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Abstract

Motivated by a recent study of Saitow et al. [Chem. Phys. Lett. 368 (2003) 209–214 ], computer simulations and di-

electric analyses are used to explore the effect electrical interactions have on density augmentation in supercritical flu-

oroform. Simulations of 2-site models of fluoroform and ethane show that electrical interactions increase local densities

but not dramatically. The density augmentation simulated in both fluids (Dqmax ¼ 0:12qc and 0.15qc) is much smaller

than the value Dqmax ffi 0:5qc deduced by Saitow et al. from Raman measurements. This discrepancy can be reconciled if

the observed vibrational shifts reflect mainly dipolar interactions, an interpretation justified by ab initio calculations.

� 2003 Elsevier B.V. All rights reserved.
1. Introduction

A characteristic feature of fluids near to their

critical points is the presence of density inhomo-

geneities. In pure fluids, such inhomogeneities are

most dramatically manifest in the divergence of

many thermodynamic properties, brought about

by the diverging size of density fluctuations. In

dilute supercritical solutions additional inhomo-
geneity exists in the phenomenon of density

augmentation – the presence of excess solvent

density in the neighborhood of an attractive sol-

ute. These two forms of density inhomogeneity
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are distinct [1,2]. Whereas critical phenomena in
neat supercritical fluids reflect long-range fluctu-

ations in solvent density, local density augmen-

tation in supercritical solutions is an average

behavior, which is primarily related to short-

range interactions between the solute and solvent.

In the case of large attractive solutes in small-

molecule solvents, for example anthracene in

ethane, spectroscopic experiments suggest local
densities that average 2–5 times bulk solvent

densities below the critical density [3,4]. These

estimates are largely confirmed by computer

simulations of simplified [4,5] and realistic [4,6,7]

model solutions near the critical point. Computer

simulations of neat supercritical fluids also indi-

cate that the average density in the vicinity of a

solvent molecule is greater than the bulk density,
ed.
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but the magnitude of the effect is found to be

much smaller [8], amounting to only �20% in (3-

dimensional [9]) Lennard-Jones fluids [4,10]. Ex-

perimental data from vibrational frequency shifts

observed in neat supercritical methane [11], eth-

ane [12], and CO2 [13] show little sign of density
augmentation, in agreement with these simulation

results. It therefore appears that a significant

asymmetry in solute–solvent versus solvent–sol-

vent interaction strength is required to generate

substantial local density augmentation.

Recent results by Saitow et al. [14] appear to be

at odds with this idea. These authors used Raman

spectroscopy to measure the frequencies and line
widths of the symmetric CF3 stretch in neat fluo-

roform on the supercritical isotherm T ¼ 1:02 Tc.
From the nonlinear shifts of the frequency of this

vibration with solvent density, Saitow et al. de-

duced local densities that were as much as a factor

of two larger than bulk values at low densities.

Noting that all previous studies reporting small or

negligible density augmentation in neat fluids in-
Table 1

Summary of simulated properties of fluoroform and ethane (310 K)

# P (MPa) q ðqcÞ N1 N2 �U
(kJ mo

Fluoroform

1 3.47 0.24 1.7 6.1 3.90

2 4.90 0.48 3.1 11.8 6.80

3 5.40 0.67 4.1 16.4 8.85

4 5.56 1.12 6.3 26.2 12.9

5 5.86 1.32 7.1 30.0 14.3

6 7.98 1.61 8.3 35.8 16.5

7 17.6 1.95 9.9 42.8 19.2

Ethane

1 3.26 0.24 1.5 5.9 2.45

2 4.97 0.48 3.0 12.0 4.83

3 5.61 0.76 4.6 18.6 7.36

4 5.75 1.01 5.9 24.4 9.64

5 5.85 1.22 6.8 28.4 11.0

6 8.60 1.65 8.7 37.2 14.2

7 22.2 2.01 10.4 45.0 17.2

P and q are the simulated pressure and density. N1 and N2 are the ce
�AA for fluoroform and 6.8, 11 �AA for ethane (the distances of the 1st

interaction energy between a central molecule and the remaining flui

Jones and electrical terms in the potential. FLJ and FEl are the Len

component of the net force on a molecule projected along the bond dir

stretch the bond. 1a:u: ¼ 8:24� 10�8 N.) Statistical uncertainties in t
volved only fluids of nonpolar molecules, they

suggested that the long-range character of the

electrostatic interactions present in fluoroform

engender much greater augmentation than is

found in nonpolar fluids.

