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The short-range structure of the neat fluid of fluoroform (GH& investigated around the gabkquid critical

point by measurements of spontaneous Raman spectra of-tkes@mmetric stretchingvg) and the C-F;
symmetric deformingyz) modes. The spectra are obtained at reduced temperatures 0,96 T/T. < 1.06,

the conditions of which permit isothermal studies in the gas, liquid, and supercritical states as functions of
pressure and/or density. As the density increases, the spectral peaks shift toward the lower energy side and
spectral widths become broader. In the supercritical region, the amount of shifting shows nonlinear density
dependence, while the width becomes anomalously large. We analyze these density dependences along
vibrational coordinates by the perturbed hard-sphere model. The amount of shifting is decomposed into attractive
and repulsive components, and the changes of attractive and repulsive energies are evaluated as functions of
density and packing fraction, both of which are continuously varied by a factor of 50. For both vibrational
modes, the spectral shift consists principally of the attractive component at all densities and temperatures.
Here we evaluate local density enhancement as a function of bulk density by the use of the values of attractive
shift and by the use of dielectric analysis. Local density enhancement is highest at the bulk density, where
the spectral width becomes anomolously broad. We analyze the density dependences of widths by comparing
the experimental values with calculated homogeneous and inhomogeneous widths. The experimental results
agree with the theoretical calculations. It is elucidated that the main contribution to width is density
inhomogeneity. By comparing short-range structure studied in the present study with long-range structure
previously studied by small-angle X-ray scattering, we found that the vibrational motion becomes significantly
affected by the dielectric structure as the correlation length of the density fluctuation grows longer than the
size of a first solvent shell of CHFUnNder that situation, the, mode is more sensitive than tihe mode to

the dielectric structure in the vicinity of a vibrating molecule.

I. Introduction methodologies. In the present study, we distinguish the inho-
The increasing use of supercritical fluids in a wide range of Mogeneity according to spatial size, and define here that very
practical applications has motivated a number of recent attempts!ONd range, long range, and short range correspond to longer
to understand the fundamental aspects of fluid structure. In thethan a few micrometers, longer than a few nanometers, and the
past few decades, supercritical fluid structures have beennearest neighbors of a molecule, respectively.
considered very inhomogenecotr$,and this inhomogeneity is At close to the gasliquid critical temperature, e.ga reduced
recently shown to be related to the efficiencies of extraction temperaturel, = T/T, ~ 1.00001, very long-range inhomoge-
and chemical reaction. For example, solubility, rate constant, neity was observed. Several kinds of fluids were extensively
and yield of photochemical reaction, and relaxation times of investigated by static Rayleigh light scatterfiid, and the
electronic, vibrational, and rotational transitions each show an correlation length of density fluctuation of a few micrometers
inflection, a minimum, or a maximum around the density where and transport coefficients were evaluated. At a temperature
the inhomogeneity is greatest. The inhomogeneity of super- relatively far from the critical temperaturd,(= 1.02), long-
critical fluids has been expressed by different names, e.g., theyange inhomogeneity has been recently studied by small-angle
aggregation, clustering, local density enhancement, and densityy 5y scattering (SAXS) and was characterized by both the
fluctuation. The differences among these expressions depend.,rajation length of a few nanometers and the value of the
on the system of fluids or the experimental and theoretical density fluctuatior®-12 To reveal dynamics of density inho-
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chiba-u.jp. molecules has been investigated by dynamic light scattétitg.
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The map of time constants of “critical slowing down” was for studies of supercritical solutiodgthe results given by many
recently produced as a contour curve on phase diagtams. researchers offer much useful information to the present study.

As for the short-range inhomogeneity, static and dynamic  In the present study, we measured the symmetrieFC
structures insupercritical solutionshave been extensively  stretching {2) and the symmetric €F; deforming ’3) modes
studied!? including the electronic absorption or emission of CHF; at isothermal conditions 0.968 T, = T/T, < 1.06. In
spectrumt>-17 time-resolved spectroscop¥,?! magnetic reso-  the range of temperature, the local structure near a vibrating
nance??23and computer simulatiot 26 The structure of a fluid molecule in the supercritical state was compared with that in
around a solute molecule was well elucidated in several systemsthe gas or liquid states below the critical temperature. Neither
of supercritical solutions. On the other hand, there have beenof the two measured vibrational modes has the Fermi resonance
relatively few reports on thehort-range inhomogeneity of neat component$!#? As a result, the analysis of these modes
supercritical fluidsso far. One reason for the dearth of study becomes relatively easier than that of symmetrieHCstretching
on the short-range inhomogeneity of the neat fluids is experi- (v1) of CHF; with the Fermi resonance componetit$he peak
mental limitations, e.g., very higi, and P, of almost fluids, shift and spectral broadening obtained from Raman spectra were
the electronic transition energy of fluid molecules located in a analyzed by using the perturbed hard-sphere model. Intermo-
vacuum ultraviolet region, the small vibrational frequency shift lecular interactions affecting the shifting and the broadening
as a function of density, and the relatively less structure of a were studied by decomposing the interactions into attractive and
radial distribution function near a critical point than normal repulsive interactions. Thus, the short-range structure around a
liquid. vibrating molecule was elucidated by the evaluations of the

