provide an order-of-magnitude estimate of f.
Using Egs. (5), (9), and (14) the result is f;, = 0.09, which
is similar in magnitude to the above estimates, suggesting
that the small value of fis associated in large part with geo-
metric differences between isomerization and overall reor-
ientation. If geometry was the only factor, however, and we
assume, as seems plausible, that the geometry of 1,1'-BN in
alkanes and alcohols is the same, then the values of fwould
have been the same. Our results suggest that the friction
associated with rotation and isomerization are larger in al-
kanes than in alcohols of comparable viscosity. These inter-
esting results on the different friction experienced in alco-
hols compared with alkanes provide a direct indication that
molecular aspects of the solute-solvent interaction play a
role in the isomerization dynamics of molecules in solution.
We note that at equal viscosities the size and mass of the
alkane is much larger than that of the alcohol, e.g., propanol
(C;H,0H) and the much larger tetradecane (C,,H,,) have
about the same viscosities; this could be responsible for dif-
ferences in the local friction. In addition, the large sizes of
several of the alkanes, which are comparable to or larger
than the solute molecule, could contribute to a breakdown in
the continuum approximation. This latter point could be re-
sponsible for the observed deviation of the orientational re-
laxation from a linear dependence on the alkane viscosity. A
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related view is that the boundary conditions, which reflect
the solute-solvent coupling, could differ from one alkane to
another. The strength of this coupling can be expressed by a
variation in the size of the solute for the different alkane
solvents.*®

We wish to remind the reader that these observations
about the scaling coefficient f were obtained using the fol-
lowing approximations:

(i) Z*/Z' = 1is appropriate for isomerization of 1,1’
binaphthyl in both alkane and alcohol solvents.

(ii) The torsional potential is piecewise parabolic with
the same energy difference and equilibrium torsion angle
difference of the excited-state isomers in both alkanes and
alcohols.

(iii) @ = 5.7 ps~ ! in both solvents.

(iv) The barrier height and frequency is the same in all
members of a solvent series.

(v) Apart from barrier height differences between se-
ries, any remaining difference in the isomerization rate in
alkanes and alcohols is due to a difference in £ /o'

(vi) The isomerization friction is proportional to the
overall reorientation friction £, = fZ,, in both solvent se-
ries.

The fifth assumption is the most crucial. It is by attrib-
uting the faster rate falloff in the alkane series to the differ-
ences in friction that we are led to different f values for the
two solvents. If the barrier height were increasing monotoni-
cally across the alkane series a similar effect might be seen,
although there is no evidence available at present to support
this possibility.

iso

DISCUSSION

The key finding of this work is that the Kramers’ equa-
tion provides an excellent fit to the isomerization data of
1,1’-binaphthyl for such different solvents as alcohols and
alkanes when a realistic estimate of the isomerization fric-
tion is used. Furthermore, the barrier heights obtained are in
good agreement with other estimates, which supports the
physical significance of the fits. We find from our experi-
mental results that the decay of the orientational decay func-
tion (P,[2(0)-£(£)]) is exponential in form, at least over
four to ten reorientation lifetimes, depending on the solvent.
Thus by estimating the isomerization friction from the solute
reorientation time, we are using a zero-frequency bulk prop-
erty.

Our data can thus be accommodated within a Marko-
vian model, and there is no need to invoke frequency-depen-
dent friction to explain our results. Such effects have been
invoked to explain poor Kramers’ fits when a hydrodynamic
model is used for the isomerization friction.'®*? In the case
of 1,1'-binaphthyl in alkane solvents such deviations are also
observed but result from a breakdown of the linearity of the
friction with the alkanes viscosities rather than of the Mar-
kovian assumption. Indeed, the previously reported devia-
tions for ¢-stilbene have been reanalyzed and ascribed to the
same cause as described here?®*>—the Kramers’ equation
fitted the data when the friction was estimated from the reor-
ientation time. We thus see that the Kramers’ model based
on Markovian friction is apparently sufficient to explain the

isomerization data for these molecules.

Contrary to these results, it has been found that in the
ground state isomerization of DODCI, a fit of Kramers’
equation fails, even when the friction is estimated from 7, .%°
The isomerization barrier in this case is very much higher
than for 1,1'-binaphthyl, DPB or r-stilbene. The barrier fre-
quency is presumably also much higher, so that non-Marko-
vian effects are expected to be more severe for DODCI.

We ask at this point why does a Markovian model ap-
pear to work for 1,1'-binaphthyl in alcohols and alkanes, as
well as z-stilbene and stiff diphenylbutadine in alkane sol-
vents, since for these systems the barrier frequencies are
high? The Markovian assumption is expected to be valid
when the solvent motion is much faster than the reactant’s
motion on the potential barrier.* That is, 7, ' > @', where 7,
is the solvent correlation time. Our estimates of »' based on
the model potential are ~10' s~!, which requires that
7, <0.1 ps. This time scale is commensurate with the colli-
sion time in the liquid state but is probably too short to char-
acterize the full collective behavior associated with hydrody-
namic friction.> The success of Kramers’ model may
perhaps be due to a significant contribution of collisional
dynamics to the isomerization friction of 1,1’-binaphthyl in
alcohol and alkane solvents. The possible importance of
collisional friction is also seen in the reorientation dynamics
of 1,1’-binaphthyl in alkanes, where there are nonhydrodyn-
amic contributions to the rotational friction. Although 7,
scales linearly with viscosity in alcohols, we cannot conclude
that the friction is necessarily hydrodynamic in origin. As
has been shown theoretically by Hynes ez a/.>° and Berne et
al.,*' friction can have a significant collisional contribution
and still scale linearly with the shear viscosity. The possibil-
ity that collisional friction is important in 1,1’-BN, while
being speculative at this stage, deserves further considera-
tion as it may provide a better understanding of both the
reorientation and isomerization data.

There is an alternative explanation for the different iso-
merization and rotational relaxation of 1,1’-BN in alcohols
that we wish to mention briefly. For the alcohols, a complex
solvent due to hydrogen bonding and dipolar interactions,
there is the possibility that there is significant friction on the
time scale of the inverse barrier frequency (')~ '. This
could have the effect of greatly extending the barrier cross-
ing time, i.e., many crossings and recrossings, and thereby
enable the slower solvent motions responsible for hydrody-
namic behavior to contribute to the isomerization friction.
In the alcohols, unlike the alkanes, the collective motions
associated with the extensive hydrogen bonding would likely
contribute to the increased importance of hydrodynamic
friction relative to collisional contributions. Thus the reor-
ientational motion would scale linearly as expected if the
friction was hydrodynamic, as would the isomerization fric-
tion if the barrier crossing time was significantly slower than
the inverse barrier frequency.

CONCLUSIONS

The medium effects on the isomerization dynamics of
1,1'-binaphthyl in solution can be understood within the
context of the Kramers’ model. However, caution is re-
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quired in estimating the friction that should be used in the
Kramers’ model. The use of a friction model such as hydro-
dynamics may be inappropriate and can lead to erroneous
conclusions, such as the apparent breakdown of the Marko-
vian assumption. Kramers’ equation works well when the
measured reorientation times of 1,1’-binaphthy! are used to
estimate the isomerization friction. The scaling factor f,
however, is larger in the alkanes than the alcohols, which
provides an indication that molecular aspects of the solute—
solvent interaction also play a role in the isomerization dy-
namics of 1,1’-binaphthyl in solution. It should be noted,
however, that the successful use of reorientation times to
estimate the isomerization friction is an empirical procedure
which emphasizes the need to develop realistic models of
friction in condensed phases.
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