In the present note we examine this suggestion
using both computer simulations and general

considerations of the possible relationships be-

tween spectral shifts and local densities in polar

fluids. We first compare the local densities simu-

lated using two simplified (diatomic) representa-

tions of the fluids fluoroform and ethane. We find

that there is no pronounced difference in the local

densities simulated for these two fluids. In keeping
with past simulations, the extent of the density

augmentation observed in both model fluids is

modest. To explain the experimental observations

of Saitow et al., we therefore examine the effect of

electrical interactions on vibrational shifts in a

polar fluid such as fluoroform. We find that if one

assumes that the vibrational shifts are primarily

sensitive to electrostatic rather than dispersive
l�1)

�Uel

(kJ mol�1)

�ULJ

(kJ mol�1)

FLJ
(10�4 a.u.)

FEl
(10�4 a.u.)

1.90 1.99 )1.32 4.50

3.10 3.69 )2.44 7.33

3.86 4.99 )3.26 9.12

5.17 7.68 )5.04 12.2

5.62 8.72 )5.78 13.3

6.25 10.3 )6.96 14.7

6.99 12.2 )8.79 16.4

2.45 )1.21
4.83 )2.49
7.36 )3.96
9.64 )5.44
11.0 )6.31
14.2 )8.85
17.2 )12.1

nter of mass coordination numbers NðRÞ with R1, R2 ¼ 6:5, 10.5

two minima in gðrÞ at high density). U , ULJ, and Uel are the

d and the contributions to this energy resulting from Lennard-

nard-Jones and electrical contributions to the bond force, the

ection. (F is defined to be positive for a force that would tend to

hese quantities are less than �5% in all cases.
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interactions, the observed shifts are completely

consistent with the augmentation observed in the

simulations.
2. Simulations of density augmentationa

To explore what differences in local densities

might result from electrostatic interactions, we

compare simulated results for models of neat flu-

oroform and ethane using 2-site models previously

tuned to reproduce the experimental critical points

and liquid–vapor coexistence curves of these fluids

[15,16]. Both models are of the site–site Lennard-
Jones type; the primary difference between them is

the presence of site charges of �0.275e in the flu-

oroform model (l ¼ 2:2 D) absent in the ethane

case. Isothermal, isobaric simulations were carried

out on 1000-molecule samples of each fluid at a
Fig. 1. Center-of-mass radial distribution functions in fluoro-

form at several densities. �0� denotes the q ¼ 0 limit and the

remaining numbers refer to the densities listed in Table 1

(#1 ¼ 0:25, #3 ¼ 0:71, #4 ¼ 1:1, and #7 ¼ 2:0qc). Data from

#0 and #4 are drawn as connected points and #1, 3, and 7 as

simple lines for contrast. The inset shows these same data in a

manner that emphasizes the tails of the distribution functions.
temperature of 310 K and series of seven pressures

spanning the density range 0.25–2.0qc (see Ap-

pendix A for details). Some of the relevant equi-

librium data collected in these simulations is

gathered in Table 1.

The simulated solvation structure is character-
ized in Figs. 1 and 2. Fig. 1 shows center-of-mass

radial distribution functions gcomðrÞ observed in the

fluoroform system. The distributions in ethane

are quite similar and are not shown. The curve

marked �0� is the gas-phase result, gcomðrÞ ¼
hexpf�uðr;XÞ=kBTgiX, where uðr;XÞ represents the
pair potential and X the relative angles between

two molecules [4]. Evolution from this gas-phase
limit to the oscillatory structure characteristic of

dense liquids, as well as the appearance of long-

range tails in these functions for q � qc (inset) is
Fig. 2. Two representations of the local densities simulated in

fluoroform (triangles) and ethane (circles). The top panel dis-

plays the density augmentation Dq � qlocal � q and the bottom

panel the density enhancement qlocal=q. Filled and open symbols

denote densities determined from the numbers of molecules in

the 1st (N1) and 1st + 2nd (N2) solvation shells of a central

molecule.
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apparent in these data. Such features are typical of

what has been observed in other supercritical fluids

at temperatures near to Tc [17–19].
Coordination numbers N are obtained by inte-

grating gcomðrÞ out to some specified distance R.

