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Subpicosecond fluorescence anisotropy decay curves have been measured using the fluorescence up-conversion
technigue to examine the rotational dynamics of coumarin 153 (C153) in supercritical fluordfern3Q2

and 310 K). For reduced densitigs € p/pc) 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 neap, = 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 dengity near

0.5, which is consistent with those obtained from the steady-state electronic spectral shifts.

Introduction In the earliest work, Bright and co-worké?sstudied the
Supercritical fluids at temperatures slightly above their critical "otational dynamics of 6-propionyl-2-(dimethylamine)naphtha-
temperaturesT) have unique properties distinct from conven- 1€ne (PRODAN) in supercritical 3O (T, = T/Tc = 1.01). They
tional solvents. Among them, the continuous tunability of the Measured the rotation times of PRODAN in the density region
solvent density from gaslike to liquidlike region with relatively higher thano, = p/pc = 1.0 and found that the rotation times
modest pressure variation is of great interest from viewpoints increased fron~10 ps at high densities to40 ps near the
of fundamental physical chemistry as well as practical applica- critical density. Similar results were observed for the rotation
tions because this accompanies the change in various solventimes of N,N'-bis(2,5tert-butylphenyl)-3,4,9,10-perylenecar-
properties such as solubility, dielectric constant, viscosity: @tc.  boxodiimide (BTBP) in different supercritical fluids (carbon
Studies of solvation in supercritical fluids have revealed that dioxide and fluoroform$® deGrazia et ai* examined the
the local solvent density around the solute is often higher than rotational relaxation of copper 2,2,3-trimethyl-6,6,7,7,8,8,8-
that of the bulk fluid due to the attractive solutsolvent heptafluoro-3,5-octanedionate in supercritical carbon dioxide and
interaction and the high compressibility of the fluid near the reported the similar finding to those of Bright and co-workers.
critical _p0|_ntf"5 It is thus interesting to examine hpw the sol_u_te Anderton and Kauffma8 measured the rotation times of two
dy_namlcs is mflqenced by su_ch unique sol_vat|on_|n superc_rltlc,_al solutes, trans-1,4-diphenylbutadiene (DPB) artans-4-(hy-
fllum.ls. The.rotatlonal dynqmlcs has_ begn mtenswe_ly studied in droxymethyl)stilbene (HMS) in supercritical carbon dioxide (
liquid solutions for a long time and is suitable for this purpbse. _ 1.01). In contrast to the results of Bright and co-workers,

ghere have ?ett;n a Iolt of fxper||mer|1tal stgdle?hon the rOta_tt'pn?lthey observed that the rotation times of both solutes increased
ynamics of the solvent molecule under e supercriical increasing density fronp, = ~0.65 to 2.0. Heitz and

" ; 135 .
goggtl:loc;r; l;z?Ggfa:\.mib:gfi}g%sgogg}oslé%gtg/ sn%a(t)tetrilg\g Maroncell?® also reported the similar results for the rotation
P PY: P P @ P times of BTBP, 1,3,6,8-tetraphenylpyrene, and 9,10-bis(phe-

Kerr effect measuremeit.However, only a few works have avlethvavanthracene (PEA) in ercritical carbon dioxifie
been reported so far that have examined the solute rotational ylethynyl) . ( . ) in supercrit . loxI (
= 1.01). The rotation times of all solutes increased with

dynamics in supercritical fluids. . K ) . . : .
increasing density, which was approximately consistent with
* Corresponding author. E-mail: kometani@a-chem.eng.osaka-cu.ac.jp. sSimple hydrodynamic theories in the density region higher than
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por = 1. The rotation times of PEA were found to deviate from ; 500 T T
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 (T, = T/T; ~ 1.01) andT = 310 K (T,
~ 1.04) using subpicosecond fluorescence up-conversion tech-
nigues 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 detail24~2” The density dependence of the rotation times has
been examined over a wide range of reduced densijes:
0.45-1.8. The results are discussed in comparison with those
in polar aprotic liquid solutions reported by Horng et4l.
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Experimental Section 0 5 10
Time / ps
Laser grade C153 (Lamda Physik) was used as received.Figure 1. Decay curves for the paralleM,| and perpendicular-
Fluoroform (Daikin Industries Ltd., 99.95% purity) was used polarized () components of the fluorescence of C153 in supercritical

