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ABSTRACT: Fluorescence anisotropy measurements reveal a non-
monotonic density dependence for average rotation time (τR) of a
polar solute, coumarin153 (C153) in polar supercritical fluoroform
(CHF3). The conventional Stokes-Einstein-Debye model, relat-
ing τR to the solvent viscosity, fails to explain the observed density
dependence, because the experimental viscosity increases mono-
tonously with density for a fluid, in general. Here, the density-
dependent τR is calculated by incorporating the wave vector-dependent viscosity of the solvent and the solute-solvent
interaction. Amolecular hydrodynamic description is used for the wave vector-dependent viscosity which is verified bymolecular
dynamics (MD) simulation. A justification for the applicability of the present prescription is provided by reproducing the
experimental viscosity of supercritical (SC) CHF3. Solute-solvent interaction has been included via the fluctuating torque
acting on the rotating solute. Incorporation of wave vector-dependent viscosity leads to a qualitative description of the
experimental density dependence of τR which is further improved upon inclusion of solute-solvent interaction.

1. INTRODUCTION

A fluid phase slightly above the gas-liquid critical tempera-
ture is broadly regarded as a SC fluid.1 It is highly compressible,
offering large tunability of density by mild pressure variations.
Pedagogically, the solvent-density dependence of several non-
equilibrium rate processes near room temperature can be studied
in SC fluids like carbon dioxide, fluoroform, ethane, etc., having a
critical temperature (Tc) close to room temperature.2 Specifi-
cally, rotational dynamics of aromatic solutes in a SC fluid can
supply valuable information regarding the nature of solute-
solvent coupling3-5 and the local environment of the solute. For
fluorescent solutes in different media, the rotational dynamics of
the solute is usually followed by measuring the time-dependent
fluorescence anisotropy6 r(t). In the case of large solutes, r(t)
generally follows an exponential decay, with a characteristic time
scale for the solute rotation. Sometimes there can be multi-
exponential decay. One then obtains via time integration of the
normalized r(t) an average rotational correlation time, τR, con-
ventionally called the rotation time. This τR is dominated by the
longer time scale in the case of a multiexponential decay.

The r(t) decay of C153 (Coumarin 153) in SCCHF3 has been
reported7 to be single exponential for all solvent densities. The
observed τR is nearly temperature insensitive with a nonmono-
tonic variation between 5 and 9 ps as the fluid density (F)
increases. In spite of large uncertainties, there is a clear maximum
near Fr (=F/Fc, Fc being the critical density of the fluid) = 0.6
with τR ≈ 8 ps and a minimum around Fr = 1.0 with τR ≈ 5 ps.
The conventional Stokes-Einstein-Debye (SED) model4,7-10

for solute rotation predicts for a spherical rotor in the limit of
stick boundary condition10 τR = ηVp/kBT, where η is the shear
viscosity of the solvent, Vp themolecular volume of the rotor, and

kBT the Boltzmann constant times the absolute temperature.
Since η for a fluid including the SC fluids in general mono-
tonically increases11with density, thismodel fails to explain the above
complex density dependence of τR in SC CHF3 (Tc = 299 K).2

The SED model has two major drawbacks:
(1) Being based on a purely continuum description of the

molecular solvent, it does not consider the effects of
solvent structure on τR. The SC fluids have large com-
pressibility. In a fluid composed of spherical molecules of
diameter σ, the spatial arrangement of molecules can be
described by the wave vector (k) dependent static struc-
ture factor,12-14 S(kσ). Note that the compressibility is
the long-wavelength limit of S(kσ). Therefore, S(kσ) may
have a crucial role in the observed complex density
dependence of τR.

