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Abstract: We have examined the viscosity effects of intramolecular excimer (IE) formation in 1,3-di-1-pyrenylpropane (DPP)
at high pressures in various solvents. The formation is strongly and exclusively dependent on solvent viscosity, while it is insensitive
to solvent polarity. The rates of the excimer formation estimated from fluorescence quantum yields are represented as a unique
function of solvent viscosity. A hindered rotation model based on Kramers’ theory was applied successfully. The more general
results without specific interaction of solvent were obtained. The intrinsic activation energy (15-18 kJ/mol), the intrinsic
activation volume (2.5 cm®/mol), and the frequency for the top of the barrier of this IE formation were determined.

Formation processes involving large-amplitude motion, such
as intramolecular excimer (IE) formation in bichromophoric
molecules in which bulky chromophores must twist with respect
to the connecting bonds, should depend on the frictional forces
exerted by solvents. For full understanding of these solvent effects,
there are further questions to be answered. The first is whether
the rates of formation are controlled exclusively by the viscosity
of solvents; namely, whether the rates are equal at the same
viscosity, independent of the means by which that viscosity value
was produced, i.e., by changing the pressure, the temperature, or
the solvent. The second is the question of what type of analytical
formulation is possible for the viscosity dependence of the IE
formation process and what type of model is applicable for de-
scribing the microscopic motions involved in the IE formation.

We found in some bichromophoric compounds that the for-
mation rates of their intramolecular excited states are really
dependent on solvent viscosity.!™ As for the IE formation of
1,3-di-1-pyrenylpropane (DPP), Thistlethwaite et al.’ reported
that it was not dependent on solvent viscosity, while Zachariasse
et al.® argued against it. Thereafter, Offen et al.” reported a
viscosity dependence that is inversely proportional to solvent
viscosity, indicating a diffusion-controlled collision process. In
our previous paper, we suggested from the study at high pressures®
that this formation is absolutely dependent on solvent viscosity
and proposed that the hydrodynamic model of hindered rotation
based on Kramers’ theory may be applicable to the viscosity
dependence.

In most studies on the influence of solvent viscosity, a series
of homologous solvents®!° or mixed solvents'!"14 have been used
to achieve viscosity variation, A possible problem in these ap-
proaches is that there may exist large local variations in the solvent
shell interactions with the aromatic chromophores. Specific and/or
steric interactions between solvent molecules and aromatic
chromophores should affect the rotational transformation process
and the stability of the excimer. The application of high hy-
drostatic pressure, on the other hand, makes it possible to minimize
this problem. It achieves a large amount of continuous variation
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in viscosity without changing the chemical character of solvent
shell.

In this paper we report the results of a more detailed study of
the viscosity dependence of the IE formation of DPP by examining
over the wide range of viscosity (more than 2 orders of magnitude)
the effects of the application of high hydrostatic pressures in
various solvents.

Experimental Section

DPP was synthesized by using the methods as described in the liter-
ature.’> An authentic sample was also obtained from Molecular Probes,
Inc. No impurity was detectable by TLC or in the absorption and
emission spectra. Except for 2,6,10,14-tetramethylpentadecane (TMPD),
the solvents used were spectroscopic grade quality, and they were used
as received. TMPD was obtained from the middle cut of two successive
vacuum distillations after dehydration. This cut showed no emission in
the spectral region of interest at the sensitivity levels used. The con-
centration of DPP was less than 5.0 X 1075 mol/L, in which intermole-
cular contributions vanish. All solutions were degassed by repeated
freeze-pump—thaw cycles just before measurement.

The high-pressure cell, emission equipment, and methods of data
processing have been described elsewhere.!''®* Measurements at high
pressures were carried out at 303 K. Temperature was controlled by
circulating temperature-controlled water into a cell jacket. Temperature
control of the quartz Dewar, which was used for measurements at normal
pressure, was accomplished with a coolant that was passed through liquid
nitrogen and then heated to the appropriate temperature. It was regu-
lated to £0.5 °C at each temperature. Fluorescence spectra were re-
corded by using excitation at 334.1 nm. The ratios of the quantum yields
from the IE state (¢g) and from the locally excited (LE) state (¢, g) and
their peak energies were determined.