- P - fluoroform at ()T = 310 K,P = 9.08 MPa and (b} = 302 K,P =
W'thQUt further purification. The concentrations of sample 4.81 MPa. The wavelength of the monitored fluorescence is 500 nm.
solutions were~5 x 1075 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 elseifhere.
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:¥%\Wibde
laser (Millennia V). The second harmonic radiatidgy(= 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 Time / ps
,CorreSponded to the fluorescence of ‘f’lbOUt 500 nm. The 0Vera”Figure 2. Fluorescence anisotropy decay curves of C153 in super-
instrumental response of the system is about 250 fs (fwhm), ascritical fluoroform at (a)T = 310 K, P = 9.08 MPa and (b} = 302
estimated from the cross-correlation between the excitation andk, P = 4.81 MPa. The solid lines represent the results of fits by eq 2.
fundamental laser pulses. The wavelength of the monitored fluorescence is 500 nm.

The high-pressure optical cell was made of stainless steel
an_d equipped Wit.h two fused quartz windows (4 mm i_n MPa, and (b)T = 302 K, P = 4.81 MPa. The time-resolved
thlckngss). The o.pt|.cal path Iength is2 mm. The sgmplle solution fluorescence anisotropyt) was calculated by
was circulated within the cell with a small magnetic stirrer. The
temperature was controlled by circulating thermostated water 1,0 — 15(0)
and monitored with a thermocouple inserted into the cell. rit) =
Fluoroform was introduced into the cell with a HPLC pump 1y(t) + 21(t) — 3b
(JASCO, SCF get), and pressure was monitored by a strain .
pressure gauge (Kyowa, PGM-500KD). It is noted that the where | (t) and I5(t) denote the parallel- and perpendicular-

pressure-induced polarization scrambling due to the fused quartzP0larized components of the fluorescence with respect to the
is negligible at the pressures studied Hére. polarization of the excitation light, andd is the background

intensity determined by the signal leveltat 0. The magnitude
of b was about 1615% of the signal intensity. It is noted that
Results r(t) was directly calculated from measurgt) andl(t) without
deconvolution, since the instrumental response of the present
Figure 1 shows the typical decay curves for the parallg)- (  system is much shorter than the time scale of rotation times
and perpendicular-polarizethf components of the fluorescence observed here. The anisotropy decay cun@scorresponding
of C153 in supercritical fluoroform at (a)= 310 K,P = 9.08 to Figure 1 are illustrated in Figure 2. To obtain the rotation
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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.

timeszg of C153, ther(t) data were fit to the single-exponential
function

r(t) = r(0) expt-tizg) 2
in whichr(0) andzr 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 tI#N level of the data. It is
found that the resulting(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 repcttg8
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Figure 4. Rotation times of C153 as a function gfT. Filled and
open circles are the rotation times in supercritical fluorofornT &t

302 and 310 K, respectively. Triangles are the literature data in polar
aprotic liquid solvents at atmosphere presseiigne solid line represents
the linear regression (eq 3) to the rotation times in liquid solvents.

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

is given by
2t /1
o=,/ =
94/ kT

wherel is the moment of inertia. According to semiempirical
calculationg* the $—S; transition moment of C153 lies
approximately parallel to the longest molecular axis. It is
therefore not unreasonable to assume that the rotation about

(4)

Figure 3 summarizes the density dependence of the rotationihe axis perpendicular to the aromatic plane of C153 is effective

times of C153 in supercritical fluoroform da= 302 and 310

for the fluorescence anisotropy decay. Under this assumption,

K. The densities were calculated by the equation of state reported; — 57 « 1047 kg:-m2 and 7o = 2.6 ps are calculated. It is

by Rubio and co-worker® The rotation times apr = 0.55
and 0.61 T = 302 K) andp, = 0.45, 0.52, 1.59, and 1.70 &

noted thatrp estimated by eq 4 is not always consistent with
observedry.35 However, the choice of they value has little