(2) The solute-solvent interaction has not been included in
the above model. Several workers attempted3-5,15-18 to
incorporate the effects of solute-solvent interaction on
solute rotation. In particular, the concept of dielectric
friction19 has been invoked to address the change in the
friction experienced by a rotating polar solute due to
electrostatic interactions. However, none of the above
works conclusively support this picture. Relatively recent
work17 suggests that the additional friction due to solute-
solvent interaction is attributable to a static ‘electrostric-
tion’ effect. This is believed to originate from the en-
hanced solvent structure in the first solvation shell20
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around the solute due to electrical interaction between
the solute and the solvent molecules. Another interesting
factor encouraging inclusion of solute-solvent interaction is
the ‘local density augmentation’ (LDA)2,4,7,9,21-27observed
during solvation in a SC solvent. As one approaches the
critical density from low Fr, the solvent density around a
dissolved solute becomes much larger than the bulk density
of the SC solvent. This unusual enhancement of local
density is termed as the LDA. For C153 in SC CHF3, the
maximum in τR and LDA occurs2 around the same Fr. Note
that such LDA is an outcome of strong solute-solvent
coupling overcoming large length scale density fluctuations
near the critical point. Therefore, the solute-solvent inter-
action may have a significant role in solute rotation in a SC
polar fluid. Note that amodified SEDmodel4,10 includes the
effects of solute-solvent interaction via two phenomeno-
logical parameters: a boundary condition factor and a solute
shape factor.

Here, we introduce a theoretical framework to calculate the τR
of a polar solute in a polar fluid incorporating the contributions of
both solvent structure and solute-solvent dipolar interaction.
Basically, the same conventional SED theory is used with a
couple of ramifications.
(1) The hydrodynamic viscosity η is replaced with the wave

vector-dependent viscosity η(kσ) of the fluid which
brings in S(kσ) directly into the picture. This is done
based on molecular hydrodynamic arguments, leading to
an analytical expression of η(kσ) which is verified via a
MD simulation. We also show how to extract the experi-
mental η for a SC fluid from η(kσ). This modification to
the SED model captures qualitatively the experimentally
observed nontrivial density dependence of τR in SC CHF3.

(2) The effect of the solute-solvent interaction is included by
considering the rotational relaxation of the excited solute
in fluorescence depolarization experiments. In such ex-
periments, anisotropy in polarization is created by photo-
exciting a dissolved solute. This anisotropy in polarization
subsequently relaxes to a new equilibrium via rotational
diffusion of the solute. Let us consider a small angular
displacement of the solute dipole from its final solvent-
equilibrated orientation in the background of the solvent
dipoles (see Scheme 1). The solute dipole would then

tend to relax back to its equilibrium orientation by
rotational diffusion under the action of torque generated
via the solute-solvent interaction.

2. WAVE VECTOR-DEPENDENT VISCOSITY

a. Case of a Normal Liquid. Let us first consider η(kσ) of a
normal liquid. According to molecular hydrodynamics, the
transverse current autocorrelation function C^(kσ,t) is defined
as C^(kσ,t) = k2Æj^k (t)j^-k(0)æ, where j^k (t) is the Fourier compo-
nent of the transverse current. Now, C^(kσ,t) is known to be
related to the shear viscosity η of the fluid12

C^ðkσ, tÞ ¼ ω2
0e

- νk2t ð1Þ
where t denotes the time, ω0

2 = k2(kBT/m), ν = η/Fm, and m is
the mass of a fluid molecule. Integrating both sides of eq 1 over
the entire time range we get the wave vector-dependent viscosity
given by28

ηðkσÞ ¼ Fm
k2

1
ω2

0

Z ¥

0
C^ðkσ, tÞdt

� �- 1

ð2Þ

Fick’s law12 for diffusive motion states that the current

jBð rB, tÞ ¼ -Dr!Fð rB, tÞ ð3Þ
where F(rB,t) is the time-dependent microscopic solvent density
at position rB, D being the self-diffusion coefficient of the fluid.
Now, eq 3 yields in the Fourier space for the transverse
current, j^

k (t) = ik^DFk(t), k^ being the transverse component
of kB (parallel to z axis). Multiplying both sides by j^

-k(0) and
taking the average over the initial conditions, we obtain

Æjk^ðtÞj- k
^ ð0Þæ ¼ k2^D

2ÆFkðtÞF- kð0Þæ ð4Þ
It is known12 that Fk(t) = Fke-Dk2t, Fk being the Fourier com-
ponent of the microscopic solvent density. Inserting this in eq 4
leads to Æj^k (t)j^-k(0)æ = k^

2D2S(kσ)e-Dk2t, where static structure
factor S(kσ) = ÆFkF-kæ.12 Thus, we reach at a molecular hydro-
dynamic expression of C^(kσ,t), following its definition

