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racemization of the chiral center, the secondary alcohol at the
point of attachment of the farnesylethyl side chain to the mac-
rocycle of heme a, can occur under acidic conditions and possibly
under basic conditions also, and this is due to the electron-with-
drawing effect of the formyl group. Whether there is racemization
of the porphyrin o chiral center during the preparation process
is not known at this stage, but the dehydration of the secondary
alcohol that happened with porphyrin o appears to be more facile
than expected. The replacement of the formyl group with a methyl
group at position 18 would certainly decrease the acidity of the
a-proton of the secondary alcohol, and might thus lead only to
the elimination of a §-proton in the form of dehydration.

The farnesyl group present in heme @ and heme o may have
important roles for both hemes in their biological functions about
which we can only speculate. One possible role of this side chain
is to act as a lipophilic anchor holding the heme in the proper
position within the membrane protein. Such a role for a hydro-
phobic tail appears to occur for the chlorophyll side chain in the
photosynthetic reaction center.?’ Other roles could be related
to electron transfer.’> Woodruff et al.?? recently proposed that
one of the unsaturated isoprenoid groups of the farnesyl chain
might alternatively coordinate heme iron and the nearby Cu ion
in aas-type cytochrome c¢ oxidases, and that such coordination
might play a significant role in redox-linked proton translocation.

(21) Michel, H.; Diesenhofer, J. Biochemistry 1988, 27, 1.

(22) Woodruff, W. H.; Einarsdéttir, O.; Dyer, R. B.; Bagley, K. A,;
Palmer, G.: Atherton, S. J.; Goldbeck, R. A.; Dawes, T. D.; Kliger, D. S. Proc.
Natl. Acad. Sci. U.S.A. 1991, 88, 2588-2592,

The finding by Puustinen et al?? that the cytochrome o oxidase
is also proton-translocating is consistent with this idea. Considering
the close structural resemblance between these hemes, it is possible
that they are related in biosynthesis. Very few studies on the
biosynthesis of heme a are recorded in the literature, but it is
generally believed that protoporphyrin IX is the biogenetic pre-
cursor.” A likely mechanism for formation of the side chain at
C-3 that uses farnesyl pyrophosphate has been proposed.?* Clezy
and Fookes? reported a decade ago the synthesis of 1b as a possible
precursor of heme a. At that time it was not realized that 1a itself
is a prosthetic group of a natural quinol oxidase. Even now, we
are not certain if porphyrin o is indeed an intermediate in the
biosynthetic pathway of heme a, that is, whether it lies between
protoporphyrin and porphyrin a. This seems to be a worthwhile
objective to pursue in the future.
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Abstract: Absorption and emission spectral maxima, bandwidths, and fractional contribution of twisted intramolecular charge
transfer states to the observed emission of p-(V,N-dimethylamino)benzonitrile (DMABN) and ethyl p-(NV,N-dimethyl-
amino)benzoate (DMAEB) in supercritical CHF3, CO,, and C,H; are presented. By examining a wide range of reduced densities
from 0.05 to 2.2, we have discovered a characteristic density dependence in the spectral shifts in all three fluids. A model
for these spectral effects is proposed, differentiating intermolecular interactions in three distinct regions: gas-phase solute—solvent
clustering, clustering in the near-critical region, and “liquidlike” solvation. Even below a reduced density of 0.5, clustering

of solvent about solute is already prevalent.

Introduction

Molecular spectroscopy in supercritical fluids is a relatively new
research subject, since the utility of this medium in probing solvent
effects on photophysical phenomena has only recently been rec-
ognized.””!! Solvent friction, polarity, and clustering effects, which
are very important in this regard both experimentally and theo-
retically,'>"1* are particularly amenable to study in supercritical
fluids. The unique feature of a supercritical fluid is that its
solvation properties can be continuously varied over a wide range,
making it possible to probe solute-medium interactions without
changing solvent. The density of a supercritical fluid is lower than
the bulk density of the liquid phase, but larger than what is usually
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encountered in clusters in a supersonic jet expansion. Spectroscopic
studies in supercritical fluids of various solute probes can therefore
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be an effective means to understand clustering in terms of sol-
ute-solvent interactions. (Here, clustering refers to the local
density augmentation of solvent molecules about the solute
molecule.211318) - The supercritical fluid also serves as a medium
for the observation of some quite unique phenomena, such as the
so-called “Kramers turnover” in the medium viscosity dependence
of photoisomerization.!”