Values of N1 and N2, the coordination numbers of
the 1st and (1st + 2nd) solvation shells (Table 1)

are quite similar in the two model fluids. In both

cases there are roughly 10 and 35 molecules in the

1st and 2nd solvation shells at q ¼ 2 qc. Also

shown in Table 1 are the average interaction en-

ergies U of a central molecule with the remaining

fluid and the Lennard-Jones (ULJ) and electrical

(UEl) components of this energy. At the highest
densities studied the net interaction energies are

comparable in the two fluids, but at the lowest

densities the fluoroform energies are 40–60% lar-

ger than in ethane, primarily due to the additional

attraction provided by electrical interactions.

Local densities are defined in terms of coordi-

nation numbers by assuming an equality between

local and bulk densities at a reference density
qref ¼ 2qc

qlocalðqÞ �
NðqÞ
NðqrefÞ

qref : ð1Þ

By defining local densities in this manner, the

�density augmentation�, Dq � qlocal � q, and �den-
sity enhancement�, qlocal=q, reported here exclude

the density buildup near a central molecule caused

by packing constraints high densities. That is, the

structural considerations making gcomðrÞ signifi-

cantly greater than unity at high densities are ap-
proximately removed by this definition of qlocal,

such that the excess densities discussed here mainly

reflect the attractive interactions important at

lower densities.

Fig. 2 shows the values of Dq and qlocal=q in the

region of the 1st and 1st + 2nd solvation shells of

molecules in fluoroform and ethane. The simula-

tions predict augmented densities in the 1st sol-
vation shell which are maximal for bulk densities

of �0.7–0.8qc. The values of Dqmax are 0.16 and

0.13qc for fluoroform and ethane, respectively. In

terms of qlocal=q, both fluids show a monotonic

decrease in the density enhancement in the 1st

solvation shell from the gas-phase limits ðqlocal=
qÞ0 ¼ 1:47 in fluoroform and 1.29 in ethane. When
the density in the larger region encompassing the

1st + 2nd solvation shells is considered, both

measures of the density excess decrease markedly.

Most importantly, in keeping with the observa-

tions of Saitow et al. [14], we do find greater

augmentation in the polar fluid fluoroform com-
pared to the nonpolar fluid ethane. Presumably,

the electrical contributions which render the sol-

vation energies of fluoroform substantially greater

than those of ethane at low densities give rise to

this difference. But the simulated difference be-

tween ethane and fluoroform is small and far from

sufficient to explain the large values of excess

densities deduced from experimental Raman data
in fluoroform, Dqmax � 0:5qc. The simulations in

both fluoroform and ethane show only the modest

degree of augmentation that has come to be ex-

pected for neat supercritical fluids. Thus, the

present simulations do not support the dramatic

effect of polar interactions suggested by the ex-

perimental data and analysis of Saitow et al.
3. Dielectric models of spectral shifts

The disagreement between simulation and ex-

periment concerning density augmentation in neat

fluoroform could be due to lack of realism in the

simulations or alternatively to misinterpretation of

what the experimental data implies about local
densities. It must be remembered that experiments

do not measure densities directly, they do so only

indirectly using some observable property sensitive

to local density. The difficulty with interpretation

of experimental data is that the exact relation

linking the observable to density is usually not

known with certainty. In the present case, Saitow

et al. deduced local densities from shifts Dm in the
frequency of a particular Raman-active vibration

of fluoroform from its gas-phase value. If the re-

lationship between Dm and (local) density,

Dm ¼ f ðqÞ, is known, local densities are obtained

by inverting this function, i.e., using the relation

qlocal ¼ f �1ðDmobsÞ. But the same experimental data

set can provide very different estimates of qlocal

depending on the choice of the function f . Saitow
et al. [14] modeled vibrational line shifts according

to the theory of Schweizer and Chandler [20].