Results and Discussion

Peak Shifts with Pressure. The peak locations of the LE and
IE bands at normal pressure (b,,,) and their peak shifts with
pressure (dp,,./dP) in the different solvents studied are listed in
Table I together with the viscosities at normal pressure (n,) and
the polarity parameters (Af). The peak maximum of the LE band
is assigned as a 0 — O transition of the pyrenyl chromophore. In
high viscosity solvents, such as glycerol (612 cP), the yield of the
IE emission becomes too small to be detected. It is evident from
Table I that the IE band as well as the LE band is not affected
by solvent polarity. This suggests that their excited dipole mo-
ments are not so different from those of the ground state.

The peak shifts with pressure were determined from the initial
slopes after fitting to polynomials. Both bands shifted to the red
with pressure. The LE band changes linearly, while the IE band
saturates as pressure increases, which is shown in Figure 1 for
n-hexane as a representative profile. The amount of peak shift
with pressure for each state is almost equal among the solvents
with different polarities. The small rate of red-shift for the LE
band with pressure, dp,,/dP = -9 to —-16 cm™! /kbar, indicates
that this emission can be assigned as an 'L, — !A transition.!”
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Table I. Solvent Viscosity, Solvent Polarity Parameter, Peak Energy, and Peak Shift with Pressure

peak energy peak shift with
at 1 bar, 10° cm™ pressure, cm™ /kbar
solvent viscosity at 1 bar, cP polarity parameter? LE IE LE IE
acetone 0.293 0.285 26.58 20.16 -12 -134
n-hexane 0.296 0.000 26.62 20.25 -12 -170
methylcyclohexane 0.627 26.57 20.20 -12 -163
ethanol 1.00 0.289 26.58 20.16 -9 —-148
isobutyl alcohol 2913 0.266 26.61 20.17 -10 ~-136
TMPD 44 26.59 20.19 -16 -84
glycerol 612 26.54
aSolvent polarity parameter: Af = (e —1)/(2¢ + 1) = (12 = 1)/(2n + 1) at 25 °C.
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Figure 1. Shift in the peak energies of the LE state (Q) and IE state (@)
of DPP with pressure in n-hexane.

In the case of 'L, — 'A transition, it is a few times larger in polar
solvents.!’

On the other hand, the pressure shift of the IE band is dpyy,,/dP
= -84 to —170 cm™!/kbar, which is larger than that of the LE
band by 1 order of magnitude. Another type of excited state,
which exhibits excimerlike emission, is the so-called “twisted
intramolecular charge transfer” (TICT) state.!®* The amount of
the shift is more than —300 cm™!/kbar for p-9-anthryl-V,N-di-
methylaniline (ADMA) and 4-(9-anthrylmethyl)-N,N-di-
methylaniline (AMDMA),!? =220 cm™! /kbar for 9,9’-bianthryl
(BA),! and —208 cm™!/kbar for 4-(dimethylamino)benzonitrile
(DMABN).!* We found that the amount of the shift for the IE
band of DPP is approximately half of the TICT state. By further
detailed analysis of the energy shift with pressure, we will surely
find it a more useful and definite measure to determine the nature
of fluorescent electronic states.

Scheme of the IE Formation. Thistlethwaite et al.® reported
a scheme for IE formation with DPP, consisting essentially of two
simultaneously operating but noninteracting subschemes that are
each identical with the schemes that describe intermolecular
excimer formation.?® In contrast, Zachariasse et al.5 proposed
that a more general scheme of two interacting monomers or
excimers may be possible. In the present study, we have no such
indication of the two-excimer scheme in the spectra as well as in
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Figure 2. Pressure dependence of the quantum yield ratio in various
solvents at 303 K.