As a fundamental Concept to express the Short_range inho_attractive and I’epu|Sive enel’gles as a function of denSIty, varied
mogeneity of supercritical fluids, numerous researchers havePy @ factor of 50. The short-range structure observed by
used local density enhancement and/or local density aug-Vibrational spectroscopy was discussed in comparison with long-
mentationt215-17.24-39 For neat fluids however, whether in-  'ange structure observed by the X-ray scattering at the same
termolecular interactions enhance local density has been dis-densities and temperatures.
cussed from theoretical and experimental approaghédin
theoretical studies, a Lennard-Jones (LJ) fluid investigation by II. Experimental Section
molecular dynamics (MD) simulation first revealed local density

enhancement as a function of bulk densityhA Monte Carlo The light source for Raman measurements was an argon-ion
(MC) simulation indicated either the subtle presence or the laser operated at a single line of 514.5 nm at a power of 200
absence of local density enhancement in a LJ fitater, mW in front of an optical cell. The scattering light was collected

calculation by integral equations showed that the magnitude of Py lenses and introduced into a monochromator (TRIAX 550,
local density enhancement depends significantly on the strengthJOVinYbon-Spex) equipped with a charge-coupled device (CCD)
of intermolecular potentia® and the difference of enhanced ¢amera after passing through a supernotch filter (Kaiser Optics)
amounts of local densities between polar and nonpolar fluids {0 remove Rayleigh scattering. The optical configuration among
has been theoretically elucidated by computer simulafibas.  the light source, sample cell, and detection system was set to
for experimental studies, the analysis of the Raman spectral shiftSS-Polarization with use of a half-wave plate and polarizers.

of a polar molecule showed the existence of local density The sample cell was one specially constructed for high-
enhancemeri which was also observed by terahertz absorption pressure condition®:#3It was made of stainless steel SUS304
spectroscopy® The linear density dependence of the Raman with 7-mm-thick glass windows. The cell was designed to
shift of supercritical ethane was recognized as a lack of local withstand 400 K and 30 MPa. The sample fluid was sealed by
density enhancemef3° Accordingly, local density enhance- @ Kalrez O-ring, and the pressure was adjusted to 25 MPa with
ment shows different features in neat supercritical fluids, an injector (AKICO). The pressure was monitored with a strain
depending on the systems or methodologies used. Long-rangegauge backed up with a strain amplifier (Kyowa Dengyo). The
inhomogeneity, however, exists in almost all neat systerifs, temperature of the sample was controlled by circulating water
and this universality has been understood to be responsible forfrom a chillier unit to a water jacket, and was monitored by a
the principle of corresponding state. thermocouple. Fluctuations of pressure and temperature were

Our research interests are the following. First is how the short- SUPPressed to withie-0.1% during measurement.
range inhomogeneity depends on the systems being used. Second The chemical purity of CHFwas commercially guaranteed
is how the short-range structure is related to the long-range oneto be 99.99%. The fluid was filtrated with a PTFE membrane
Third is how different vibrational modes are affected by the filter with a pore size of 0.km (Advantec) in a high-pressure
same dielectric surrounding. To obtain clues to these questions container (Millipore) to raise optical purity. The critical constants
we measured the vibrational Raman spectrum of fluoroform of CHF; are reported to b&; = 299.06 K,P. = 4.836 MPa,
(CHF), because of the advantages that its molecule offers. First,and pc = 0.525 g cn13#4 The studied thermodynamic states
the small and simple CHfmolecule has been well studied by ~are plotted on thé—T phase diagram in Figure 1a along six
molecular spectroscopy and theoretical calculation. The infor- isotherms of reduced temperatures 096T, < 1.06. The
mation from these studies enables us to analyze spectra in detailcorresponding densities are also shown in Figure 1b; these
Second, the CHFmolecule is a typical polar molecule and has densities are calculated from the empirical state equition
a large dipole moment (1.65 @) The data for a polar molecule  the use of measureld and T values.
are compared with systems of nonpolar molecules. Third, our Under the conditions mentioned above, Raman spectra of
previous studies investigated the long-range inhomogeneity of andvs modes were measured at densities that varied by a factor
supercritical CHE1%14 These results are available for compari- of 50. In the present study, an instrumental function of the
son with the results of short-range inhomogeneity obtained from Raman spectrometer was obtained by measuring the emission
the present study under the same conditions of thermodynamicline of an Ne lamp. The spectral shape of the instrumental
states-namely temperature, pressure, and density. Fourth, sincefunction was characterized by Lorentzian function with the full
supercritical CHE has been frequently used as a typical solvent width at half-maximum (fwhm) of 1 cmt. The wavenumber
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of these spectra consist of a Q-branch and negligtbéand R
ones. As a result, we are able to treat the spectng ahdv;