Fig. 3. Density dependence of the nuclear or polar reaction

field F ðeÞ � F ðn2Þ and the electronic or nonpolar reaction field

F ðn2Þ. Values are normalized to unity at the reference density

2qc. In each case, values using two alternative reaction fields are

shown, F1ðxÞ ¼ ðx� 1Þ=ðxþ 2Þ (solid curves) and F2ðxÞ ¼
ðx� 1Þ=ð2xþ 1Þ (dashed curves). Also shown are the normal-

ized values of the observed Raman shift (�Dm�) of the symmetric

CF3 stretch of fluoroform (points; [15]).
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Because the repulsive contribution to the shift was

predicted to be small, and because the attractive

component of the shift was assumed to result from

dispersive forces and be simply proportional to

solvent density, their treatment is essentially

equivalent to postulating Dm ¼ cqlocal, i.e., f ðqÞ ¼
cq, where c is a constant. Although this choice

is reasonable, other dependencies are equally

plausible.

For example, vibrational line shifts have often

been interpreted using dielectric continuum mod-

els of solvation [21,22], in much the same way as

have electronic spectral shifts [23]. Depending on

whether the mode in question is assumed to be
predominantly affected by polar or nonpolar in-

teractions, such approaches predict vibrational

frequency shifts to be proportional to some func-

tion of dielectric parameters. In the case of non-

polar coupling one expects Dm ¼ cF ðn2Þ whereas if
polar interactions are of most importance Dm ¼
cfF ðeÞ � F ðn2Þg, where F describes how the reac-

tion field acting on the solute depends on the sol-
vent dielectric parameters n (refractive index) and �
(dielectric constant). Different theories predict a

variety of functional forms for F [24]. Two com-

mon choices that illustrate the range of behaviors

expected are F1ðxÞ � ðx� 1Þ=ðxþ 2Þ and F2ðxÞ �
ðx� 1Þ=ð2xþ 1Þ [25]. The density dependence of

Dm is implicit in the dependence of the dielectric

parameters on solvent density, assumed to be
known empirically. As discussed previously with

respect to electronic shifts [3], in the case of polar

fluids, these various possibilities give rise to very

different predictions for local densities.

This fact is illustrated in Fig. 3, where we plot

the normalized density dependence of these di-

electric functions using parameterizations of ex-

perimental dielectric data for fluoroform [3]. For
comparison, normalized values of the vibrational

frequency shifts observed in experiment (points)

are also plotted. The bottom panel of Fig. 3 il-

lustrates the density dependence expected if the

vibrational shifts are sensitive only to the elec-

tronic polarizability of the solvent, represented by

the dielectric functions F1ðn2Þ and F2ðn2Þ. In this

case, either choice of nonpolar reaction field pre-
dicts that Dm should be nearly proportional to bulk

density. If one interprets the observed shifts in this
manner, the much larger nonlinearity in DmobsðqÞ
implies large values of Dq, which can be read from

this plot as the horizontal distance between

DmobsðqÞ and Fiðn2Þ. Both reaction fields imply a

maximal density augmentation of Dqmax of �0.5qc,

i.e., the result reported by Saitow et al. [14]. If
instead, one assumes that the vibrational shifts

respond to the �nuclear� polarizability of the sol-

vent, i.e., the response coming from the permanent

charge distributions of solvent molecules, the rel-

evant reaction field functions are the F ðeÞ � F ðn2Þ
shown in the top panel of Fig. 3. In contrast to

Fiðn2Þ, the collective nature of the dielectric re-

sponse in polar fluids renders this latter reaction
field a highly nonlinear function of bulk density.

Assuming Dm / F ðeÞ � F ðn2Þ one would therefore

infer the presence of a much smaller density aug-



Fig. 4. Density-normalized observables �A� simulated for neat

fluoroform. In panel (a) observables are normalized to the bulk

solvent density, whereas in panel (b) they are normalized to the

1st shell coordination number N1. To facilitate comparison,
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mentation. Using the reaction field F1, a maximal

density augmentation of Dqmax � 0:2qc is ob-

tained, comparable to what was found from the

simulations of the previous section. If the alter-

native choice of nuclear reaction field F2 is used,

rather than density augmentation, a density de-

pletion is implied. Thus, depending on whether the

spectral shift is believed to be sensitive to the

electronic or nuclear polarizability of the solvent,

and depending on which dielectric formulation one

chooses in the latter case, quite different conclu-

sions are reached concerning the nature of local

densities in polar fluids such as fluoroform.

