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Subpicosecond fluorescence anisotropy decay curves have been measured using the fluorescence up-conversion
technique to examine the rotational dynamics of coumarin 153 (C153) in supercritical fluoroform (T ) 302
and 310 K). For reduced densities (Fr ) F/Fc) above 0.9, the rotation times of C153 increase with density. For
reduced densities lower than 0.9, the rotation times increase with decreasing density and has a maximum at
a density nearFr ) 0.5. The comparison with the extrapolation of the data in polar aprotic solvents indicates
that the local solvent density around the solute exceeds about 4 times the bulk density at a density nearFr )
0.5, which is consistent with those obtained from the steady-state electronic spectral shifts.

Introduction

Supercritical fluids at temperatures slightly above their critical
temperatures (Tc) have unique properties distinct from conven-
tional solvents. Among them, the continuous tunability of the
solvent density from gaslike to liquidlike region with relatively
modest pressure variation is of great interest from viewpoints
of fundamental physical chemistry as well as practical applica-
tions because this accompanies the change in various solvent
properties such as solubility, dielectric constant, viscosity, etc.1-3

Studies of solvation in supercritical fluids have revealed that
the local solvent density around the solute is often higher than
that of the bulk fluid due to the attractive solute-solvent
interaction and the high compressibility of the fluid near the
critical point.4,5 It is thus interesting to examine how the solute
dynamics is influenced by such unique solvation in supercritical
fluids. The rotational dynamics has been intensively studied in
liquid solutions for a long time and is suitable for this purpose.6

There have been a lot of experimental studies on the rotational
dynamics of the solvent molecule under the supercritical
conditions using NMR spectroscopy,7-13 light scattering
spectroscopy,14-16 far-IR absorption spectroscopy,17 and optical
Kerr effect measurement.18 However, only a few works have
been reported so far that have examined the solute rotational
dynamics in supercritical fluids.

In the earliest work, Bright and co-workers19 studied the
rotational dynamics of 6-propionyl-2-(dimethylamine)naphtha-
lene (PRODAN) in supercritical N2O (Tr ) T/Tc ) 1.01). They
measured the rotation times of PRODAN in the density region
higher thanFr ) F/Fc ) 1.0 and found that the rotation times
increased from∼10 ps at high densities to∼40 ps near the
critical density. Similar results were observed for the rotation
times of N,N′-bis(2,5-tert-butylphenyl)-3,4,9,10-perylenecar-
boxodiimide (BTBP) in different supercritical fluids (carbon
dioxide and fluoroform).20 deGrazia et al.21 examined the
rotational relaxation of copper 2,2,3-trimethyl-6,6,7,7,8,8,8-
heptafluoro-3,5-octanedionate in supercritical carbon dioxide and
reported the similar finding to those of Bright and co-workers.

Anderton and Kauffman22 measured the rotation times of two
solutes,trans-1,4-diphenylbutadiene (DPB) andtrans-4-(hy-
droxymethyl)stilbene (HMS) in supercritical carbon dioxide (Tr

) 1.01). In contrast to the results of Bright and co-workers,
they observed that the rotation times of both solutes increased
with increasing density fromFr ) ∼0.65 to 2.0. Heitz and
Maroncelli23 also reported the similar results for the rotation
times of BTBP, 1,3,6,8-tetraphenylpyrene, and 9,10-bis(phe-
nylethynyl)anthracene (PEA) in supercritical carbon dioxide (Tr

) 1.01). The rotation times of all solutes increased with
increasing density, which was approximately consistent with
simple hydrodynamic theories in the density region higher than* Corresponding author. E-mail: kometani@a-chem.eng.osaka-cu.ac.jp.
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Fr ) 1. The rotation times of PEA were found to deviate from
hydrodynamic predictions for densities near and below the
critical density, which was attributed to the local solvent density
augmentation around the solute.

In the present study, we have measured time-resolved
fluorescence anisotropy of coumarin 153 (C153) in supercritical
fluoroform atT ) 302 K (Tr ) T/Tc ≈ 1.01) andT ) 310 K (Tr

≈ 1.04) using subpicosecond fluorescence up-conversion tech-
niques to examine the rotational dynamics of the solute. C153
has been employed as a probe, as its steady-state spectral
properties in several supercritical fluids as well as the rotation
times in a variety of liquid solvents have already been studied
in detail.24-27 The density dependence of the rotation times has
been examined over a wide range of reduced densities:Fr )
0.45-1.8. The results are discussed in comparison with those
in polar aprotic liquid solutions reported by Horng et al.24

Experimental Section

Laser grade C153 (Lamda Physik) was used as received.
Fluoroform (Daikin Industries Ltd., 99.95% purity) was used
without further purification. The concentrations of sample
solutions were∼5 × 10-5 M.