. ) modes as isotropic bands, which are measured on the same
Figure 1. Measured thermodynamic states of Raman spectra of L S - . .
fluoroform (CHR) plotted on a (aP—T phase diagram and a (py-P polanzat|c_>n b_etween the incident and scattering lights, that is,
phase diagram. The critical point is represented as CP. Values as inS—S polarllzatlon.
0.96-1.06 indicate reduced temperatures describedlas T/Te. For typical results below and aboVg, the spectra of, and
Measurements are carried out along these isotherm lines by increasing’/; modes aff, = 0.96 and those at 1.02 are shown in Figures
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4a, b and 5a,b, respectively. As common features iandvs
bands, the peak positions of spectra shift toward the lower
energy side, and the spectral width broadens with the increase
of pressure or density.

Il1.B. Spectral Width and Peak Position as Functions of
Pressure or Density.The spectral width and peak position are
investigated as functions of pressure and density. The measured
spectra ofv, and v3 modes are analyzed by the Gaussian
function convoluted with the instrumental function in the
calibrated wavelength region. Thus, the deconvoluted spectral
widths and peak positions on the corrected wavenumber are
obtained to allow us to discuss carefully those pressure or
density dependences. The spectra ofithenode show slightly
antisymmetric shapes, because the right wing partially overlaps

with the weak band of the antisymmetrie-€ stretching mode
(vs) around 1160 cml. The spectrum around 1100 ctnis
decomposed into bands of andvs modes, and the width and
peak position of the’, mode are acquired.

Panels a and b in Figure 6 summarize fwhm ofthandvs;
modes, respectively, as a function of pressure in the temperature
) range of 0.96< T, < 1.06. For the data of isotherms Bt=
valges onlall measured Raman spectra were calibrated by they g5 4ng 0.98, the width gradually increases in the gas state
emission lines of the Ne lamp. with the increase of pressure. At the positions where the
isothermal curves cross the vapdiquid coexistence curve, the
widths show discontinuities. This obviously arises from a first-
order phase transition from the gas to liquid states. The width
Supercritical States.Figure 2 shows a typical Raman spectrum in the liquid state becomes constant within the present pressure
of the supercritical CHEfrom 300 to 3300 cm! (T, = 1.02 range. In the supercritical region the width also becomes
and P = 5.84 MPa). In the present study, the measurements constant, and a plateau appears in high-pressure sides. Note that
and analyses are concentrated inithandvs; modes. Figure 3 the profiles of spectral widths in the low- and high-pressure
shows polarization dependences of Raman spectra of bothregions in the supercritical state are analogous to those in the
vibrational modes. Since the insignificant depolarization com- gas and liquid states, respectively. These experimental results
ponents are observed by a g polarized configuration, both  show that local structures around a vibrating molecule in the

Figure 2. Typical example of a Raman spectrum of the fundamental
vibrational modes of CHfin a measured supercritical state. Raman
bands ofvy, vy, vs, v, vs, andve are assigned to €H symmetric
stretching, G-F symmetric stretching, €F; symmetric deforming, €

H bend, C-F antisymmetric stretching, and-&; antisymmetric
deforming modes, respectively (ref 45).