On the basis of these observations, we conjec-
ture that the much larger density augmentation

reported for fluoroform compared to other neat

supercritical fluids probably results in part from

incorrect assumptions made about the origins of

the vibrational shifts observed. As will be dis-

cussed in more detail later, it is reasonable to ex-

pect that polar interactions contribute significantly

(or even dominate) the spectral shifts of the sym-
metric CF3 stretch of fluoroform. If so, the extent

of augmentation implied by the observed shifts

would be much smaller than originally reported,

and more in keeping with previous results.

each observable has been further normalized to its value at a

reference density of 2qc. The quantities plotted are the Lennard-

Jones (open circles) and electrical (open triangles) components

of the interaction energy and the Lennard-Jones (filled circles)

and electrical (filled triangles) components of the bond force.

(The electrical energies and bond forces are nearly indistin-

guishable in this figure.) Panel (a) also contains the observed

Raman shifts (�Dm�; filled diamonds) of the symmetric CF3

stretch of fluoroform ([15]). The smooth curves in panel (b)

labeled �F1 � and �F2 � are N1-normalized values of the nuclear

reaction field factors F1ðeÞ � F1ðn2Þ and F2ðeÞ � F2ðn2Þ.
4. Perspectives from simulation

Additional insight into the different density de-

pendences of polar versus nonpolar observables is

provided by the further analysis of the fluoroform

simulations displayed in Fig. 4. In this figure the

Lennard-Jones and electrical components of the

interaction energy (circles) and bond force (trian-

gles), the net force on the pseudo-diatomic bond,

are shown ratioed to either the bulk solvent density
(Fig. 4a) or to the 1st shell coordination number

(Fig. 4b). These data have also been normalized to

their values at the reference density 2qc to facilitate

comparison (un-normalized values are provided in

Table 1). Fig. 4a illustrates the fact that none of

these observables are simply proportional to bulk

density, although the Lennard-Jones contribution

to the energy is nearly so. Departure from unity in
this representation is due both to intrinsic nonlin-

earity in the quantity�s density dependence and to
the effects of density augmentation. The electrical

contributions to the energy and bond force (indis-
tinguishable in this figure) show the largest depar-

tures from a simple proportionality to density, as

anticipated from the dielectric continuum analysis

just presented. Also plotted in Fig. 4a are density-

normalized values of the Raman shifts observed by

Saitow et al. (diamonds) [14]. In first approxima-

tion, the shift of a vibrational line should be pro-

portional to the projection of the force on the
normal coordinate, which is simply the bond force
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in the diatomic representation of fluoroform em-

ployed here. The fact that the experimental shifts

track the electrical component of the simulated

bond force again suggests that the observed shifts

may be better explained as being due to electrical

(polar) interactions.
Fig. 4b shows the energy and force components

normalized to the 1st solvation shell coordination

numbers N1. In this representation an observable

that is a direct measure of 1st solvation shell

densities would be unity at all bulk densities. As

has been noted in previous simulations of poly-

atomic solutes [6], the Lennard-Jones component

of the solvation energy (open circles) tracks the 1st
shell density with high fidelity over the entire

density range. The Lennard-Jones contribution to

the bond force differs from unity by only about

10%, so that it too provides a nearly direct mea-

sure of local density in this system. However,

consistent with the dielectric continuum analysis,

electrical contributions to the solvation energy and

bond force are not simply proportional to bulk
densities. Correlations between the orientations of

neighboring molecules render the electrical solva-

tion energy and force are highly nonlinear function

of coordination number or local density. Qualita-

tively speaking, the values of ðFel=N1Þrel � 1:6 at

the lowest density simulated indicate that the

presence of an additional solvent molecule in the

1st solvation shell has a 60% greater effect on
the electrical interactions at low densities com-

pared to high densities. As already discussed with

respect to Fig. 3, if one ignores this nonlinearity

and assumes a proportionality to density for an

observable that is significantly influenced by polar

interactions, the extent of density augmentation

will be exaggerated. We believe that this is the case

with the vibrational shifts of fluoroform.
Of course, even when an observable is domi-

nated by polar solvent interactions, it can still be

used to measure local densities, as long as its de-

pendence on density is understood. Because di-

electric continuum estimates are usually used for

this purpose, it is interesting to compare dielectric

predictions to these simulation results. The two

smooth curves in Fig. 4b show the normalized
density dependence of the two polar reaction field

functions discussed previously, F1ðeÞ � F1ðn2Þ and
F2ðeÞ � F2ðn2Þ. We note that both functions sig-

nificantly overestimate the nonlinearity in the

density dependence of the electrical solvation en-

ergy and bond force [26]. As suggested previously

from experimental evidence [3], the F1 reaction

field is the better choice, but it still overestimates
the values at low density by 15–20%. Estimates of

electrical solvation energies based on molecular

models [27] are probably required for greater

accuracy.
5. Origins of the vibrational shift

The previous sections suggest that a more sat-

isfying interpretation of the Raman data of Saitow

et al. would result by assuming that these shifts are

primarily sensitive to dipolar rather than disper-

sion interactions. We finally examine whether such

an assumption is reasonable using two ap-

proaches. First we consider the simulation results.