Table II. Observed Activation Parameters of the IE formation of
DPP and Activation Parameters of Solvent Viscous Flow

AEY s, AE*, AV AV,
solvent kJ/mol kJ/mol cm?/mol cm?®/mol
acetone 17.5 7.1 49 10.6-3.7
n-hexane 15.8 6.7 59 12.3-5.9
methylcyclohexane 18.3 10.2 9.6 19.1-13.2
ethanol 21.7 12.7 6.7 9.0-4.6
isobutyl alcohol 26.3 23.9 12.6 19.2-10.4
TMPD 31.4 24.4 24.8 37.9-27.3
Scheme I
L k3 *
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the Arrhenius plots. In any case, however, the major part of the
excimer is formed through the subscheme with the smaller ac-
tivation energy (Scheme I).

Within the framework of this scheme, we can use the following
expression as a first approximation. The quantum yield ratio can

be written as
G _ (’_‘3 ( ks i
¢LE k] k4 + k5 + k6

In a limiting case, at high viscosity or low temperature where the
excimer dissociation rate becomes very slow with respect to
deactivation, i.e., k4 K ks + kg, eq 1 reduces to eq 2, where ks/k,

d1E ks ky
————— — ——— 2
OLE (kl)(k5+k6) )
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Figure 3. Plots of the quantum yield ratio against solvent viscosity 7.

is expected to be independent of pressure?! just as it is independent
of solvent and temperature.® In addition, the lifetime of the
excimer, 7\g = 1/(ks + kg), is not independent of pressure at all,
but to a good approximation, we can regard the yield ratio ¢p/¢r g
as being proportional to the rate constant of IE formation, k3. The
amount of the increase in 7, is supposed to be less than 10% at
the pressure of 3 kbar.’

Pressure Effects on the IE Formation. The effect of pressure
on the ratio of the quantum yields from IE state (¢g) and LE
state (¢ g) is presented in Figure 2. The apparent activation
volumes AV* ., given by eq 3, are obtained from the initial slopes

9 In ($e/ bLE)
AV* g = —RT——T—

of Figure 2. Those values are listed in Table IT together with the
activation volumes of solvent viscous flow, AV*,,. The values of
AV*, listed were calculated from a polynomial fit to the plots of
In n vs pressure. The viscosity data were obtained from the
literature.?2??  Different pressure dependence among solvents
reflects that the IE formation in DPP is controlled by the viscosity
change. In Figure 3, we plotted the yield ratios in n-hexane,
isobutanol, and TMPD against their viscosities (n) for the data
points for which the high-viscosity scheme is applicable. It should
be noted that the rates of IE formation deduced from the quantum
yield ratio are well correlated with solvent viscosity. The rates
at the same viscosity are approximately equal, independent of the
means by which the viscosity was produced, i.e., by changing the
pressure and the solvent. For acetone the viscosity range that is
in the high-viscosity scheme is so narrow that we cannot discuss
it in detail. As for ethanol, there is a slight tendency to deviate
from the curve in Figure 3.

When the rate constant k is expressed as shown in eq 4, where

k = F(n) exp(-Eo/RT) ()

E, is the intrinsic activation energy, the present universal pressure
dependence indicates that the change of E, with solvent and
pressure is small enough to be neglected for these solvents. The
deviation in ethanol may occur due to the change in Ey among
solvents and with pressure. And also the change of 7,; may affect
it some.

Temperature Effects on the IE Formation. Figure 4 displays
the Arrhenius plots of the yield ratio in various solvents. The plots
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Figure 4. Arrhenius plots of the quantum yield ratio in various solvents
at | bar.

are almost linear at temperatures less than ca. 270 K. The ap-
parent activation energies AE* .4, expressed by eq 5, are obtained

9 In ($1e/ dLE)
a(1/T)

from the slopes of the linear region in Figure 4, which are listed
in Table I together with the activation energies of solvent viscous
flow AE* . A large value for TMPD reflects the regime of vis-
cosity control, since the viscosity changes from 4.4 cP to 38.6 cP
within our temperature range.

