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Polarity Dependent Barriers
and the Photoisomerization Dynamics
of Polar Molecules in Solution

J.M. Hicks, M.T. Vandersall, E.V. Sitzmann. and K.B. Eisenthal
Department of Chemistry, Columbia University, New York, NY 10027, USA

There has been recent theoretical and experimental interest in potential
energy dbarrier descriptions of molecular structural changes in solution
[1=7]. For example, the dependence of photoisomerization kinetics on solvent
viscosity has been studied to test barrier crossing models {1-5). Changes
in the photoisomerization rates through a solvent series or as a function of
temperature have been attributed to viscosity and thermal effects; other
possible effects, such as solvent dependent excited state potential surface
variations, have generally not been considered [8]. In particular, strong
jnteractions with polar solvents are expected for molecules which undergo a
major charge redistribution on isomerization, whether they be polar
molecules such as p-dimethylamino-benzonitrile (DMABN) [7), or nonpolar
molecules which pass through very polar intermediate structures such as
t-stilbene [3-5]. These polar interactions can be important factors in the
dynamics of isomeri{zation, as we will show in this paper.

1. DMABN -~ Case of a Polar Molecule

DMABN 1s a classic example of a molecule that exhibits strong solute-solvent
{nteractions, as demonstrated by the fact that its excited state
tsomerization occurs in polar solvents but not in nonpolar solvents [9]. A
general scheme of the dynamics is given in Scheme I [10}.
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Scheme 1

The {somerization takes place on an excited singlet potential surface and
involves & 90 rotation of the dimethylamino group about the amino-phenyl
bond [10]. This twisting structural change produces an increase in the
excited state dipole moment from 6 D to 16 D {11]. 1In polar solvents, a new
visible emission appears due to the solvent stabilized twisted form. Due to
8 rapid equilibration between the planar (B*) and twisted (A*) structures
tvo emissions are observed. The one in the ultraviolet is due to the planar
ore and the visible emission is due to the twisted polar form., In alkanes,
only the uv emission from B* {s observed. Many time-resolved studies have
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W been conducted on DMABN, yet the role of the solvent {s still not clear
i [7,12-161.
!
) To investigate the effects of the solvent on the photoisomerization
WV kinetics of DMABN, we have carried out studies {n a series of linear alc,-
Jﬁ hols, alcohol/alkane mixtures, linear nitriles and nitrile/alkane mixtureg
d#‘ (part o{ the data has been reported {7,12]). A single pulse from the outpyy
¢}‘ of a Nd “/glass laser was freguency quadrugled to 265 nm and used to excite
o"’h DMABN. The fluorescence from the B* and A* states was time-resolved with 4
,:.:; streak camera detection system which had a resolution of 7 ps [13].
DA
An important aspect of the solute/solvent interactions {s the effect of
- solvent viscosity on the kinetics of a reaction. From studies in neat
;'q‘ liquids, we find a viscosity dependence in nitriles of n?% and in alcohols,
ac\ n'l, These can be interpreted as cases of intermediate and strong solute~
ﬂ: solvent coupling, respectively, Of key importance in obtaining these
isi* viscosity dependences of k, is the assumption that only the viscosity
."Q' differences among the various members of the solvent series affect the rate,
A The possibility that the potential surface may change in differeat solvents
is not considered, nor are the possibilities that boundary conditions,
!! entropy or dynamic polarity effects vary with solvent, For a polar
j}ﬂ‘ structural transition such as in DMABN the invsriance of the potential
ﬁ\\ cannot be assumed. Specifically, the changes in solvent polarity, even
1;\b within a polar series, can be of sufficient magnitude to produce marked
ﬁ 2 changes in the excited state barrier height. 1t has long been recognized
;*5" that there are barrier height changes in going from a nonpolar to a polar
LN solvent, The issue here is that these barrier effects can come into play
[ within a solvent family, e.g. the polar alcohol series, or in one solvent st
A different temperatures.
9;’."
;ﬂ' To separate the effects of solvent polarity ana viscosity, we have used two
a. techniques: (1) k

was measured at room temperature in isoviscous mixtures
of a polar solvenl and an alkane, where the polarity of the mixture was

X controlled by the concentration of the polar solvent, and (i1) the temper-
ihi ature was varied for the neat solvents so that the solutions had the same
viscosity but different polarity values. 1In Fig. 1 we see that the isomeri-
zation rate is not a constant at a fixed viscosity and temperature, but
indeed varies exponentially with solvent polarity as measured by the widely
used [17) empirical solvent polarity parameter ET(BO). The fitting of the
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corre
further support for the effects of solvent polarity on the isomerization
.natics is obtained from our second technique where the same viscosity is
.sained by adjusting the temperatures of the neat liquids. The different
.stes measured have previously been assumed to be due to the different
i tzmann factors. This can be seen in the following Arrhenius-type
Q;nssion (1): k= A f(n) exp (-Ea/RT), where Ea is the barrier height,
v {s the viscosity function (which is a constant for the isoviscosity
exeriment) and A is the pre-exponential frequency factor. We carried out
g&semeasurements in both the neat alcohols and neat nitriles, and found
st the rate increases as the temperature {s lowered in both solvent
iseilies. This result of a "negative” activation energy is contrary to what
wuld be the case if only the Boltzmann factor is changing. To explain
shese results, we propose that the barrier height is not independent of
terperature, but decreases due to a higher solvent polarity at lower
weperatures. The polar twisted form of DMABN (A*) {s stabilized relative
- the initially excited planar form (B*), which thereby leads to a smaller
sarrier. This decrease in the barrier overcomes the usual Boltzmann effect
12 1s responsible for the increased rate at lower temperature. When we
:srrect for the temperature induced polarity changes, we find that the
cerrected rate decreases as the temperature is lowered, i, e. a normal
asitive activation energy is obtained, as seen in Fig. 2.