According to standard theory [28] the solvent-in-
duced shift of a vibrational band can be described

in terms of an expansion in the vibrational coor-

dinate Q whose lowest-order term is [29]

�hDx ffi ½Q11 � Q00�
oV
oQ

� �
Q¼0

þ � � �

with ½Q11 � Q00� ¼
��hf

2m3=2x3
0

: ð2Þ

In this expression x0, m, and f are the harmonic

frequency, the reduced mass, and the cubic an-
harmonicity constant of the vibration and V ¼
V ð~RR0j; lÞ is the solute–solvent interaction potential,

which is a function of the relative solvent–solute

coordinates ~RR0j and the solute dipole moment l.
The overbar on ðoV =oQÞQ¼0 indicates ensemble

averaging over solvent coordinates. For the dia-

tomic representation of fluoroform used here this

derivative can be expressed

oV
oQ

� �
Q¼0

¼ oV

o~RR0j

 !
o~RR0j

oQ

 !"
þ oV

ol

� �
ol
oQ

� �#
Q¼0

¼ �F � E
ol
oQ

� �
Q¼0

ffi �F þU el

l
ol
oQ

� �
Q¼0

;

ð3Þ
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where F denotes the average force on the vibration

(the bond force here) and E is the average electric

field on the bond, which should be well approxi-

mated by the electrical component of the solvation

energy collected in simulation. The last relation
above shows that the vibrational shift can be

separated into contributions from Lennard-Jones

(i.e., repulsion–dispersion) and electrical forces

Dm
m0

� �
LJ

ffi aF LJ and

Dm
m0

� �
El

ffi a F El

(
� U el

l
ol
oQ

� �
Q¼0

)
; ð4Þ

where a ¼ f =ð2l3=2x4
0Þ and m0 ¼ x0=2p.

To determine themolecular constants needed for

evaluating Eq. (4) we performed ab initio calcula-

tions at the MP2/6-311G(d) level using the GAUS-AUS-

SIANSIAN 98 program [30]. These calculations yielded

the values: l ¼ 1:88 D (expt: ¼ 1:65 D½31�), m0 ¼
1165 cm�1 (expt: ¼ 1136 cm�1 [14]), f ¼ �1:0 �
1013 N m�2, and ðol=oQÞQ¼0 ¼ 5:3 D/�AA for the
symmetric CF3 stretch. Using the results in Table 1,

for a density of 2qc, we find DvLJ ¼ þ0:9 cm�1 and

DvEl ¼ �6:2 cm�1. Thus, this calculation predicts

that electrical interactions should dominate the

total shift. Compared to the experimental shift of

Dm ¼ �19:2 cm�1, the predicted shift is too small by

a factor of �3. However, better agreement is not

expected given the facts that we have ignored the
second-order terms in Eq. (2) and that the diatomic

model of fluoroform used here provides only a

crude representation of the real molecular shape.

More detailed analysis on an all-atom model of

fluoroform would be expected to yield better

quantitative agreement with experiment. Never-

theless, these calculations strongly suggest that

electrical interactions are primarily responsible for
the observed shifts.