Ill. Results
III.LA. Typical Spectra of CHF 3 at the Gas, Liquid, and
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gas and liquid states at the reduced temperafiure0.98. (b) Spectra thermodynamic conditions as those of panel a. The spectra arfid

of thevsz mode at the same thermodynamic conditions as those of panelv; modes are measured at the same pressures, and the corresponding

a. The spectra of, andv; modes are measured at the same pressures, reduced densitieg; are also given.

and the corresponding reduced densities p/pc are also given at the

left. [1l.C. Correlation between Spectral Shift and Macroscopic
Dielectric Structure. To investigate the short-range structure

. . " from a dielectric point of view, we examined the spectral shift
lower and higher pressure regions of the supercritical state areby using Onsager's reaction field theory. According to the

similar to those of gas and liquid states, respectively. This tendstheory, a medium with a large dielectric constant stabilizes an

to agree with our previous results on the vibrational Raman of excited state more than the ground state by the larger dipole

iti 3
ne_le}(t) ZL:(F;?;?r:gl(t:ﬁle Ej:gr:sit dependence of a spectrum. the Wid,[hmoment of the excited state, and this stabilization causes a red
y aep P ’ shift in the spectrum®47 According to this idea, the red-shifted

and peak position for the spectraigfandvs; modes are shown S - -
- . vibrational spectra of acetone in supercritical L@ere
in Figure 7, panels a and b, respectively, at several temperatures

- : - examined as a function of the reaction fiéfdln a case of
as functions of the reduced density= p/pc. It is seen that the o .
. supercritical CHE as a polar molecule, spectral shift was
spectral widths of the,; mode become much larger than those analvzed by the following reaction fiekd
of the vz mode. Blank regions correspond to the discontinuity y Y 9 ’

of density due to the phase transition. In all data obtained above )
the critical temperature, the width sublinearly increases in the Av _ (6 -1 _n- 1) (1)
low-density region, and an anomaly successively appears around Yo €et2 42

or = 0.7. The width gradually tends to become constant in the

high-density region, and the plateau appears in higher densitywhere theAv/v, is a solvent-induced frequency shift normalized

regardless of the increase in density. by the gas-phase frequendg,is the constant depending on
As for the position of the peak, the spectravoindvs modes properties of a molecule¢ (— 1)/(e + 2) — (N2 — 1)/(n? + 2)

shift toward the lower energy side as the density increases. Theis the reaction fielde is the dielectric constant, andis the

amount of the shift is much larger in the mode than in the's refractive index. In the present study, the vibrational spectral
mode. In particular, it should be noted that the shift amount of shift is analyzed by the use of this reaction field.
the v, mode is about 20 crt at aroundp, = 2. This value is Figure 8 shows the shifts & = 1.02 as functions of the

significantly large, because studies of most reported moleculesreaction field. The plotted data indicate the percentage of the
show shift amounts at aroungl = 2 to be about a few to 10  amount shifted from the position of the Raman spectrum at the
cm! at most in neat fluids as well as supercritical solutions. isolated condition. Dielectric constants and refractive indices
Another feature of the peak positions is that the shift amounts for the reaction fields at each density are used as values obtained
of both modes are inflected aroupgd= 0.8. The density atthe  from our measurements (vide infr&)>°As shown in Figure 8,
inflections is nearly equal to the density giving anomaly of nonlinear features appear as a value of the reaction field less
spectral widths. According to experimental results for these than 0.5. The nonlinearity indicates a deviation of dielectric
density dependences, a local structure in the vicinity of a structure around a vibrating molecule from an averaged
vibrating molecule significantly changes around the bulk density dielectric one. A similar nonlinearity of less than 0.5 at the
of pr = 0.7-0.8. reaction field was observed in the shift in the electronic transition
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(a) v2 mode

Figure 6. Spectral widths of (a) the, mode and (b) thes mode in
gas, liquid, and supercritical states as functions of pressure and reduce
temperatures 0.98 T, < 1.06.
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15 20

of CHF;'s supercritical solution. This deviation from the linear
trend was interpreted as a local density enhancement around
solute moleculé® Another feature of Figure 8 is that the amount
of shift is much larger in the’, mode than in the’s mode. In
addition, a deviation from the linear line becomes notable in
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Figure 8. Spectral shift (%) from the isolated condition at the reduced
temperaturdl; = 1.02 as a function of the Onsager reaction field. The
solid circles and squares are the peak position0nd v; modes,
respectively. The solid curve and the dashed line are a fitting curve of
the polynominal function and act as a guide for eye and the linear line
is due to the nature of the average dielectric structure, respectively.

contrast to the deforming one, is specifically affected by the
dielectric structure around a vibrating molecule at the same
density and temperature.