310 K) have been measured two or three times and are plottedinf,ence on our final results of effective densities as described

together in Figure 3. It is found that the rotation times at both

below.

temperatures show the similar density dependence. For reduced ; ig noteworthy that eq 3 has been derived under the

densities above 0.9, the rotation timesTat 302 K decrease
with decreasing density from 8.5 ps@t= 1.78 to 5.3 ps apr

= 0.9. The rotation times &t = 310 K also decrease from 7.1
ps atp; = 1.70 to 5.3 ps ap; = 0.9. This trend is somewhat
similar to those observed by Anderton efahnd Heitz et af3
More interesting behavior is found for reduced densities lower
than 0.9. The rotation times increase with decreasing density
up to 8.1 ps ap; = 0.61 (T = 302 K) and 8.7 ps at, = 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 StokeBinstein-
Debye (SED) model, which is based on hydrodynamic theo-
ries3%-31 The SED model assumes the structureless continuum
solvent and the spherical shape of the solute. P&rand
Kivelson et aP® have modified the SED model to take 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 tin#&37 It 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 GOr = 310 K,

or = 0.25-2.0) using computer simulations and compared them
with the experimental resul® They observed that the rotation
times of these solutes calculated using the diffusive-limit
prediction were comparable to those experimentally observed
down top, = 0.5, indicating that the solute rotational motion is
essentially diffusive for densities higher thapn = 0.5. We
recently conducted the computer simulations of C153 in
supercritical fluoroform T = 310 K, p, = 0.25-2.0) and
observed that the angler velocity autocorrelation functions of
C153 decay more rapidly than the orientational correlation
functions beyond, = 0.53° Considering these observations,

effects of shape and size of both solute and solvent moleculesye have suggested that the rotational motion of C153 is diffusive

into account. According to their theory, the rotation time
can be written by

TR=

V—’%fc + 1, 3)

ks

whereV is the hydrodynamic volume of the rotating solute
molecule, n is the solvent viscosityks is the Boltzmann
constantf is a parameter which accounts for the shape of the
solute,C is the boundary condition factor, amglis the inertial

and eq 3 may be applicable in the density region examined here.
As indicated by eq 3, the hydrodynamic model predicts the

linear correlation betweemg and #/T whenV, C, andf are

constant. Figure 4 shows the correlation between the rotation

times of C153 in supercritical fluoroform angdT. Viscosities

of supercritical fluoroform were determined using the model

equation and coefficients reported by Shan e®&or com-

parison, the rotation times of C153 in polar aprotic solvents

reported by Horng et &' are also plotted in Figure 4. Horng

et al. have observed that the rotational dynamics of C153 in
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polar aprotic and hydrogen-bonding solvents behaved identically S r .
and behaved as much as would be expected from a purely I
hydrodynamic model. We have therefore fit eq 3 to the data in 4r

polar aprotic solvents witifC/ks varied andro = 2.6 ps fixed.
The solid line in Figure 4 is the result of fits (fit parameter,
VfClkg = 14.3 uPa’K), 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). o — : :
In the high viscosity region, the behavior of the density

Pt P
T

dependence of the rotation times in supercritical fluoroform is ® +;(1)(2>]I§
similar to that of the model predictions, although they are- 30 g

50% larger than the predictions. This observations are consistent Tt .
with those obtained by Anderton et al. as well as Heitz ét#. g

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. 0—55 i s 2
Biswas and co-workefé measured the density dependence of Reduced density p,

steady-state excitation and emission spectra of C153 in superigyre 5. Effective densities determined from the rotation times as

critical fluoroform (T = 304.3 K). They found that the local  described in the text. The values of (@/p and (b) peri—p)/pc are

solvent density exceeds about 4 times the bulk density and theplotted as a function of reduced density. Filled and open circles represent

density augmentation was maximized ngar= 0.5. It is the data aff = 302 and 310 K, respectively.