Molecules which form twisted intramolecular charge transfer
(TICT) states are particularly good for examining solvation effects.
It is well established'® that the TICT state is a highly polar excited
state, very sensitive to medium polarity and polarizability. The
dual fluorescence often observed in these molecules makes a study
of their solvatochromic effects easy and accurate. Recently,
molecules forming TICT states have also been used as models for
transient solvation dynamics on ultrafast time scales.!*

p-(N,N-Dimethylamino)benzonitrile (DMABN) is a proto-
typical precursor for a TICT state. Kajimoto and co-workers have
studied the absorption and fluorescence of DMABN in super-
critical trifluoromethane at 50 °C up to a density of ~0.7 g/mL,*
where the observed solvatochromic effects deviate significantly
from those expected by the Onsager reaction field model.!*0
With extension of this study to the absorption spectra of DMABN
in supercritical ethane at 50 °C up to a density of ~0.2 g/mL,
similar deviations were observed.® These unusual solvatochromic
effects, also observed in other systems,?!~2* were interpreted as
simple aggregation in which the solute molecule clusters with
several solvent molecules.2™*%°

Although these approaches appear to be able to account for
available experimental observations of DMABN qualitatively, the
validity of these interpretations is still in question. After all, these
analyses were based on rather limited experimental observations,
primarily in the low-density region. The overall solvatochromic
behavior of DMABN in ethane, for example, is not clear even
experimentally because data for the postcritical density region
are not available, let alone an applicable theoretical modeling.
A more complete study is necessary before any definite conclusions
can be made.

In the treatment of solvent effects on DMABN and other
molecules, the bathochromic (red) absorption spectral shifts in
both CHF; and ethane were usually attributed solely to the
differences of solvation of the ground and excited states,?* namely,
that the excited state is more stabilized by solvation than the
ground state because of its larger dipole moment. Such energetic
changes should, in principle, be reflected in the emission also.
Since it has been proposed!®?’ that DMABN and ethyl p-(N,N-
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Figure 1. Experimental apparatus.

dimethylamino)benzoate (DMAEB) have different state orderings
on their excited-state potential energy surfaces, a thorough study
of solvatochromic effects on both absorption and emission may
provide valuable insight into such intermolecular interactions.
While the formation of a TICT state in DMABN has been well
established, 82627 despite a few recent arguments,28-32 the situation
for DMAEB seems less clear in the literature. A mechanism that
involves formation of a 1:1 exciplex between DMAEB and a
solvent molecule in dioxane or other polar solvents has been
proposed.’®>  An attempt has also been made to extend this
mechanism to include other compounds such as DMABN.? The
mechanism assumes that in nonpolar hydrocarbon solvents the
emission of DMAERB is from the locally excited Franck—Condon
state, and in dioxane or polar solvents the dual fluorescence is from
two kinds of 1:1 solute-solvent exciplexes (one in a near-planar
geometry and the other in a twisted geometry) in thermodynamic
equilibrium. Although the mechanism appears to be able to
explain the limited experimental results for DMAEB, the as-
sumption that even the planar DMAEB forms a 1:1 exciplex with
solvent is highly questionable. For DMABN, it has been shown3?
that a DMABN-solvent 1:1 cluster formed in a supersonic ex-
pansion does not have dual fluorescence, implying that TICT state
formation requires solvation of the solute by more than one solvent
molecule. Our results for DMAEB in supercritical fluids are also
at odds with the 1:1 exciplex assumption. A delayed fluorescence
mechanism, which better accounts for available experimental
observations of DMABN and DMAESB, is proposed instead.
In a preliminary report from our research group® on DMAEB
in trifluoromethane, we attempted to use steady-state fluorescence
to probe the possible inhomogeneous distribution of solute-solvent
clusters in the near-critical region. In this paper, we report a
comprehensive study of DMABN and DMAEB in both polar
(CHF,) and nonpolar (CO, and ethane) supercritical fluids over
a considerably wider density range than in previous studies. By
using these TICT state forming molecules as probes, characteristic
solute-solvent interactions are examined spectroscopically. A
model is presented to explain the intermolecular interactions at
gaslike, near-critical, and liquidlike densities. The unusual sol-
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Table I. Critical Parameters of CHF;, CO,, and C,H,

1 (°C) P (psia) pe (mol/dm’)
CHF,; 25.6 702.7 7.51
CO, 31.0 1071 10.63
C,H 322 706.5 6.88

vatochromic behavior of DMABN and DMAEB in supercritical
fluids is discussed in terms of solvation and clustering effects on
their excited-state potential energy surfaces.

Experimental Section

Materials. DMABN (Aldrich, 98%) and DMAEB (Aldrich, 99%)
were both repeatedly recrystallized from ethanol/water before being
stored under vacuum for at least 12 h. Trifluoromethane (Linde Halo-
carbon 23, 98%), carbon dioxide (Liquid Carbonic, 99.99%), and ethane
(Big Three Gases, CP grade) were purified with a freshly packed column
of activated carbon. In addition, trifluoromethane was passed through
a silica gel column. Research grade triflucromethane (MG Industry) was
also used as received.