Time-resolved fluorescence anisotropies were measured using
the fluorescence up-conversion technique. The setup of the up-
conversion laser system has been already described elsewhere.26

In brief, a 800 nm laser pulse (80 fs duration, 80 MHz repetition
rate) was generated by a mode-locked Ti:sapphire laser (Spectra
Physics, Tsunami model 3960) pumped by a Nd:YVO3 diode
laser (Millennia V). The second harmonic radiation (λex ) 400
nm) was generated by a 1.5 mm LBO crystal and used as an
excitation. To obtain the parallel and perpendicular polarized
components of the sample fluorescence, the polarization of the
excitation light was controlled with a Glan-laser prism and a
half-wave plate placed in the front of the sample cell. The
fluorescence was focused on a 0.5 mm BBO crystal with a lens.
The residual fundamental beam was subject to a variable optical
delay and focused on the same BBO crystal with a lens for
up-converting the sample fluorescence. The up-converted light
was filtered, monochromatized by a monochromator (Oriel,
model 77200), and detected with a photomultiplier. The
wavelength of the up-converted light was 305 nm, which
corresponded to the fluorescence of about 500 nm. The overall
instrumental response of the system is about 250 fs (fwhm), as
estimated from the cross-correlation between the excitation and
fundamental laser pulses.

The high-pressure optical cell was made of stainless steel
and equipped with two fused quartz windows (4 mm in
thickness). The optical path length is 2 mm. The sample solution
was circulated within the cell with a small magnetic stirrer. The
temperature was controlled by circulating thermostated water
and monitored with a thermocouple inserted into the cell.
Fluoroform was introduced into the cell with a HPLC pump
(JASCO, SCF get), and pressure was monitored by a strain
pressure gauge (Kyowa, PGM-500KD). It is noted that the
pressure-induced polarization scrambling due to the fused quartz
is negligible at the pressures studied here.28

Results

Figure 1 shows the typical decay curves for the parallel- (I|)
and perpendicular-polarized (I⊥) components of the fluorescence
of C153 in supercritical fluoroform at (a)T ) 310 K,P ) 9.08

MPa, and (b)T ) 302 K, P ) 4.81 MPa. The time-resolved
fluorescence anisotropyr(t) was calculated by

where I|(t) and I⊥(t) denote the parallel- and perpendicular-
polarized components of the fluorescence with respect to the
polarization of the excitation light, andb is the background
intensity determined by the signal level att < 0. The magnitude
of b was about 10-15% of the signal intensity. It is noted that
r(t) was directly calculated from measuredI|(t) andI⊥(t) without
deconvolution, since the instrumental response of the present
system is much shorter than the time scale of rotation times
observed here. The anisotropy decay curvesr(t) corresponding
to Figure 1 are illustrated in Figure 2. To obtain the rotation

Figure 1. Decay curves for the parallel- (I|) and perpendicular-
polarized (I⊥) components of the fluorescence of C153 in supercritical
fluoroform at (a)T ) 310 K, P ) 9.08 MPa and (b)T ) 302 K, P )
4.81 MPa. The wavelength of the monitored fluorescence is 500 nm.

Figure 2. Fluorescence anisotropy decay curves of C153 in super-
critical fluoroform at (a)T ) 310 K, P ) 9.08 MPa and (b)T ) 302
K, P ) 4.81 MPa. The solid lines represent the results of fits by eq 2.
The wavelength of the monitored fluorescence is 500 nm.

r(t) )
I|(t) - I⊥ (t)

I|(t) + 2I⊥(t) - 3b
(1)
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timesτR of C153, ther(t) data were fit to the single-exponential
function

in which r(0) andτR were varied as parameters. The solid lines
in Figure 2 represent the example of such fits. For all data sets,
the single-exponential function was sufficient to reproduce the
anisotropy decay curves within theS/N level of the data. It is
found that the resultingr(0) values are 0.36( 0.03 for all data
sets, which is slightly lower than the theoretical limiting value
for the parallel transition dipole between absorption and emission
and agrees with the previous reports.24,26