At the higher temperatures the data points deviate from linearity
for all solvents. This deviation is due to disobedience to the
high-viscosity and low-temperature condition expressed by eq 2.
For another extreme condition of low viscosity or high temperature,
i.e., ks 2> ks + kg, eq 1 becomes eq 2’. At this limiting condition,

% _ ksks
de Kiky

the slope of In (¢1g/¢1g) vs 1/ T gives the enthalpy of IE formation,
-AH/R, since k;/k4 stands for the equilibrium constant. In this
region the slope becomes positive, because AH < 0. For n-hexane
a slight positive slope appears, but it was difficult to determine
the value of AH accurately.

Models for the Viscosity Dependence of the IE Formation.
Figure 5 displays the plots of the yield ratio against the inverse
of solvent viscosity, 1/, for three solvents, i.e., methylcyclohexane,
isobutanol, and TMPD. It is evident that within our viscosity
range the plots have a definite curvature, implying that the simplest
approach of a diffusion-controlled collision process, which is ex-
pressed as being proportional to T/, is not applicable. Then, what
type of model for describing microscopic molecular motion will
most accurately reproduce the viscosity dependence of the IE
formation in DPP?

There is an approach that emphasizes the volumetric re-
quirements for viscous transport of solute molecules through
solvents.?* If this “free volume limited model” is adopted for the
IE formation of DPP, then substitution for k; in eq 2 leads to the
expression given in eq 6, where C = (ks/k,)[C'/ (ks + k¢)], C’

g/ ¢LE = Cn7® (6)

is a constant, and « is a parameter representing a measure of the
fraction of the critical volume required for motion in the solvent.
Such motion is needed for the solute to undergo some relative

AE*obsd =-R (5)

(2)
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Figure 5. Plots of the quantum yield ratio against 1 /5. The solid line
represents the best fit for the hindered rotation model based on Kramers’

theory, and the dashed line represents the best fit for the free volume
limited model.

motion of the two chromophore groups. The greater free volume
needed for the chromophore would be expected to be reflected
in a larger value of «. At first we analyzed our results in the
context of this model. The dashed line in Figure 5 shows the best
fit to this free volume limited model for the present data with «
= 0.736. This type of viscosity dependence with « < 1 has been
examined by other authors in different types of molecules under
various conditions,?>?® Since this & parameter is related to the
volume of the chromophore moiety that must be displaced, the
larger value of « for DPP could be expected naturally, as compared
with 1,3-di-2-naphthylpropane (DNP) (a = 0.612) and di-
phenylbutadiene (DPB) (« = 0.59).% In other words, this seems
physically reasonable when we consider the IE formation process
involves the intramolecular rotational motion of the bulky pyrenyl
chromophores.

Another approach that attempts specifically to incorporate the
intramolecular restrictions to rotation is the “hindered rotation
model” based on Kramers’ theory.?»®® On the basis of Kramers’
results, the rate of excimer formation after a single hindered
rotation over a potential barrier of activation, E, is predicted to
have the form given in eq 7, where w, and wy are the frequencies

_ YA _63_2_ 2 v 8
kg, = 21@5[ (4u2 + wp ) M exp(—Ey/RT) )

corresponding to the initial potential well and the top of the barrier
potential, respectively, both of which are considered to be parabolic.
8 is the frictional coefficient of the particle, and p is its reduced
mass. The height of the barrier is assumed to be large compared
with kgT. Applied to the present IE formation rate, eq 7 is reduced
to eq 8, where 4 = (ks/ky)[k3/(ks + ke)(r/u)(wa/wp)] and B =

PE E,
— = A[(n* + B)V/? - p] exp| -——= 8
oo = Al + B =) p( =7 (8)
(u/27r)*wg?. In the course of the derivation of eq 8, a hydro-
dynamic assumption, that is a slipping boundary condition 8 =
4myr, was adopted.