Further support for this claim is provided by an

alternative estimate of the solvent effect on the

vibrational shift. We have repeated the ab initio

calculations of fluoroform described above using a

self-consistent reaction field approach. Using the

self-consistent isodensity polarized continuum

�SCI-PCM� method [32], which incorporates a re-
alistic representation of the molecular shape [33]

we calculated frequency shifts at 2qc assuming: (i)
only the solvent electronic polarizability (�¼
n2 ¼ 1.35) and (ii) the full dielectric response of the

solvent (� ¼ 8:1, n2 ¼ 1:35). The two calculations

yield frequencies differing from the gas phase value

by Dm ¼ �5 and )25 cm�1, respectively. Inter-

preting the difference between these two calcula-
tions as reflecting the effects of permanent

electrical charges of the solvent, these results again

point to electrical interactions dominating the

solvent effect on the symmetric CF3 stretch. We

note that in this case, the shift of )25 cm�1 pre-

dicted by calculation (ii) is quite close to the ex-

perimental value of )19.2 cm�1. But given the

uncertain isodensity boundary value required [33]
as well as the neglect of repulsive effects, this

level of agreement must be considered largely

fortuitous.
6. Summary and conclusions

We have used computer simulations and di-
electric analyses to explore the differences between

local density augmentation and its experimental

determination in neat polar and nonpolar super-

critical fluids. This work was prompted by a recent

Raman investigation by Saitow et al. [14] who

reported unexpectedly large local densities in neat

fluoroform near the critical point and suggested

that electrical interactions might be the source of
this large effect. We simulated the solvation

structure of simplified models of fluoroform and

ethane as functions of density on an isotherm

slightly above Tc. The simulations point to in-

creased augmentation in fluoroform compared to

ethane as a result of the electrical interactions

present in the former solvent. However, the extent

of the density augmentation simulated in both
systems is modest (Dqmax ¼ 0:12 and 0.15qc), in

keeping with expectations from prior studies, but

much smaller than reported by Saitow et al.

(Dqmax ffi 0:5qc). We suggest that the reason for

this discrepancy relates to how local densities are

derived from the Raman data. Saitow et al. as-

sumed that the solvent-induced shifts of the sym-

metric CF3 stretch of fluoroform result from
nonpolar interactions of the vibration with its

surroundings. Both dielectric continuum theories
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and simulation results indicate that if the interac-

tions are instead modeled as being primarily elec-

trical in character, the local densities inferred from

the experimental data are much smaller than re-

ported in [14] and close to the values simulated in

fluoroform. Preliminary analyses using character-
istics of the symmetric CF3 stretch calculated via

ab initio methods suggest that such a reinterpre-

tation of the data is justified.

The results of the present work reinforce pre-

vious observations [3] concerning ambiguities that

arise when determining local densities in polar

systems. In nonpolar fluids many solute-centered

observables can be safely assumed to be propor-
tional to local density. The reason is that both

repulsive and attractive interactions involving the

solvent�s electronic polarizability are nearly pro-

portional to local density. However, in polar fluids,

when the nuclear polarizability (permanent charge

response) of the solvent is important to the ob-

servable of interest, this simple connection is no

longer valid. The collective nature of polar inter-
actions renders the relationship between local

density and observables such as spectral shifts

highly nonlinear. Although dielectric continuum

models of the sort employed in Section 3 provide

some guidance, remaining uncertainties in this re-

lationship necessarily lead to significant uncer-

tainties in the local densities deduced from

experiments in polar fluids.
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Appendix A. Simulation details

The fluoroform model employed for simula-

tions was the 2-site Lennard-Jones plus Coulomb

representation parameterized by Song et al. [15]

The parameters of this model are: �=kB ¼ 85:48 K,
r ¼ 3:50 �AA, q ¼ �0:275e, m ¼ 35:01 amu, and

L ¼ 1:67 �AA (the Lennard-Jones well depth and size
parameters, site charge, mass, and bond length,

respectively.) The ethane model was the 2-site

�TraPPE� potential of Martin and Seipmann [16],

which uses the parameters �=kB ¼ 98 K, r ¼ 3:75
�AA, m ¼ 15:035, and L ¼ 1:54 �AA. Simulations were

performed on 1000-molecule samples in the (NPT)
ensemble using a modified version of the DLDL_POLYPOLY

program [34]. The Hoover algorithm was used for

maintaining constant temperature and pressure

with thermostat and barostat time constants of 1

ps. A time step of 2 fs and cubic periodic boundary

conditions were used for both fluids. In the case of

ethane, intermolecular interactions were truncated

at a cutoff distance of 14 �AA. In the case of fluo-
roform a 12 �AA cutoff was used for the Lennard-

Jones interactions and whereas the electrical

interactions were treated using an Ewald summa-

tion. Simulations were carried out for 1 ns starting

from configurations that had been previously

equilibrated for at least 1 ns.
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