Measurements. Absorption spectra were recorded on a Cary 2300
absorption spectrophotometer. Fluorescence spectra were measured on
an SLM Amico SPF-500C emission spectrophotometer equipped with
a 300-W Xe lamp using a right-angle geometry. Both instruments are
interfaced to personal computers. The high-pressure fluorescence ex-
periments were conducted in a 3-in. cubic stainless steel cell, Figure 1.
A */g-in.-diameter by !/ ,-in.-thick sapphire window was inserted into
each of the four 3/ ¢-in. channels, and a seal was made with a Teflon
O-ring. This cell can withstand pressures of at least 5000 psia. Pressure
was generated by a syringe pump and was measured on a Heise pressure
gauge. The cell temperature was maintained constant (£0.1 °C for
temperatures close to room temperature and £0.2 °C for higher tem-
peratures) by a pair of cartridge heaters, a platinum resistance ther-
mometer, and an Omega RTD temperature controller. Absorption
spectra were obtained either in the cell described above or in a high-
pressure UV cell with two sapphire windows.?

A hexane solution of known optical density was loaded into the cell.
The hexane solvent was evaporated under a slow stream of nitrogen gas.
Spectra at low supercritical fluid densities were collected using the
multiple-averaging mode of the instrument. In order to enhance the S/N
ratio for the weak absorption and emission spectra at low densities, the
measurements were repeated, and then averaged on a personal computer.
All emission spectra were corrected for nonlinear instrumental response.

The densities of the supercritical fluids were calculated from observed
pressures using multiparameter equations of state for CHF;,3% C0O,,%
and ethane.’” Since these equations are pressure explicit, an iterative
computational method was used. The density-dependent properties are
shown on a reduced density p, scale, defined as the ratio of density p to
the critical density p., p, = p/p.. The critical parameters for CHF;, CO,,
and ethane are listed in Table I.

Deconvolution of Dual Fluorescence. The emission spectra of the
TICT state were deconvoluted from the total emission on the basis of the
assumptions that the locally excited state (LE) emission band only shifts
bathochromically with increasing CO, density, but does not change its
shape, and that the TICT emission band is Gaussian:

I(3) = x,elia(p + &9) +xpicri(a/m)V? expl-a(3 - TR} (1)

where I, g(P) is the intensity of the emission spectrum at very low solvent
density, consisting of the LE emission band only, 51T is the TICT band
maximum, and @ is inversely proportional to the square of the full width
at half-maximum (fwhm). A bathochromic shift of the LE emission
band in a spectral mixture is represented by A, so that A¥ is a function
of CO, density. An iterative approach was used for the nonlinear
least-squares fitting. Each observed spectrum was fitted by eq 1 with
three adjustable parameters, x; g, 7157, and g, at a given A value. A
best fit was achieved by gradually varying A%, corresponding to red-
shifting the pure LE emission band, until the minimum of fitting standard
deviation is reached.

A somewhat different approach was used for spectral deconvolution
in CHF,. The dual fluorescence could be well approximated by two
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Figure 2. Absorption (left) and fluorescence (right) spectra of DMAEB
in supercritical (A) CHF,, (B) CO,, and (C) ethane. The solid and
dashed lines represent spectra at low (p, < 0.4) and high (o, > 1.8)
densities, respectively.
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Figure 3. Bathochromic shifts of the DMAEB absorption spectral
maximum (relative to the absorption spectral maximum in absence of
solvent, 285.5 nm) induced by changes in the reduced density of CHF,
at 30.0 °C (0), 44.7 °C (A), and 59.6 °C (O). The critical density is
at p, = 1.

Gaussian functions, Gy g(#¥55,) and Grcp(-~30ST), even at very low
CHF, densities:

1(%) = x1gGLe(FPha) + *1ictGricr(FFEST) (2)
where 7LE, is the LE band maximum.
Results

Absorption and fluorescence of DMABN and DMAEB were
measured isothermally in supercritical trifluoromethane, carbon
dioxide, and ethane over a wide range of pressures up to 5000 psia
(34.5 MPa).

DMAEB in CHF;. The absorption spectra of DMAEB were
measured at 30.0, 44.7, and 59.6 °C. Shown in Figure 2A are



1190 J. Am. Chem. Soc., Vol. 114, No. 4, 1992

10.0 T T T

501 .

RELATIVE INTENSITY

0.0 -
280 350 410 470 530

WAVELENGTH (nm)

Figure 4. Dependence of the total emission intensities and the contri-
bution of the TICT band on CHF, density at 28.0 °C. From the bottom,
p = 0.32, 0.47, 0.87, 1.09, 1.25, and 1.60 mol/dm?.
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Figure 5. Fractional contribution of the TICT state emission of DMAEB
as a function of the reduced solvent density in CHF, at 28.0 °C (0), in
CO, at 33.8 °C (0), and in CO; at 49.7 °C (4).
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representative spectra observed at low (solid line) and high
(dashed) pressures. While the shape of the absorption band
depends only weakly on fluid density, the spectral maximum shifts
significantly to the red as CHF; density increases. The dependence
of the observed absorption maximum on the reduced density of
CHF, at temperatures above the critical temperature are shown
in Figure 3. At all three temperatures, the shifts are large initially
in the low-density region, and then level off just before the critical
density.

The fluorescence spectra were measured at 28.0 °C. Our ability
to reproduce our previous observation® of excitation wavelength
dependence depends on the source of CHF, and may be attributed
to trace impurities in the solvent. The fluorescence spectra of
DMAERB in rigorously purified CHF; are essentially excitation
wavelength independent at both low and high CHF; densities.