IV. Theoretical Background for Analysis of Raman
Spectra as a Function of Density

IV.A. Spectral Shift Decomposed into Attractive and
Repulsive Shifts.As isolated molecules condense, an average
force exerted by surrounding molecules shifts the vibrational
frequency. On the basis of a theoretical model developed by
pchweizer and Chandler (SC mod&l}he density dependence
of a vibrational Raman spectrum has been excellently analyzed
in high-pressure conditions: neat liquids or solutions in GPa
and supercritical fluids in MP#.5859 In this model, the
frequency shiftAv can be partitioned into contributions from
the repulsive and attractive components, as follows,

Av = Avg+ Av, 2
where theAv, Avg, andAva are the net, repulsive, and attractive
frequency shifts, respectively. The repulsive and attractive shifts
become positive and negative values, respectively. The repulsive
contribution is calculated by using a hard-sphere approximation,
and the attractive contribution is empirically derived by
subtracting the repulsive shift from the experimentally obtained
net shift. In this model, a solvent molecule and a solute molecule
have been characterized by a hard sphere and a pseudodiatomic
molecule composed of two hard-sphere atoms, respechivéfy.

For neat fluids, the solute and solvent molecules are the same,
but are treated as a vibrating molecule and a hard sphere,
respectively?55153.55,58,59

In the SC model, the repulsive spectral shiftg, is expressed

as follows,
G
)
f Fr

where is the vibrational frequency of the isolated molecule,
f and g are the intramolecular quadratic harmonic and cubic
anharmonic force constants of the solute moleétland Fr

and Ggr are the linear and quadratic constants respectively
indicating forces exerted by solvent molecules along the normal
coordinate of soluté-%2 A similar theoretical model was later

®3)

the v, mode. These results mean that the stretching mode, indeveloped by Zakin and Herschbach. That model, called the
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TABLE 1: Parameters for Calculation of Spectral Shift and
Width

parameters V2 V3
faJA22 8.4 3.4
g(@aJ A3y 30.9 25
GrlFg? 1.0 1.2
mye 2.77 2.74
mye 4.40 4.41
mee 4.43 4.35
bye -1.21 —1.04
by —2.74 —2.42
b —3.61 —3.30
os(A)d 4.3 4.3

o (A)¢ 3.0 3.3

o1 (A)e 3.9 3.8

o2 (A)¢ 2.2 2.8

L (AP 0.23 0.23
we(CMT )2 1154.7 709.7

aReference 60° References 61 and 62Reference 529 Reference
63.

perturbed hard-sphere model, has been conveniently rewritten
to obtain the density dependence, and it is used for the present’R

calculations$?2:53

Av
v_oR = ¢, exp(myp*) + ¢, exp(mp*) — c;expme*)  (4)

with
¢, = kapfz(1 — 2 " expb, (5)

and

3(9) (GR)
o ="rJ— 3|+ |=— (6)
-
where the coefficientsn, and by are empirical paramete?s,

depending on the molecular size, and the densitypis
represented as follows

p* = pog’ ©)

wherep is the number density ands is the diameter of the
solvent hard sphere. The value @fs given by

_tel

2
frg

0 8

where thekg is the Bolzmann constant amdthe equilibrium
bond length. The value ofis expressed as

Z:

©)

SHP
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width and shape show a static probability distribution of
frequency fluctuations; this distribution becomes Gaussian. In
the fast modulation limit, on the other hand, the broadening is
homogeneous and the spectral shape is expressed by the
Lorentzian. The actual vibrational spectrum is the convolution
of a homogeneously broadened shape from rapidly varying
repulsive force fluctuations and an inhomogeneously broadened
one from slowly varying attractive force fluctuation. The SC
model partitions solvent force fluctuations into the attractive
and repulsive contributions as a function of density. In this
model, the inhomogeneous and homogeneous widths are
expressed by the use of the former and latter contributions,
respectively?! We analyze width by calculating homogeneous
and inhomogeneous widths in the following manner.

In a homogeneous case in the SC model, a hard-sphere/
Enskog collision is used as the model of repulsive interacfibns.
In this case, a pure dephasing rate characterizing spectral width
is described in the condition of homogeneous limit as follows

- AQ)\? 1 lef 1 1 -
T 1= Z(Fq) 3kBT§(1 + E((_Y_l + (_j—))(ml/llerl ! +
M, °7e, 1) (10)
with
(Q112 - Qooz) _ gh n h/Z/twe

AQ=(Qq; — Quo + 4L Zuzw 3 4L
) (11)

where the; is the average size of an atoraf a pseudodiatomic
solute molecule, as iB; = (0; + 045)/2, m is the mass of the
atomi in the solute moleculg; is the steric factor as in [+
(rd201)212[1 + (rd203)], Qj is the vibrational amplitudel-6465