The solid line in Figure 5 represents the best nonlinear least-
squares fit of the data to this general expression for the hindered
rotation model expressed by eq 8. Based on a goodness-of-fit, it

(25) Fitzgibbon, P. D.; Frank, C. W. Macromolecules 1981, 14, 1650.
(26) Velsko, S. P.; Fleming, G. R. J. Chem. Phys. 1982, 76, 3553.
(27) Kramers, H. A. Physica (Amsterdam) 1940, 7, 284.
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Table III. Parameters of the Free Volume Limited Model (by eq 6)
and the Hindered Rotation Model (by eq 8) for DPP

c 175 A exp(-E/RT)  0.696
a 0736 1088, kg?/m?s? 131
103p, 571 7.6-15

is clear that the IE formation of DPP is better described by this
hindered rotation model. The resultant parameters are listed in
Table III. Moreover, by introducing the values of n and r, the
value of wg can be estimated from the obtained value of B. If
we assume the effective value of r as being in between the long
and short axes of the pyrene molecule, then wg = 7.6 X 103-15
X 10" 57! is obtained. This agrees with our previous result.?

As for the solvent viscosity effects, the IE formation of DNP?
(wg = 9.5 X 10" s71) and the photochemical isomerizations of
trans-stilbene? (wg = 1.5 X 1012 s°1), 3,3’-diethyloxadicarbo-
cyanine iodide (DODCI)!® (wg = 2.5 X 10'¥ s71), and DPB*® (wg
= 5.9 X 10" s71) have been investigated by some other authors,
although this simple one-dimensional Kramers’ expression has not
always been fit successfully in every case. The comparatively
larger value of wg for the IE formation of DPP implies that the
potential barrier in the present case is sharper than those in the
cases cited above. The key parameter is 8/wp, which measures
the strength of frictional forces impeding the passage compared
with conservative forces driving down the barrier. If 8/wpg > 1,
then kg, « 8/wg, which is sometimes called the “Smoluchowski
limit”. Thus, the fact that the present case is still in the inter-
mediate friction regime up to a considerably high viscosity range
would be interpreted as originating from the large value of wp.

Activation Energy and Activation Volume of the IE Formation.
The differentiation of eq 8 with respect to 1/T leads to eq 9, where

dIn ($1e/bLE) _ _f’:_o _ n dlnq

a(1/T) R (g + B)V23(1/T)

AE* = R[dIn n/d(1/T)]. Then, eq 5 is substituted into eq 9
to yield eq 10. From eq 10, by using the value of B obtained above

n
(n* + B)‘/zAE*" (10)

(&)

AE* g = Eo +

and the values of AE*  calculated from the Arrhenius plots of
literature data of n at various temperatures, the resultant value
is 14.6 kJ/mol for TMPD. It should be noted that the value of
E, for TMPD is very close to the values of AE* 4 for n-hexane
and acetone. This is due to the fact that for these solvents the
second term of eq 10 is negligibly small because of the small
viscosity values and also the small values of AE* . Thus, AE*
is almost equated with E,. For moderately viscous solvents, i.e.,
ethanol and isobutyl alcohol, however, a contribution from the
AE* termis included. The value of 21 kJ/mol reported for DPP
in toluene by Zachariasse et al.® may also include the contribution
of AE*,.

On the other hand, the comparatively small value of E; = 8
kJ/mol for isobutyl alcohol is obtained from a similar analysis.
It is hard to explain at this stage whether this is due to specific
interactions or to structure (or size) effects that are not incor-
porated in the theoretical description. But, since isobutanol has
a chain length similar to the propyl chain, the deviation may be
a result of the effect of correlated motion. An analogous size effect
has been observed for the photoisomerization of trans-stilbene in
paraffin hydrocarbons with similar chain length.?