Figure 3 summarizes the density dependence of the rotation
times of C153 in supercritical fluoroform atT ) 302 and 310
K. The densities were calculated by the equation of state reported
by Rubio and co-workers.29 The rotation times atFr ) 0.55
and 0.61 (T ) 302 K) andFr ) 0.45, 0.52, 1.59, and 1.70 (T )
310 K) have been measured two or three times and are plotted
together in Figure 3. It is found that the rotation times at both
temperatures show the similar density dependence. For reduced
densities above 0.9, the rotation times atT ) 302 K decrease
with decreasing density from 8.5 ps atFr ) 1.78 to 5.3 ps atFr

) 0.9. The rotation times atT ) 310 K also decrease from 7.1
ps atFr ) 1.70 to 5.3 ps atFr ) 0.9. This trend is somewhat
similar to those observed by Anderton et al.22 and Heitz et al.23

More interesting behavior is found for reduced densities lower
than 0.9. The rotation times increase with decreasing density
up to 8.1 ps atFr ) 0.61 (T ) 302 K) and 8.7 ps atFr ) 0.53
(T ) 310 K), and then begin to decrease with decreasing density.

Discussion

The earliest theoretical approach to describe molecular
rotational motion in liquid solutions is the Stokes-Einstein-
Debye (SED) model, which is based on hydrodynamic theo-
ries.30,31 The SED model assumes the structureless continuum
solvent and the spherical shape of the solute. Perrin32 and
Kivelson et al.33 have modified the SED model to take the
effects of shape and size of both solute and solvent molecules
into account. According to their theory, the rotation timeτR

can be written by

where V is the hydrodynamic volume of the rotating solute
molecule, η is the solvent viscosity,kB is the Boltzmann
constant,f is a parameter which accounts for the shape of the
solute,C is the boundary condition factor, andτ0 is the inertial

rotor time of the solute, respectively. The inertial rotor timeτ0

is given by34

whereI is the moment of inertia. According to semiempirical
calculations,24 the S0-S1 transition moment of C153 lies
approximately parallel to the longest molecular axis. It is
therefore not unreasonable to assume that the rotation about
the axis perpendicular to the aromatic plane of C153 is effective
for the fluorescence anisotropy decay. Under this assumption,
I ) 5.7 × 10-47 kg‚m2 and τ0 ) 2.6 ps are calculated. It is
noted thatτ0 estimated by eq 4 is not always consistent with
observedτ0.35 However, the choice of theτ0 value has little
influence on our final results of effective densities as described
below.

It is noteworthy that eq 3 has been derived under the
assumption that the rotational motion is completely diffusive.
This assumption will break down in the case of the low-density
gaseous region where the time between the binary collisions is
comparable to the rotation time.36,37It is therefore important to
discuss the applicable density region of eq 3 in the present
system. Patel and co-worker have examined the rotational
dynamics of HMS and DPB in supercritical CO2 (T ) 310 K,
Fr ) 0.25-2.0) using computer simulations and compared them
with the experimental results.38 They observed that the rotation
times of these solutes calculated using the diffusive-limit
prediction were comparable to those experimentally observed
down toFr ) 0.5, indicating that the solute rotational motion is
essentially diffusive for densities higher thanFr ) 0.5. We
recently conducted the computer simulations of C153 in
supercritical fluoroform (T ) 310 K, Fr ) 0.25-2.0) and
observed that the angler velocity autocorrelation functions of
C153 decay more rapidly than the orientational correlation
functions beyondFr ) 0.5.39 Considering these observations,
we have suggested that the rotational motion of C153 is diffusive
and eq 3 may be applicable in the density region examined here.

As indicated by eq 3, the hydrodynamic model predicts the
linear correlation betweenτR and η/T when V, C, and f are
constant. Figure 4 shows the correlation between the rotation
times of C153 in supercritical fluoroform andη/T. Viscosities
of supercritical fluoroform were determined using the model
equation and coefficients reported by Shan et al.40 For com-
parison, the rotation times of C153 in polar aprotic solvents
reported by Horng et al.24 are also plotted in Figure 4. Horng
et al. have observed that the rotational dynamics of C153 in

Figure 3. Rotation times of C153 in supercritical fluoroform as a
function of reduced density. Filled and open circles denote the rotation
times atT ) 302 and 310 K, respectively.

r(t) ) r(0) exp(-t/τR) (2)

τR ) Vη
kBT

fC + τ0 (3)

Figure 4. Rotation times of C153 as a function ofη/T. Filled and
open circles are the rotation times in supercritical fluoroform atT )
302 and 310 K, respectively. Triangles are the literature data in polar
aprotic liquid solvents at atmosphere pressure.12 The solid line represents
the linear regression (eq 3) to the rotation times in liquid solvents.