L is the characteristic range parameter for repulsive interac-
tion 5162, is the reduced mass of solute, anglis the harmonic
frequency. The Enskog collision ratg* between hard spheres

is expressed as follows

-
T = g \/ % po;"9(07) (12)

where they; is the reduced mass between atoaf solute and
the solvent, as im~* = m~! + M™%, andg(oi) is the contact
value of the radial distribution function for solute and solvent
molecules as follows

( )—3(1— )72 {@ - (afa)A + 25) +
9(; —2 n Iz n)I(oil G n
(04o)(1 — 1) + n(0/5)} (13)

wherey is the packing fraction agpos¥/6. Thus, the line width

where theo is the van der Wa_als Si;e of_the solute molecul_e. 6R due to the pure dephasing is expressed at the homogeneous
Thus, we calculate the repulsive shift using eq 4 as a function |imit as follows

of density. The calculation parameters are listed in Table 1. The
attractive shift is derived by subtracting the calculated repulsive

shift from the net shift of the experimental data.

IV.B. Homogeneous and Inhomogeneous Broadening of
Vibrational Bands. A vibrational spectral width involves the
fluctuation of vibrational frequency due to the fluctuation of
molecular interactions. The frequency fluctuation can be
characterized by a root-mean-square amplitude and by a

correlation time describing vibrational motioffs5In the slow-

motion limit the broadening is inhomogeneous, and the line

Og = 215 Y27C (14)

wherec is the speed of light.
The slowly varying force giving the inhomogeneous width
is expressed in the SC model as folléls

[ANE

71 ~ /e
T LA |Avy| N (15)
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and attractive spectral shifts, respectively.

whereAv, is the amount of attractive shifly is the average
number of molecules in a local volume, af\ll is the difference
between the average and the effective numbers of molecules i
the volume. The inhomogeneous width, with Gaussian

distribution is expressed as follows

V. Discussion

V.A. Attractive and Repulsive Components in Spectral

0p = 2VIN2 17, 27C

Saitow et al.

from the isolated condition (%) as a function of reduced density
or. By extrapolating those values, it is confirmed that the
amounts of the repulsive shifts in almost all systems reach about
0.05% ato, = 1 and 0.2% ap, = 2, and the present values are
also in accordance with those values. Such accordance is
attributable to the use of the hard-sphere model in all the studies.
Also, the calculated values in the present study are appropriate
for application to the hard-sphere model.

As for the attractive component, Figure 9 shows that the value
of an attractive shift becomes larger than that of a repulsive
one in both modes. This means that the measured Raman spectra
consist principally of the attractive component in the present
density ranges. Another feature of Figure 9 is that the amount
of attractive shift shows nonlinear density dependence and is
inflected aroundo, = 0.8. According to the SC model, the
attractive shift is linearly proportional to the density in a
homogeneous (uniform) distribution of molecules, as follows

Av, =Cpo 17

whereC, is an attractive shift parameter. When this condition

is applied to the present system, it can be considered that a
deviation from the linear trend is due to density inhomogeneity,
because aggregations of molecules are able to cause a greater
attractive shift than the uniform molecular distribution.

V.B. Local Density Enhancement Induced by Attractive
Intermolecular Interactions. In supercritical solutions, a
deviation from a linear trend as a function of density has been
observed in a number of studies on spectral shift, partial molar
volume, local coordination number of a molecule, and so
onl12151724-31 gych deviations from the linear lines are
attributed to an enhancement of local density around a solute
molecule. The enhancement is expressed as follows

[0p 0= oy — [l (18)

wheredp, pi, andplare the local density enhancement, local
(effective) density, and the bulk (averaged) density, respectively.
In these studies, the value of enhancement has been evaluated
by the following procedures. A local density is generally
estimated by finding the density that gives the same amount of
shift on a linear line as it does on a nonlinear curve, as shown
in Figure 10. The enhancement is given by the difference
between the density on the curve and that on the linear line.
The obtained values correspond to an ensemble average whose

"alue reflects the density inhomogeneity locally enhanced by

molecular aggregations. We then estimate the local density
enhancement according to these procedures. Note that the local
density enhancement in the present study enables us to acquire
the value arising from attractive intermolecular interactions only.
That is, we are able to investigate th#ractive interactions
under the condition of the absencerepulsive intermolecular
interaction by the use of the attractive spectral shift. The

Shifts. Figure 9 shows the measured net shift, the calculated obtained local density enhancement thus directly reflects a
repulsive shift, and the empirical attractive shift as functions portion of the molecules attractively aggregated.