Thus, it is concluded that the intrinsic activation energy of the
IE formation with DPP is 15-18 kJ/mol. Since this value is equal
to E; = 6-7 kgT, a requirement regarding the application of
Kramers’ theory is fulfilled.

As for the activation energy of the IE formation, there are some
data to be compared. For the IE formation of 1,3-diphenylpropane
and the excited CT formations of 3-phenyl-1-(V,N-dimethyl-

(29) Rothenberger, G.; Negus, D. K; Hochstrasser, R. M. J. Chem. Phys.
1983, 79, 5360.
(30) Courtney, S. H.; Fleming, G. R. Chem. Phys. Lett. 1984, 103, 443.
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amino)propane and ADMA, the reported values of activation
energy are 14-23,% 11-13,°! and 11 kJ/mol,* respectively.
Therefore, the present value of 15-18 kJ/mol corresponds to the
activation energy of twisting motion in the propyl group.

On the other hand, differentiating eq 8 with respect to pressure
yields eq 11, where AV*; is the intrinsic activation volume for IE

dIn ($1e/dbLe) _ AV*, _ ] dlny
P RT (> + B)'/? 6P

(11)
formation. Further, eq 11 is rewritten as eq 12, where AV*, =

kA 12)

AV*Obsd = AV‘O + (7’2 + B)l/z 7

RT3 In n/d P is the activation volume of viscous flow. Using the
value of B obtained above, we estimated the value of AV*,. At
pressures of more than about 1.5 kbar, it showed a constant value
of -2.5 cm™3/mol for TMPD.

It is concluded that the intrinsic volume of activation for the
IE formation with DPP is 2.5 cm?®/mol. As for the activation
volumes of the IE formation, there are few data to be referred.
However, we can say that its value is almost as comparable as

(31) Van der Auweraer, M.; Gilbert, A.; De Schryver, F. C. J. Am. Chem.
Soc. 1980, 102, 4007.

(32) Syage, J. A,; Felker, P. M.; Zewail, A. H. J. Chem. Phys. 1984, 81,
2233.

the intrinsic volume change of rotational isomerization®® and
twisting isomerization.* And also we found that it is a few times
smaller than that of intermolecular excimer formation.®

Concluding Remarks

We have shown that the rate of the IE formation in DPP
deduced from the yield ratio is well correlated with solvent viscosity
when it is studied by the high-pressure method over a wide range
of viscosities (0.1-100 cP) in a continuous way with minimum
specific interaction with solvent. This viscosity dependence is well
described by the hindered molecular rotation model based on
Kramers’ expression. In terms of this model, the shape of the
potential barrier was made clear. The frequency for the top of
the barrier (7.6 X 10" to 15 X 10" s~1) implies a considerably
sharp barrier. The intrinsic activation parameters independent
of solvent viscous flow were also determined. The intrinsic ac-
tivation energy and the intrinsic activation volume of the IE
formation are 15-18 kJ/mol and -2.5 cm3/mol, respectively.
These values correspond to the potential barrier of twisting motion
in the propyl chain.
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Chemically Mediated Fluorescence Yield Switching in
Nitroxide-Fluorophore Adducts: Optical Sensors of
Radical/Redox Reactions
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Abstract: The absorption and fluorescence emission spectra and quantum yields of a series of paramagnetic nitroxide-naphthalene
adducts are compared with those of diamagnetic analogues. While the absorption and emission energies of these compounds
are unaffected by the presence of the nitroxyl radical substituent(s), the fluorescence quantum yields of the paramagnetic
derivatives are 2.9- to 60-fold lower than the corresponding diamagnetic derivatives. Additionally, chemical reduction of the
nitroxide moiety to a diamagnetic hydroxylamine produces a fluorescence yield increase that parallels nitroxyl radical loss.
On the basis of this chemically mediated optica! switching, compounds of this class may prove to be broadly applicable as
sensitive optical probes for radicals and redox-active species in biological and chemical systems.
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