12

C^ðkσ, tÞ ¼ k2 jk^ðtÞj- k
^ ð0Þ� � ¼ k2k2^D

2SðkσÞe-Dk2t ð5Þ
Putting eq 5 in eq 2 and performing the integration one obtains

ηðkσÞ ¼ FkBT
k2^DSðkσÞ

ð6Þ

Scheme 1. Pictorial Description of Solute-Solvent Interaction Effects on Solute Rotationa

a Smaller circles with smaller arrows denote the solvent dipoles, whereas larger circles with larger arrows denote the solute dipole. (A) The equilibrium
condition with solute in its excited state. (B) After an angular displacement (θ) of the solute dipole in the background of solvent molecules.
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We set k^
2 = 6πFr0 (F being the bulk density and r0 the molecular

radius of the fluid) to arrive at the final expression of wave vector-
dependent viscosity

ηðkσÞ ¼ kBT
6πDr0SðkσÞ ð7Þ

We can also derive the weakly interacting limit of diffusion
reported in ref 14 from the expression of η(kσ): The isothermal
compressibility of the fluid12 is given byχT= limkσf0(FkBT)

-1S(kσ).
Thus, η(kσ ≈ 0) = kBT/6πr0DS(kσ ≈ 0) = 1/(6πr0DFχT).
Rearranging this we get D = Γd/F2χT, where Γd = F/6πr0η, a
density-dependent dissipative coefficient introduced in ref 14.
Note that eq 7 yields

ηðkσÞ=ηðk0σÞ ¼ Sðk0σÞ=SðkσÞ ð8Þ
for wave vectors kσ and k0σ. In the long-wavelength kσ≈ 0 limit
where S(kσ) has a minimum12 (inset, Figure 1a), an expansion
yields η(kσ)� (1- bk2σ2), where b depends on the curvature of
S(kσ) near kσ ≈ 0. Such small kσ behavior of η(kσ) has been
reported earlier.28,29

Both sides of eq 8 can be computed from molecular dynamics
simulations which can provide a direct test of the wave vector-
dependent viscosity. We consider to this end, for simplicity, a
Lennard-Jones (LJ) system at normal liquid condition. The
interaction potential between a pair of LJ liquid molecules at
separation r is given by 4ε[(σ/r)12 - (σ/r)6], ε being the
interaction strength parameter.12 Our simulation system involves
216 LJ particles using the argon units12 [ε = 120K in kB unit,
diameter σ = 3.4 Å, and molecular mass 40 amu], adopting NVE
ensemble.12 A simple cubic simulation box is used of side L =
6.46σ with the periodic boundary condition on all sides. The
density of the system is taken at Fσ3 = 0.8 and the average
temperature at kBT/ε≈ 0.8 (96 K). The equations of motion are

integrated using the Verlet algorithm,30 the time step for
integration being 0.0215 ps.
We calculate η(kσ) from the simulation by eq 2 where C^-

(kσ,t) = k2Æj^k (t)j^-k(0)æ. The Fourier component of the current
is given by j^

k (t) =
P

ivi
^(t)e-ikzi(t), vi

^(t) being the transverse
component of the velocity of the ith particle at time t and zi(t), its
z coordinate at time t. Finally, we can write C^(kσ,t) = k2Æ

P
ivi
^-

(0)e-ikzi(0)
P

jvj
^(t)eikzj(t)æ. Here, the angular brackets represent

an average over 1000 independent initial configurations. The
structure factor S(kσ) has been calculated from the Fourier
transform (FT) of the pair correlation function12,30 obtained via
the simulations.
The finiteness of the simulated system size restricts us to

explore the kσ≈ 0 limit.28 The minimum accessible wave vector
in our simulation is kminσ = 2πσ/L, L being the side length of the
simple cubic simulation box. The inset in Figure 1a shows S(kσ)
from the simulations. Figure 1a shows a comparison between
η(kσ)/η(kminσ) (circles with error bars) and S(kminσ)/S(kσ)
(open triangles), both computed from the simulations. Both
plots are similar in appearance with almost the same rate of
decrease from the maximum value of unity at the smallest wave
vector, which is consistent with the low wave vector expansion.
The discrepancy between the two plots is more pronounced for
the low wave vector region, which could be due to finite size
effects in the simulations.30