of reduced density and/or packing fraction at the isothermal

Figure 11c shows the local density enhancement of super-

condition of T, = 1.02. The attractive components decrease as critical CHF;, which is obtained from the deviation from the
molecules are condensed, whereas the repulsive ones increaséinear line. The enhancement is observed in the neat fluid, and
The shift amounts are listed in Table 2, which shows that the the maximum value appears at aroynd= 0.8. Let us discuss
repulsive shift becomes similar in both vibrational modes. Let the following effect: a large enhancement might change the
us examine the calculated repulsive shift in comparison with values of repulsive shift by increasing the local density and

those of other reported fluidd:535557.58Table 3 summarizes

might result in changes in the values of attractive shift and local

the repulsive shifts for several vibrational modes in high-pressure density enhancement. We recalculated the repulsive and attrac-
conditions. To compare clearly the other fluids with the present tive shifts using the local density, which was obtained from the
one, the reported data are rewritten by normalizing each shift summation of bulk density and the
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TABLE 2: Shift Amounts of Experimental Net, Calculated Repulsive, and Empirical Attractive Shifts as a Function of
Pressure, Density, and Packing Fraction at Reduced Temperaturé, = T/T, = 1.02

packing V2 3

pressure I fraction Avlvg Avgrlvo Avalvg Avlvg Avrlvg Avalvo

(MPa) (g cn?) pr= plpc (%) (%) (%) (%) (%) (%) (%)
0.80 0.02 0.05 0.8 —0.06 0.018 —0.08 —0.020 0.020 —0.040
221 0.07 0.14 2.6 -0.23 0.019 -0.25 —0.056 0.022 —0.078
3.90 0.17 0.32 5.9 —0.49 0.023 —0.52 —0.106 0.026 —-0.132
4.57 0.23 0.44 8.1 —0.64 0.026 —0.67 —0.143 0.029 —0.172
5.00 0.29 0.56 10.3 -0.77 0.030 —0.80 —0.145 0.033 —-0.178
5.22 0.34 0.65 121 —0.92 0.033 —0.95 —0.196 0.037 —0.233
5.30 0.37 0.70 13.0 —0.97 0.035 —1.00 —0.210 0.038 —0.249
5.37 0.39 0.75 13.9 —1.04 0.036 -1.07 —0.226 0.040 —0.266
5.43 0.42 0.80 14.8 —1.09 0.038 -1.13 —-0.235 0.042 -0.277
5.55 0.49 0.93 17.2 -1.21 0.044 —1.25 —0.249 0.049 —0.298
5.63 0.54 1.04 19.2 -1.25 0.049 —1.30 —0.256 0.054 —0.310
5.73 0.60 1.15 21.3 —1.28 0.055 -1.34 —0.261 0.061 —0.321
5.86 0.66 1.25 23.1 -1.31 0.062 -1.37 —0.259 0.068 -0.327
6.41 0.75 1.43 26.5 —1.39 0.075 —1.47 —0.281 0.082 —0.363
7.61 0.84 1.60 29.5 —1.45 0.089 —1.54 —0.299 0.097 —0.396
10.63 0.93 1.77 32.8 —1.53 0.108 —1.64 -0.321 0.118 —0.438
16.67 1.02 1.95 36.1 —-1.61 0.131 —-1.74 —0.345 0.142 —0.487
2458 1.09 2.08 38.5 —1.65 0.151 -1.81 —0.348 0.163 —0.511

TABLE 3: Vibrational Frequency Shifts of Calculated Repulsive and Empirical Attractive Shifts of Various Fluids at
High-Pressure Conditions Analyzed by the SC Model

density repulsive attractive

molecule mode sample condition (or= plpc) shift (%) shift (%)
cyclohexang C—H stretch in supercritical 0.29 0.014 —0.04
COo, 0.87 0.055 -0.11
1.70 0.147 —0.22
isobutylené C=C stretch liquid 2,51 0.124 —0.53
2.79 0.162 —0.59
2.93 0.185 —0.62
C—C stretch 251 0.512 —0.39
2.79 1.073 —0.50
acetoné C=0 stretch liquid 2.87 0.111 —1.44
3.48 0.193 —1.74
furarf bending liquid 3.07 0.43 —0.40
3.14 0.48 -0.41
3.25 0.52 —0.43
C—H stretch 3.07 0.63 —0.82
3.25 0.70 —0.90
methandl C—H stretch liquid 3.08 0.245 -0.17
3.24 0.262 -0.21
3.35 0.300 —0.25
CHCIs® C—H stretch in Cgliquid 2.87 0.60 —-1.25
3.20 0.70 —1.30
3.54 0.80 —1.45
n-buthanot O—H stretch in Cgliquid 2.87 0.55 —-1.80
3.20 0.65 —2.00
3.54 0.75 —2.20

aReference 582 Reference 51¢ Reference 55¢ Reference 57¢ Reference 53.