τ0 ) 2π
9 x I

kBT
(4)
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polar aprotic and hydrogen-bonding solvents behaved identically
and behaved as much as would be expected from a purely
hydrodynamic model. We have therefore fit eq 3 to the data in
polar aprotic solvents withVfC/kB varied andτ0 ) 2.6 ps fixed.
The solid line in Figure 4 is the result of fits (fit parameter,
VfC/kB ) 14.3 µPa-1K), demonstrating the good agreement
between the experiment and theory as mentioned above.

We now compare the rotation times of C153 in supercritical
fluoroform with those extrapolated from the data in liquid
solvents by the modified SED model (solid line in Figure 4).
In the high viscosity region, the behavior of the density
dependence of the rotation times in supercritical fluoroform is
similar to that of the model predictions, although they are 30-
50% larger than the predictions. This observations are consistent
with those obtained by Anderton et al. as well as Heitz et al.22,23

However, the rotation times at medium and low viscosities are
at most∼400% larger than the model predictions, and the
behavior of the density dependence is completely different.
Biswas and co-workers27 measured the density dependence of
steady-state excitation and emission spectra of C153 in super-
critical fluoroform (T ) 304.3 K). They found that the local
solvent density exceeds about 4 times the bulk density and the
density augmentation was maximized nearFr ) 0.5. It is
therefore reasonable to ascribe the difference between the
observed rotation times and model predictions to the influence
of the local density augmentation. The local density can be
estimated from the rotation times in the same manner as reported
by Heitz et al.23 The effective local density,Feff, is defined by

whereτR
obs(F) is the observed rotation time at given density and

A is a constant. The valuesA ) 14.3µPa-1 K andτ0 ) 2.6 ps,
determined by fitting to the data in polar aprotic solvents, are
used. As aforementioned, 1 ps (∼40%) increase or decrease in
τ0 results in only 10% variation inFeff and no impact on the
general trend of the density dependence. For this reason, the
choice of theτ0 value is not so crucial for the following
discussions in this study.

The relative local density,Feff/F, and the local density
augmentation factor, (Feff - F)/Fc, at T ) 302 and 310 K
obtained in this manner are shown in Figure 5. It is found for
both temperatures that the local density augmentation is not so
remarkable for densities higher thanFr ) 1. However, for
densities lower thanFr ) 1, both the local density augmentation
factor and relative local density increase with decreasing density
and the local density augmentation factor has a maximum at a
density nearFr ) 0.5. At this density, (Feff - F)/Fc amounts to
about 1.5 and the local density exceeds about 4 times the bulk
density. These observations are surprisingly in good agreement
with those obtained from the steady-state spectral shifts within
the uncertainties of the data,27 although the magnitude of (Feff

- F)/Fc deduced from the spectral shifts is about 30% smaller
than that of this work. The similar observation was reported
for PEA in supercritical carbon dioxide for reduced densities
between 0.8 and 1.9.23 There is no obvious reason that the
effective densities obtained from the rotation times and the
spectral shifts should be identical. However, this behavior is
not unexpected when considering the following facts. The length
scale of the friction sensed by the rotational motion of the solute
is expected to be the order of molecular size, since it mainly
arises from collisions between solute and solvent molecules.
On the other hand, according to the recent studies by computer
simulations,38,41 the local density estimated from the spectral

shifts is closely parallel to that obtained from the solvent density
within the first solvation shell, implying that the length scale
of the local density probed by the spectral shifts is also the order
of molecular size. The similarity in the local densities observed
here may support this fact that the length scale of the rotational
friction is nearly the same as that probed by the spectral shifts
of the solute.

Conclusions

The present study has demonstrated how the rotational
dynamics of C153 in supercritical fluoroform is influenced by
the local density augmentation around the solute for densities
of Fr ) 0.45-1.8 at two temperatures,T ) 302 and 310 K.
The magnitude of the local density augmentation estimated from
the rotation times is in good agreement with those deduced from
the steady-state spectral shifts, implying that the length scale
of the friction sensed by the rotation of C153 is almost the same
as that on which the spectral shifts are influenced by the
surrounding solvent.
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