b. Extension to SC CHF3. As hydrodynamic results are
insensitive to the detailed molecular interactions, we expect the
hydrodynamic description of η(kσ) to be valid for SC polar fluids
also. To this end we locate the critical point31 of the polar fluid
from the divergence of χT at the critical condition. We calculate
S(kσ) using the standard liquid-state theory12 and obtain its
kσ ≈ 0 limit as a theoretical estimate of χT. Here, S(kσ) is
computed using the Ornstein-Zernike12,13 relation: S(kσ) =
[1 - FC(kσ)]-1, C(kσ) being the Fourier transform (FT) of
C(r), the spatial direct correlation function of the fluid. In our
calculation we assume that the solvent-solvent interaction
consists of a hard-core part of diameter σ and a longer ranged
dipolar contribution due to a dipole moment of magnitude μ
located at the center of a solvent molecule. C(r) is expressed as a
combination of the short-ranged and longer-ranged part for the
polar fluid. For the former, we use the Percus-Yevick (PY)12,13

form CPY(r) for hard-sphere potential, while the latter CLR(r) is
derived from the angle-averaged Mayer’s function12,13 based on
the standard dipolar potential

CðrÞ ¼ CPYðrÞþCLRðrÞ ð9Þ
where

CPYðrÞ ¼ c0 þ c1ðr=σÞþ c3ðr=σÞ3 for r < σ ð10Þ
¼ 0 for r > σ

and

CLRðrÞ ¼ 2μ4=9ðkBTÞ2r6 ð11Þ
The three coefficients c0, c1, and c3 in C

PY(r) are functions of the
packing fraction p = (π/6)Fσ3 and given by c0 = -(1 þ
2p)2/(1-p)4, c1=6p(1 þ 0.5p)2/(1-p)4, and c3 = 0.5pc0. The
inset of Figure 1b shows χT*(=χTμ

2/σ6) for a typical isotherm.
Our estimate for the critical point is Tc*(=kBTcσ

3/μ2) = 0.29 and
Fc* = 0.25, which are in good agreement with the experimental
numbers.11 The details of all these calculations are given in
section I of the Supporting Information.

Figure 1. (a) η(kσ)/η(kminσ) (filled circles with error bars) and
S(kminσ)/S(kσ) (open triangles, the solid line is drawn only as a guide
to the eyes) as a function of kσ, both calculated fromMD simulation, for
LJ liquid for Fσ3 = 0.8 at 96 K. (Inset) S(kσ) of the same system
calculated from our simulation. (b) S(kσ) as a function of kσ for SC
CHF3 at 310 K at two densities: Fr = 0.74 (solid line) and 2.0 (the dotted
line). (Inset) Scaled compressibility χT* of SC CHF3 at 310 K as a
function of Fr.
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Subsequently, we perform calculations at a supercritical
temperature.31 We show the calculated S(kσ) of SC CHF3 in
Figure 1b at two densities above and below Fc. In general, two
peaks can be observed in S(kσ): one around kσ ≈ 0 in a region
dominated by fluid compressibility and another around kσ≈ 2π
dictated by the molecular packing. For low Fr, the peak at kσ≈ 0
predominates which gradually disappears with increasing Fr
along with the concomitant enhancement of the packing-driven
peak.
We use this S(kσ) and experimentally observed11 D to obtain

η(kσ) for SC CHF3. It is found that the experimentally
observed shear viscosity of SC CHF3 is well reproduced (see
Figure 2) by an integration of η(kσ) over the entire range of
wave vectors: ηh = (1/4π)

R
η(kσ)dkBσ/

R
dkBσ, where the factor

1/4π takes care of the degeneracy of the choice of the transverse
direction. Here, for numerical purposes, the integration range
was taken from kσ = 0 to kσ = 10. We note that a larger upper
limit does not alter the value of ηh. The experimentally observed
viscosity is thus an average momentum transfer in a given layer
of fluid over all length scales. This rationalizes the extension
of the molecular hydrodynamic expression for η(kσ) for SC
CHF3.
c. Rotation Time Scales in SC CHF3. Let us now consider the

generalization of the SED theory via replacement of η by η(kσ).
Recalling the SED expression of τR = ηVp/kBT, we can define the
rate of rotational relaxation ω = 1/τR = kBT/ηVp. Introducing
η(kσ) we get the wave vector-dependent rate ω(kσ) = kBT/
η(kσ)Vp. Now, the different peaks in S(kσ) for SC CHF3, both
sharp and broad, appearing at different regions of wave vectors,
create different wave vector windows for ω(kσ). We average the
ω(kσ) over the wave vectors under a given structure factor peak
to produce an average rateω~av,R =