The TICT emission starts at very low CHF; density and grows
rapidly in intensity, Figure 4, until a p, of ~0.5 where the relative
intensity of the TICT band becomes essentially constant to a p,
of ~2.2, the upper limit of our apparatus. The total emission
spectra were deconvoluted into contributions of the LE emission
band and the TICT emission band, as described in the Experi-
mental Section. The fractional contribution of the TICT band
as a function of the reduced density of CHF; is shown in Figure
5. Xxmcr increases very rapidly in the low-density region, and then
forms a plateau with an average value of ~0.93. As the density
increases, the TICT band maximum also shifts to the red, in the
same fashion as the intensity: an initial period of large shifts,
followed by almost a plateau (Figure 6). The TICT bandwidth
similarly depends on the CHF; density, decreasing rapidly until
a p, of 0.5 or so, Figure 7. Outside this region, the bandwidth
is eslsentially independent of the solvent density (fwhm = ~5250
cm™),

DMABN in CHF;. Absorption spectra of DMABN were
measured at 28.0 and 59.7 °C. At both temperatures the ab-
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Figure 6. Bathochromic shifts of 71T (relative to the LE band maxi-

mum in the absence of solvent, 330 nm) of DMAEB as a function of the
reduced solvent density in CHF, at 28.0 °C (), in CO, at 33.8 °C (0),
and in CO, at 49.7 °C (A).
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Figure 7. Dependence of the TICT band fwhm of DMAEB on the

reduced solvent density in CHF; at 28.0 °C (), in CO, at 33.8 °C (0),
and in CO, at 49.7 °C (a).
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Figure 8. Bathochromic shifts of the DMABN absorption spectral
maximum (relative to the absorption spectral maximum in absence of
solvent, 270.5 nm) induced by changes in the reduced density of CHF,
at 28.0 °C (0) and 59.7 °C (O). Also shown are the literature values
for DMABN in CHF; at 50 °C (a).4

sorption spectral maximum shifts to the red as the solvent density
increases, in the same fashion as that observed in DMAEB. The
initial large bathochromic shifts in the low-density region are less
pronounced at high temperature than at low temperature, Figure
8. Also shown in the figure are the literature data at 50 °C,*
which only extend to approximately the critical density.

Although the absorption spectra of DMABN and DMAEB are
different, the dependencies of observed spectral bathochromic shifts
on the CHF; density are nearly identical.

DMAEB in CO,. The absorption spectra of DMAEB at 33.8
°C (Figure 2B) shift bathochromically with increasing CO,
density, in parallel with the shifts in CHF;. However, the initial
rapid shifts in the low-density region are much smaller than those
in CHF3, Figure 9. After a plateau near the critical density of
CO,, the bathochromic shift continues to higher densities with
a smaller slope than in the low-density region.
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Figure 9. A comparison between the bathochromic shifts of the ab-
sorption (O, 33.8 °C) and of the emission (4, 33.8 °C; O, 49.7 °C) for
DMAEB in CO,. The reference spectral maxima in the absence of
solvent appear at 285.5 and 330 nm for absorption and emission, re-
spectively.
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Figure 10. Deconvolution of the LE fluorescence (- «-) and the TICT
fluorescence (---) from the total emission spectrum (—) for DMAEB
in CO, at 33.8 °C (p = 20.4 mol/cm?®). The top inset represents the
residual emission.

The fluorescence spectra similarly change continuously with
CO, density. The LE emission band also shifts bathochromically,
in parallel with the absorption band. As the density increases,
the contribution of the TICT emission grows, eventually becoming
a shoulder at ~380 nm (Figure 2B). Asin CHF,, no excitation
wavelength dependence was observed.

The TICT emission band was deconvoluted from the total
emission. Excellent fits of experimental spectra (Figure 10)
confirm the validity of eq 1. The spectral shifts of the deconvoluted
LE emission band at 33.8 and 49.7 °C are plotted against the
reduced density of CO, in Figure 9. Apparently, the bathochromic
shifts are smaller in the LE emission than in absorption. In
contrast, the TICT band is much more sensitive to the solvent
density, Figure 6. While the bathochromic shifts of the TICT
band at the two temperatures are almost parallel in the region
near or higher than the critical density, the shifts are smaller at
49.7 °C than at 33.8 °C in the low-density region. The same is
true for a comparison of the bathochromic shifts of DMAEB in
CHF; and in CO,.

The fractional contributions of the TICT emission (x;cp) are
shown in Figure 5. The xpycr changes with increasing solvent
density in the same fashion as the bathochromic shift of pTICT.
At the same density, the xp,cr is somewhat larger at 49.7 °C than
at 33.8 °C.