therefore reasonable to ascribe the difference between the

observed rotation times and model predictions to the influence shifts is closely parallel to that obtained from the solvent density

of the local density augmentation. The local density can be within the first solvation shell, implying that the length scale

estimated from the rotation times in the same manner as reportedf the local density probed by the spectral shifts is also the order

by Heitz et ak® The effective local densityger, is defined by of molecular size. The similarity in the local densities observed
here may support this fact that the length scale of the rotational

obs \ _ 1(Pe) friction is nearly the same as that probed by the spectral shifts
TR (p) = A T Tt ®) of the solute.

wherer%bs(p) is the observed rotation time at given density and Conclusions
Ais a constant. The valugs= 14.3uPa' K andzy = 2.6 ps,
determined by fitting to the data in polar aprotic solvents, are
used. As aforementioned, 1 ps40%) increase or decrease in
7o results in only 10% variation iperr and no impact on the
general trend of the density dependence. For this reason, th
choice of therp value is not so crucial for the following
discussions in this study.

The relative local densityper/p, and the local density
augmentation factor,pt — p)/pe, 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 than = 1. However, for
densities lower thap, = 1, both the local density augmentation
factor and relative local density increase with decreasing densitypro v(i]c-i)e;-rlﬁ :f%?%éti:ci)sdsuugi (ﬁf;etfg-t Eg-rglcziﬂt \?vﬁz)&i)i)netdri}g% ?gaR- Noyori
and t.he local d_enSIty auQr.nentatlc.)n factor has a maximum at a ~ (2) Supercritical Fluid Engineering Sciene¢undamentals and Ap-
density neapr = 0.5. At this density, gert — p)/pc amounts to plications Kiran, E., Brennecke, J. F., Eds.; ACS Symposium Series 514;
about 1.5 and the local density exceeds about 4 times the bulkAmerican Chemical Society: Washington, DC, 1993. _
density. These observations are surprisingly in good agreement, R(3)E/3F_’F’C“°Rac“%”rse Sosf_Sggggcg‘:tg'nF:élidslénggnd“Str'a' Analysibean,
with those obtained from the steady-state spectral shifts within ™ (';1) Kéiimoto’ O.Chem. Re. 1999 99, 355.
the uncertainties of the datdalthough the magnitude opds (5) Tucker, S. CChem. Re. 1999 99, 391.

— p)/pc deduced from the spectral shifts is about 30% smaller (6) See for exampleRotational Dynamics of Small and Macromol-
than that of this work. The similar observation was reported ecu'fs‘“h ed.; Dorfriller, T., Pecora, R., Eds.; Springer-Verlag: Berlin,
for PEA in supercritical carbon dioxide for reduced densities ™7y jonas, 3.: DeFries, T.: Lamb, W.JJChem. Physl978 68, 2988.
between 0.8 and 1. There is no obvious reason that the (8) Lamb, W. J.; Jonas, J. Chem. Phys1981, 74, 913.

effective densities obtained from the rotation times and the  (9) Zerda, T. W.; Schroeder, J.; JonasJJChem. Phys1981, 75,
spectral shifts should be identical. However, this behavior is 161126 Teukahara T Harada. M- Ikeda. Y- Tomivasu Gherm. L

not unexpected when considering the following facts. The length 20(()0 21, 452%“51 ara, T.; Rarada, M. lkeda, .; Tomiyasu,Ghem. Lett.
scale of the friction sensed by the rotational motion of the solute  (11) Tsukahara, T.; Harada, M.; Tomiyasu, H.; IkedaJYSupercrit.
is expected to be the order of molecular size, since it mainly Fluids 2003 26, 73.

arises from collisions between solute and solvent molecules. 11‘(11?10"43t“bayas'* N.. Nakao, N.; Nakahara, B1.Chem. Phys2001,
On the other hand, according to the recent studies by computer ™ 13) Umecky, T.; Kanakubo, M.; Ikushima, ¥. Phys. Chem. B003

simulations384! the local density estimated from the spectral 107, 12003.

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 pr = 0.45-1.8 at two temperatured, = 302 and 310 K.
®rhe 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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