R
Rω(kσ)dkBσ/

R
RdkBσ for the

Rth peak. The rotation time for the Rth peak is then τ~R,R =
1/ω~av,R. Here, each of the structure factor peaks (see Figure 1b)
will give rise to a time scale implying an overall multiexponential
rotational relaxation. For example, at the low-density region
(Fr < 1), S(kσ) has a single prominent peak around kσ≈ 0 but no
such peak at larger wave vectors. This implies a single-exponen-
tial relaxation, τR being governed by the single peak. In the higher
density region (Fr > 1), the relaxation would be biexponential
with two time scales because of two peaks in S(kσ), τR being a
weighted average of the two. However, the present formalism
does not allow calculating the weights of these separate time
scales.
Figure 3a shows both τ~R,1 and τ~R,2 of C153 in SC CHF3 at

310 K as a function of Fr, while the experimental data at two
temperatures 302 and 310 K are shown in the inset. At very low
densities, kσ ≈ 0 being the only peak of S(kσ), τ~R,1 is the only
relevant time scale. Interestingly, it shows all the features of the

experimental density dependence of rotation time with the
maximum at Fr = 0.59, agreeing qualitatively with the experi-
mental data. The appearance of this maximum can be explained
by a minimum in compressibility (see inset of Figure 1b). Such a
minimum also justifies the LDA becoming maximum near Fr =
0.6. τ~R,1 becomes a minimum at Fr = 1.03, with good agreement
with the experimental finding. This minimum is explained by the
maximum in compressibility at Fr = 1.03.
The packing-dominated peak appears for densities above Fr =

1, giving rise to τ~R,2 that increases linearly with Fr. In this regime
the packing-dominated contribution of S(kσ) remains almost
unchanged with density implying τ~R,2 � 1/D. According to
Enskog’s description,12 D = [3/(8Fσ2g(σ))](kBT/πm)1/2 for a
fluid where g(σ) is the radial distribution function at contact, m
being the mass of a molecule. As g(σ) is weakly sensitive to Fr in
this density regime, we get τ~R,2 � 1/D � Fr. Note that in the
density range 0 < Fr < 1.6, τ~R,1 and τ~R,2 do not differ significantly
from each other, although τ~R,1 < τ~R,2. However, τ~R,1 increases
rapidly at very high densities (Fr > 1.6) where the fluid becomes
highly incompressible. The experimental τR in these densities
does not show such rapid increase but rather is comparable in
trend with τ~R,2.

3. SOLUTE-SOLVENT INTERACTION

Next we include the solute-solvent interaction. The torque
on the solute dipole undergoing rotational relaxation, as shown in
Scheme 1, is determined by the interaction energy, U(θ), of the
rotating photoexcited dipolar solute (with excited state dipole
moment μ0) as a function of its orientation θ (with respect to
the laboratory frame z axis) due to the solvent dipoles (dipole

Figure 2. Experimentally measured11 shear viscosity (circles) and
theoretically calculated shear viscosity (triangles) of SC CHF3 (σ =
3.5 Å),11 both at 310 K, as a function of Fr.