Shown in Figure 7 are plots of the TICT bandwidth against
density. Despite expected uncertainties in the low-density region,
in which the TICT emission is weak, the data clearly indicate the
trend of decreasing bandwidth at low densities, followed by a
plateau. The pattern is the same as that observed in CHF;. At
the plateau, the average TICT bandwidth at 49.7 °C (~6150
cm™') is substantially larger than that at 33.8 °C (~5700 cm™).
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Figure 11. A comparison between the bathochromic shifts of the 45~
sorption (O) and of the emission (A) for DMABN in CO,. The reference
spectral maxima in absence of solvent appear at 270.5 and 337 nm for
absorption and emission, respectively.
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Figure 12. An attempted deconvolution of DMABN flucrescence spec-
trum in CO, at 33.8 °C (—) into the LE emissjon band (-«=) and a
Gaussian (---), probably due to the TICT state emission. The top inset
represents the residual emission.

DMABN in CO,. The absorption spectra of DMABN at 33.8
°C undergo similar bathochromic shifts with increasing CO,
density, Figure 11. The dependence of the shift on density for
DMABN is identical to that for DMAEB.

The fluorescence spectra of DMABN were measured at 33.8
°C as a function of CO, density. The spectral maximum also
undergoes bathochromic shifts with increasing CO, density, Figure
11. The shifts were obtained without deconvolution because the
contribution of the TICT state emission, if any, is insignificant.
As CO, density increases, there is a weak extra emission at the
red onset of the LE band. An increase of temperature to 55 °C
hardly increases the relative intensity of the weak red emission.
Shown in Figure 12 is an attempted spectral deconvolution. The
emission spectrum at high CO, density (20.5 mol/dm?) was re-
solved into the LE band and a Gaussian with its maximum at
26800 cm™! and fwhm = 6520 cm™. While it is quite possible
that the weak emission at high CO, density is indeed from the
TICT state of DMABN, represented by the Gaussian in Figure
12, the small fractional contribution even at the highest density
(~8%) and the relatively large fitting residue prevent us from
making a definite conclusion.

DMAEB in Ethane. The absorption and fluorescence spectra
of DMAEB at low and high densities at 34.8 °C are shown in
Figure 2C. The absorption maximum shifts to the red with
increasing density also in the same very characteristic way, as was
observed in CHF; and CO,. Figure 13 is a comparison of the
density dependence of the absorption bathochromic shifts in CHF,,
CO,, and ethane. The shifts in ethane are the least.

There are no TICT emissions in ethane at either 35 or 50 °C,
nor are there shifts of the LE emission band. The fluorescence
spectra of DMAERB in ethane at both temperatures are essentially
independent of the fluid density.
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Figure 13. A comparison for the absorption bathochromic spectral shifts
of DMAEB in CHF, at 30.0 °C (4), in CO, at 33.8 °C (O), and in
ethane at 34.9 °C (0).

Discussion

Bathochromic Shifts. It is very interesting to see that all the
dependencies of the bathochromic shifts on solvent density reported
here follow a single characteristic pattern, despite the differences
in the absolute magnitude of the observed shift from solvent to
solvent. After a rapid change in the low-density region, a plateau
appears under conditions near the critical density, followed by
a second slower change in the high-density region. It is therefore
important to recognize that the critical density is truly critical
for the solvatochromic effects in a supercritical fluid in the sense
that it represents the turning point from the strong density effects
in the gaslike region of a supercritical fluid to the weaker effects
in the liquidlike region. Our experimental results strongly suggest
that the characteristic pattern of density dependence of batho-
chromic shifts is dictated primarily by the solvent properties at
the near critical density region. The solute~solvent interactions
influence the magnitude of the shift, but have little effect on the
shape of the density dependence. In fact, for different solute probes
(DMABN and DMAEB) the bathochromic shifts are nearly the
same for a given fluid, in both absorption and emission.

The model for the characteristic solvatochromism in a super-
critical fluid apparently consists of three regions exhibiting gas-
phase solute-solvent clustering, clustering in the near-critical
region, and “liquidlike” solvation. At low densities in the gas phase,
the addition of each solvent molecule to the solvation shell causes
a large incremental effect on solvatochromism. It is not surprising
that the dielectric continuum theory does not describe this discrete
process. These discrete solute-solvent interactions are quite
different for CHF,, CO,, and ethane, which is to be expected for
these gas-phase clusters. Further evidence for gas-phase clusters
is that radial distribution functions for nonpolar mixtures deviate
from random behavior to a greater extent in the gas phase than
at higher densities. In the other limit at liquidlike densities, the
small bathochromic shifts reflect density effects on solvated solute
molecules, which should follow the Onsager reaction field mod-
¢l.'%2 These two regions will be used to provide a basis to explain
the complex plateau region near the critical density.