1cP 4
Fig. 2: Arrhenius
plot of polarity-
corrected rate for
DMABN in neat
isoviscous nitriles
1 (1.0 cP), neat iso-
viscous alcohols
(5.2 ¢P), and hex-
T anol at the indicated
viscosities
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oth the alcohol and nitrile data shown in Figs. ! and 2 can be explained by
1""0ducing a polarity dependent barrier E : E = E° - A [E_(30)-30],
:?'e EC {5 the activation energy in an alkane so1vent having an E_(30) of
;iand is an experimentally determined factor which determines how
,r°“81Y the barrier height changes with solvent polarity, The corrected
$‘°vr, plotted in Fig. 2, 1s k, x exp -A[E_(30)-30]/RT = C exp(-EC/RT),
”ere C 1s the Arrhenius pre-exponential factor. The values of E are found
zrbe 8.0 kcal/mole in the nitriles and 14,0 kcal/mole in the alcohols.
t&*:fing the nitriles and alcohols at a given solvent polarity, we see that
"y arrier E° {s higher in alcohols by about 6 kcal/mole. We attribute
.'5'10 the e?fects of hydrogen bonding between the dimethylamino group of
¥ and the alcohol hydroxy group. The hydrogen bond withdraws electrons
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from the electron donating dimethylamino part of DMABN and thereby opposes
the electron transfer to the benzonitrile part of DMABN. For the intramo).
ecular charge transfer in DMABN to occur, the hydrogen bond must be broken,
This increases the barrier for the isomerization in alcohols relative to
nitriles by 6 kcal/mole, roughly the energy of typical hydrogen bonds,

2. t-Stilbene ~- Case of a Polar Intermediate Structure

The photofsomerfzation of t-stilbene has been studied by many groups to gatn
insight into how the solvent affects this simple chemical change [3-5], The
observed rate has been discussed in terms of (1), where f(n) is either the
Kramers function (which gives poor agreement with the observed rates) or
more often n ®. This latter form can be obtained from a free volume {19]
or frequency dependent friction model [20-21). This general g?uation
predicts that at constant viscosity, a plot of 1ln k versus T should have
the slope -E_/R. We have tested this prediction by studying the rates of
photoisomerization of stilbene in alcohols at various temperatures under

constant viscosity conditions.

! o er Fig. 3: Plot of In k vs. T 1
l ' for t-stilbene in igsoviscous
! alcohols; the ordinate axis

[ is offset for each viscosity

280 320 380 400 line for viewing purposes
100C/ Temparature, deg X

In Fig. 3 it is shown that the slopes of these lines depend on viscosity,
contrary to what the equation predicts. The apparent E 's vary from 2.6 to
1.2 kcal/mole., A similar deviation from (1) is shown by the dependence of
the rate on viscosity at different fixed temperatures, We find that the
value of a varies by a factor of two over a 50 K temperature range. This
result conflicts with the constant a value predicted by the n * dependence

of the rate equation.

Since the isomerization involves an intermedfate structure that is highl’
polar, we ask whether polarity dependent barrier effects are important in
the isomerization process. Accordingly, we carried out measurements in nea'
alcohols at various solvent polarities and temperatures, analogous to oUr
DMABN study. We found that static polarity effects alone do not explain
stilbene results in alcohols. 1In stilbene, dynamic polarity effects could
be important since extensive solvent rearrangements are required in the
{somerization from the initial nonpolar form to the twisted charge separaté

cul
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This 45 not gxpected for DMABN because its transition involves an

e in dipole moment along the same axis from a polar (6 Debye) to a
ore polar (16 Debye) form. The solvent is already arranged about the large
:ipole {n the initially excited DMABN, unlike the case for stilbene, where
the {nitial solvent arrangement is that appropriate to a nonpolar solute
golecule. If the solvent motions are not very rapid compared to the
somerization time, then the isomerization dynamics would depend on the
¢electric relaxation properties of the solvent [22-29]. The energy
separating the trans and intermediate form would therefore depend upon the
p,;sitions of the surrounding solvent molecules, and thus be dependent on the
rate of change of the solvent arrangement. Further work i8 underway to
resolve the role of polarity and other solvent factors in the stilbene
{somerization [30].
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conclusions
Conc us2onm>

ve find that the isomerization dymamics of molecules that involve a large
charge redistribution, such as in DMABN, are strongly dependent on the
polarity of the solvent. The solute/solvent interaction can be described in
terms of a polarity dependent barrier that separates the two structural
forms of the molecule. In addition to the well-recognized effects in going
from a nonpolar to a polar solvent, we find that the effects of polarity
change within a series of related polar liquids, e.g. linear alcohols or
ritriles, and the effects of the change in polarity with temperature are
crucial to the observed kinetics. We have also found that hydrogen bonding
of DMABN with alcohols impedes the isomerization relative to that of
nonhydrogen bonding polar solvents such as nitriles. For t-stilbene in
alcohols, we have found from measurements at various viscosities and
temperatures that the isomerization cannot be described in terms of
frequently applied equations which contain an n ® power dependence.

Although the t-stilbene isomerization passes through a very polar
intermediate structure, we are not able to adequately fit the data using a
static polarity correction as we did for DMABN. The possibility of &
dynamic polarity effect due to a large solvent rearrangement in going from
the nonpolar initially excited t-stilbene to the polar twisted intermediate
stilbene structure is discussed.
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