Figure 3. (a) Rotation times of C153 (Vp = 246 Å3)32 in SC CHF3
calculated from the SEDmodel with η being replaced by η(kσ) at 310 K
as a function of Fr: Filled and open triangles represent the τ~R,1 (from
kσ ≈ 0 peak) and τ~R,2 (kσ ≈ 2π peak), respectively. (Inset) Experi-
mentally observed time scales (filled and open diamonds with error bars
at 302 and 310 K). (b) Rotation times of C153 (μ0 = 13.4D)24 in SC
CHF3 calculated after inclusion of solute-solvent polar interaction at
310 K: Filled and open circles represent τR,1 and τR,2, respectively.
(Inset) Lower time scale of τR,1 and τR,2, the symbols being identical as
before.
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moment μ) in the first solvation shell (see section II, Supporting
Information). U(θ) depends on two factors:
(1) the solute-solvent dipolar interaction potential33 and
(2) the solvent orientation distribution in the first solvation

shell.
The solvent orientation is characterized by F10(t), the

projection of the solvent orientation distribution for spherical
harmonic l = 1. Since we are considering the perturbation from
the final equilibrium orientation of the solute and relaxation
back to the same equilibrium state, we use overdamped equation
of motion for all the relevant dynamical variables. Note that
the solvent orientation distribution undergoes relaxation as well,
the rate being dictated by the solvent rotational diffusion DR.
The fluctuating torque is then given by -∂U(θ)/∂θ, where
U(θ) = -u0F10(t)F0 cos θ (see section II, Supporting Infor-
mation), where F0 = 1/4π, the bulk value of the orientation
profile. The overdamped equation of motion of the solute dipole:
Γrotθ

·
=-∂U(θ)/∂θ, where Γrot is the rotational frictional coeffi-

cient.34,35 For small angular displacement (θ) from the final
equilibrium state and t < DR

-1, the solution is θ(t) = θ(0)e-ωt.
Here ω = u0F0F10(0)/Γrot, the angular frequency of rotation
which is the relaxation rate of the orientational correlation
function. Hence, we identify τR = 1/ω = ηVpM/kBT, where

36

M = π(6kBTR
3/μ0μ)

2(1-2 μ2F/9kBT), R being the solute-
solvent interaction length in the first solvation shell (see section
II, Supporting Information). This expression is similar to the
SED expression, with the friction experienced by the solute
dipole being modified by a factor of M over the hydrodynamic
friction. Therefore, the solute-solvent interaction contributes
nonadditively to the hydrodynamic friction.17 Now, inserting the
kσ dependence we get the modified wave vector-dependent
rotational relaxation frequency: ω(kσ) = kBT/η(kσ)VpM and
follow the similar averaging over peaks of S(kσ) to calculate the
new time scales τR,1 and τR,2. To calculateM we use R = R0þ r0,
R0 and r0 being the solute and solvent radii, respectively. Figure 3b
shows the τR,1 and τR,2. The maximum in τR,1 is now at 4 ps at Fr =
0.59, and the minimum is at 3.24 ps at Fr = 1.03. The τR,2 values
ranges between 9 and 16 ps for Fr g 1.6. Interestingly, the
experimental τR of C153 compares well to the lower of the two
calculated time scales. In particular, the large time scale given by
τR,1 has not been reported in the experiments for Fr g 1.6. Thus,
identification of τR with τR,1 for low density and that with τR,2 at
high density produces semiquantitative agreement with the experi-
mental data, shown in the inset of Figure 3b.

4. CONCLUSION

We developed a theoretical understanding of the rotational
relaxation for large polar solutes in polar SC solvents incorporat-
ing the solvent structure via wave vector-dependent shear visco-
sity and then the solute-solvent interaction. Here we extend the
SED picture to incorporate the molecular interactions explicitly.
The SED model, in its conventional form, can qualitatively pro-
duce the experimental data with the simple replacement of η by
η(kσ). However, for a semiquantitative agreement one needs to
include the solute-solvent interaction. Apart from extracting the
time scales that compare well with the experimental data, the
present theory explains the possible causes behind this remark-
able density dependence of rotation of a polar solute in a SC polar
fluid. In particular, the rotational relaxation of the solute at low
solvent densities is essentially governed by fluid compressibility.
We predict that at very high densities where the packing

dominates the solvent structure, the time scales increase linearly.
We expect that a more explicit treatment of the solute-solvent
interaction would yield a better agreement to the experimental
rotation times.3 Even though we restrict our discussion to
rotation of C153 in SC fluoroform for the availability of experi-
mental data, the present theoretical framework is applicable to
rotation of a polar solute in a polar solvent in general. Moreover,
such framework can be used to find the rotation time in other
systems having different solute-solvent interactions and differ-
ent solvent structures, like electrolytes and ionic liquids to name
only a few.
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