At the highest densities in the Onsager continuum region, the
shifts decrease essentially linearly with density. As the density
decreases toward the critical point, the red shifts become greater
than expected on the basis of extrapolation from the high-density
region. This excess solvation has been observed in several systems
with both absorption and fluorescence probes,>”%11:2! and with
computer simulation,'¢*%3° and has been used to determine local
densities. This local density augmentation or clustering of the
solvent about the solute is facilitated by the large free volume and
isothermal compressibility of the near-critical solvent. The sol-
vatochromic shift remains large as the bulk density is decreased
in the plateau region, because the compressibility continues to
grow, maintaining the clusters. Eventually, at low densities in
the gas phase, the clusters disappear rapidly as each solvent

(38) Debenedetti, P. G.; Kumar, S. K. AIChE J. 1988, 34, 645.
(39) Debenedetti, P. G.; Mohamed, R. S. J. Chem. Phys. 1989, 90, 4528.
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Figure 14. A kinetic scheme for TICT state formation in DMAEB and
related molecules.

molecule is stripped from the solvation shell.

It is also instructive to examine the approach to the plateau
region from low densities. As density is increased to p, = 0.5,
the shifts increase strongly as incremental solvent molecules are
added to the solvation shell. At p, = 0.5, the isothermal com-
pressibility of the fluid is already quite large and the gas-phase
clusters are sufficiently well developed to cause large solvato-
chromic shifts. As density is increased further, the effect is small
in the plateau region. There appears to be a limit on how many
solvent molecules the solute can attract in the cluster. Much larger
pressures are required to raise the bulk density up to the local
density of the cluster in the plateau region. Once this is accom-
plished, the bathochromic shifts continue to grow with density
as shown in the high-density region.

Except in the low-density region, the density dependence of the
solvent effects for different supercritical fluids are nearly the same.
Especially worthy of notice is the dependence of xrjcr on solvent
density. In CHF, and CO,, the contribution of the TICT state
emission levels off after an initial rapid increase. Although xqcr
is only about 0.4 at the critical density of CO, (less than half of
that in CHF;), it increases only slightly upon further increase of
CO, density. This behavior again suggests the key interactions
of solute-solvent molecules are those in the solvation shell.

This model predicts that clustering will be less pronounced at
temperatures further away from the critical temperature. The
temperature dependence of the solvatochromic shifts and the TICT
state formation presented here are consistent with the expected
trend, though a wider temperature range is required in order to
make a stronger argument.

The observed clustering effects depend not only on the solvent
character, but also on the nature of the solute probe. The effects
on the highly polar TICT states are stronger than the effects on
the less polar locally excited states. However, the difference again
is greatest in the low-density region of the supercritical fluid.

TICT State Formation in DMAEB. The proposal®® of two
equilibrated 1:1 solute—solvent exciplexes for DMAEB in dioxane
and polar solvents was designed primarily to account for the
observed fluorescence lifetimes: 1.0 ns for the LE band in cy-
clohexane (the second emission band not present), 6.5 ns for both
emission bands in dioxane, and 3.6 ns for both emission bands
in propionitrile. The same fluorescence lifetime for two emission
bands certainly suggests a thermodynamic equilibrium between
the two emitting states. However, the longer lifetime in dioxane
or in a polar solvent such as propionitrile than in a nonpolar
hydrocarbon solvent such as cyclohexane does not at all validate
the assumption that the blue band in the dual fluorescence cor-
responds to an emitting species other than the LE state. In fact,
these observations can be better understood in the framework of
a unimolecular TICT state mechanism.

In nonpolar hydrocarbon solvents, the observed fluorescence
lifetime represents the decay processes of the locally excited state
in the absence of the twisting and charge transfer pathway

TEE = 1/ (k5 + kit + k) (3)
where kkF and kLE are the rate constants of fluorescence and the

overall nonradiative processes, respectively. An additional term,
k,, involving twisting can be neglected in nonpolar solvents. In
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dioxane or polar solvents, the mechanism can be represented by
the simplified kinetic scheme shown in Figure 14. The part of
the schenie surrounded by a dashed line is used to illustrate the
initial excited-state processes, among which the rate of twisting
in the locally excited state k, dominates its decay. The lifetime
of the prompt fluorescence becomes much shorter and temperature
dependent. A recent study of the temperature dependence of
DMABN fluorescence lifetime in toluene® is fully consistent with
this mechanism. After the initial decay, the locally excited state
is repopulated thermally by the TICT state (k_,) and a thermo-
dynamic equilibrium between the locally excited state and the
TICT state is established. Therefore, the “delayed” fluorescence
of the locally excited state and the emission of the TICT state
have the same lifetime, as observed. The prompt fluorescence
of DMAERB in dioxane and propionitrile at room temperature must
be too short lived***! to be detected by the spectrometer used for
the lifetime measurements in ref 33.

The behavior of DMAEB in supercritical fluids is also unlikely
to derive from two 1:1 solute—solvent exciplexes. In CO,, the LE
band shifts bathochromically with increasing density, but its shape
hardly changes at all, making it unlikely that an exciplex is formed.
As discussed in the previous section, the characteristic solvent
density dependence of bathochromic shifts for both the LE band
and the TICT band also suggests a characteristic solvation process,
rather than 1:1 exciplex formation.

A Comparison between DMAEB and DMABN. It has been
proposed that the structures of the low-lying excited states in
DMAEB and DMABN are different, primarily on the basis of
the polarized spectroscopic studies at low temperature.'?5 In
DMABN, the lowest excited singlet state B* (S,) does not carry
much transition probability. Instead, the 'A* state (S,) that is
higher than 'B* is responsible for the absorption. The emission
is presumably from the lowest 'B* state, naturally with a large
Stokes shift. The emission could also be from equilibrated S, and
S, states because of their small energy differences, according to
a recent CNDO-S/CI calculation.*? It has been shown*° that
there is an energy barrier between the locally excited state and
the TICT state along the twisting coordinate, but it is not clear
whether the barrier is due to diabatic crossing or due to the S,-S,
energy gap and an intrinsic barrier on the S, energy surface. In
DMAEB, the !A* state is believed to be lower than the !B* state,
corresponding to a smaller Stokes shift, and the TICT state is
formed adiabatically. Despite these differences, the observed
density dependencies of absorption spectral bathochromic shifts
in DMABN and DMAEB are nearly identical, indicating that
the transitions in the two molecules are indeed of the same
character.

The bathochromic shifts of the LE emission bands in DMABN
and DMAERB are also very similar, although the emitting states
in the two molecules are assumed to be different. It is likely that
the 'B* state in DMABN borrows transition probability from the
1A * state, so the solvent effects on the !A* state must have been
borrowed as well. Since the bathochromic shifts of the LE band
are small, it is hard to distinguish minor differences between the
two molecules.

In CO,, significant TICT state emission was observed for
DMAEB, but not for DMABN. This is consistent with obser-
vations in liquid solvents.’® It is likely that in DMAEB the
formation of the TICT state is an adiabatic process on the 'A*
surface, while in DMABN it involves a 'B* to !A* crossing. In
CHF,;, the increase of the fractional contribution of the TICT state
emission with increasing solvent density is also faster in DMAEB
than in DMABN 4

A Comparison between Absorption and Emission. The signif-
icant difference between solvent effects on absorption and on
emission is interesting. It raises questions about previous treat-

(40) Leinhos, U.; Kuhnle, W.; Zachariasse, K. A. J. Phys. Chem. 1991,
95, 2013,

(41) Rulliere, C.; Crabowski, Z. R.; Dobkowski, J. Chem. Phys. Lett. 1987,
137, 408.

(42) Majumdar, D; Sen, R.; Bhattacharyya, K.; Bhattacharyya, S. P. J.
Phys. Chem. 1991, 95, 4324,
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ments of solvatochromic effects on DMABN,*° in which the
absorption spectral bathochromic shifts were assigned exclusively
to the difference between the dipole moment of the ground state
and the excited state, with no change in molecular geometry being
considered. If so, the bathochromic shifts in emission should be
at least as large as those observed in absorption. In the context
of the Onsager reaction field theory,!®20 the solvent effect on the
Stokes shift A% can be evaluated according to the Lippert-Mataga
equation*344

Av = Abgg + 2[(ue = ug)?/ hea’] Af 4

where A¥, is the Stokes shift in the absence of a medium, a is
the Onsager distance, u, and u, are the electric dipole moments
of the locally excited state and the ground state, respectively, and
Af is a function of solvent dielectric constants. Since Af increases
with increasing supercritical fluid density, eq 4 predicts that the
Stokes shift will also increase with density. Therefore, the observed
decrease of the Stokes shift with increasing density suggests a more
complicated picture about the solvatochromism of DMABN and
DMAEB. It is likely that the shape of the potential energy surface
of the locally excited state, perhaps even the ground state, also
changes with solvent density. This change must be responsible
for at least part of the observed absorption bathochromic spectral
shifts. Since the emission in these molecules is expected to be
from a relaxed excited state, the shift in emission spectra is
probably a better measure for the actual solvent effects on the
transition energy.

Solvent Effects on the Excited-State Energy Surface. The dipole
moments of an excited molecule differ along the excited-state
energy surface, corresponding to different twisted geometries. For
example, dipole moments of the locally excited state and the TICT
state are different. Therefore, the energy surface will not just
move up or down with solvent density or polarity, but will change
its shape as well.** For both DMABN* and DMAEB, the results
show that the TICT states undergo much larger bathochromic
shifts than the locally excited states, consistent with the highly
polar nature of the TICT state. Since the locally excited state
and the TICT state are in thermodynamic equilibrium, the
equilibrium constant K can be written as

K = (T / ) KFT/ k") = (xmer /xLe) (KT / kEF) !
(%)

where xrjcr/xg is the observed fluorescence g_lrlantum yield ratio
of the two emitting states and kiF and kT'“T are fluorescence
radiative rate constants of the locally excited state and the TICT
state, respectively. The 0,0 transition at the perpendicular ge-
ometry is Franck-Condon forbidden, and the fluorescence spec-
trum of the TICT state is believed to be due to hot emission from
upper vibrational levels.'® Therefore

kPCT = ;}k;’,ﬂ exp(ihy /kT) (6)

where kf!CT is the fluorescence radiative rate constant corre-
sponding to vibrational level i, and v is the vibration frequency.

The solvent effects on this equilibrium can be evaluated:
In (xmicr/xe) = -AH/RT + [AS/R + In (KP'T/kEE)] (7)

The enthalpy difference AH can be approximated by the 0,0
splitting of the two emission bands:
AH =Rl = GRS ) + AR, (®)

where AH, is a constant correcting the difference between the 0,0
splitting and the splitting of the spectral maxima. Equation 7 can
therefore be rewritten as

In (xmycr/*Le) = (1/ R - 7S /T1 +
[AS/R + In (kP“T/kEE) - AH./RT] (9)

(43) Lippert, E. Ber. Bunsen-Ges. Phys. Chem. 1957, 61, 962.

(44) Mataga, N; Kaifu, Y.; Koizumi, M. Bull. Chem. Soc. Jpn. 1956, 29,
115, 465.

(45) Hicks, J. M,; Vandersall, M. T.; Sitzmann, E. V,; Eisenthal, K. B.
Chem. Phys. Lett. 1987, 135, 413.
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Figure 15. Dependence of the relative fluorescence quantum yields of
the two emitting states on the energy difference between the TICT state
and the LE state (eq 9) for DMAEB in CO, at 33.8 °C (0O) and 49.7
°C (4). The lines are the best linear least-squares fits with slope 0.367
and 0.303 mol K/cm™, intercept —4.50 and -2.83, and v = 0.97 and 0.98
for 33.8 and 49.7 °C, respectively.
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Figure 16. Dependence of the relative fluorescence quantum yields of
the two emitting states on the energy difference between the TICT state
and the LE state (eq 9) for DMAEB in CHF, at 28.0 °C. The line is
the best linear least-squares fit with slope 0.265 mol K/cm‘l, intercept
-2.75, and v = 0.95.

Under the assumgtion that changes of entropy AS and fluorescence
rate constants kT and kEF with density are negligible, an iso-
thermal plot of In (xpjcr/x ) against #1ST - $EE ) /T should be
linear with a slope of 1/R (1.439 mol K/em™). The plots for
DMAEB in CO, at 33.8 and 49.7 °C are shown in Figure 15.
They are almost linear, but the slopes (0.363 and 0.303 mol
K/cm™! for low and high temperatures, respectively) are much
smaller than 1/R. A similar plot for DMAEB in CHF; is shown
in Figure 16. Again the slope 0.265 mol K/cm™ is much smaller
than 1/R. The deviation probably derives from the entropy change
and the density dependence of kI'“T. In addition, solvent effects
on interactions between the LE state and TICT state, which can
be more complicated than a simple equilibrium, may also lead
to deviation from eq 5.

Since the volume of a solvated zwitterionic species, which is
similar to a TICT state, decreases with improved solvation,* its
entropy decreases as well. Likewise, the entropy of a TICT state
should decrease as the solvent density increases. This effect is
more pronounced for the TICT state than for the locally excited
state, compensating for the change of enthalpy. Such a correlation

(46) Morais, J.; Ma, J.; Zimmt, M. B. J. Phys. Chem. 1991, 95, 3885.
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Figure 17. Correlation between the bathochromic shifts of the TICT

band maximum and the bandwidth (fwhm) for DMAEB in CHF; at 28.0
°C.

between the enthalpy change and the entropy change, known as
the extrathermodynamic relationship, has also been observed in
many other systems,*748

It is likely that kI'°T also changes with density because of the
change in » (eq 6). As the solvent density increases, stabilization
of the TICT state is accompanied by increased curvature of the
energy surface around the twisted Tgeometry. Consequently, the
energy gap hv increases and k}'CT decreases (eq 6).

Such an energy gap change also has an impact on the emission
bandwidth. Isothermally, an increase in the energy gap will result
in a decrease in the TICT emission bandwidth because fewer
vibrational levels can be accessed. As shown in Figure 17 for
DMAERB in CHF;,, the rapid decrease of the TICT band fwhm
in the low-density region correlates well with the large batho-
chromic shifts of the TICT band maximum. The larger TICT
emission bandwidths of DMAEB in CO, than in CHF; are
consistent with the expectation. Another possibility is that the
polydispersity of the clusters increases at low densities.'!

Also consistent with this expectation is the effect of temperature
on the bandwidth. The TICT emission bandwidths of DMAEB
in CO, at 49.7 °C are larger than those of 33.8 °C, apparently
because the higher temperature allows access to more vibrational
levels.

Finally, the special solvent effects of supercritical CQ, are
somewhat ambiguous. Carbon dioxide is a nonpolar solvent and
is of comparable polarizability to ethane, yet it causes significantly
larger solvatochromic shifts than ethane for both DMABN and
DMAEB and stabilizes the twisted excited state of DMAEB
enough to favor the TICT state. Tentatively, we assume that this
effect is related to the large quadrupole moment and the acidity
of CO,,* but further investigation is required in order to make
a definite assessment.
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