enhancement of local density. As a result, the increase in enhancement is also observed in this analysis. By comparing
repulsive shift by the effect becomes small in the present densityto two values of Figures 10c and 11c, the latter is smaller than
range, and the increased amounts fgrand v modes are the former. This difference is ascribed to each deviation
calculated to be less than 0.05% and 0.02%, respectively, everamount: the deviation from the linear line in Figure 10 and the
at the density where the enhancement becomes maximum.deviation from the curve in Figure 11. Let us discuss this briefly.
Therefore, it is safe to say that the changes in repulsive andThe value of the local density enhancement in Figure 10 is
attractive shifts by the effect are negligible in the present density evaluated from the attractive shift treated to be due to mainly
range. In contrast, when molecules are compressed to a densitglispersion, whose intermolecular interaction is considered to
aroundp, = 3, the repulsive shift increases significantly, owing be linear against the density. On the other hand, the value in
to the exponential part of eq 4. Figure 11 is obtained from the attractive shift incorporating
To further discuss the value of local density enhancement, dielectric interactions such as dipeldipole interaction in polar
we also estimated local density enhancement by another analysismolecules, which is considered to be nonlinear against the
In this analysis, the local density enhancement was obtaineddensity. As shown in Figure 11, the reaction field is slightly
from the difference between two curves, which were the nonlinear against the density. This subtle nonlinearity results
attractive shift and the reaction field as a function of density in the decreased amount of enhancement in Figure 10. We
(vide supra), as shown in Figure 11. The obtained local density compared two local density enhancements in this study with
enhancement is shown in Figure 11lc. It is obvious that the the local density enhancement investigated by simulation of
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. . . Figure 11. Attractive shift of (a)v, and (b)vs modes at the reduced
Figure 10. Attractive shift of (a)v, and (b)vs modes at the reduced temperaturd; = 1.02 as a function of reduced densgiyanalyzed by

temperaturel; = 1.02 as a function of reduced densiy The solid  {he Onsager reaction filed. (c) Local density enhancement (LDE) in
curve is afitting curve of the polynominal function and acts as a guide he neat condition. Units of the local density enhancement and bulk
for the eye. (c) Local density enhancement (LDE) in the neat condition. density are reduced density. The corresponding number density in
Units of the local density enhancement and bulk density are reducedha volume of 1 nrhis represented in the top axis.

densitypr. The corresponding number density in the volume of £ nm

is represented in the top axis. ) ) . .
Briefly, let us introduce the other studies relating to the local

supercritical CHE2* As a result, the value of Figure 11 is in  density enhancement afeat supercritical fluids The large
agreement with that theoretical result, considering the electric critical anomalies of Raman spectral width and frequency for
interaction among polar CHnolecules. Considering the nature  supercritical Q@ were interpreted as the enhancement of local
of CHF; and the coincidence between the value of Figure 11 density3” Similar anomalies recently have been observed in the
and the reported theoretical study, it is suggested that the valuevibrational Raman spectra of supercritical &t very close to

of Figure 11 seems to be suitable for polar molecules such asthe critical point® although such an anomaly was not observed
CHFs. Thus, in the following discussion the local density in a previous study relatively far from the critical temperattire.
enhancement obtained from the latter analysis is used in theNonlinear density dependences were also observed for the
present study. widths and shifts of Raman spectra of supercritical, @OT,
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= 1.02-1.06. Nonlinearities were found to become most TABLE 4: Attractive Shift Parameters of Several Nonpolar
and Polar Molecules

significant where the density inhomogeneity is greates.

J. Phys. Chem. A, Vol. 108, No. 27, 2008779

study of a two-dimensional LJ fluid by MD simulation evaluated molecule mode Ca(cm tnm?)
the local density enhancement as a function of bulk deR5ity. nonpolar
A study of MC simulation of a three-dimensional LJ fluid N2 N—N stretch ~0.13
showed subtle or no enhancement from the results of a linear CHg C—H stretch —-0.59
local-coordination numbeg The linear density dependences for CoHe® C—C stretch —0.28
spectral shifts of the €H and G-C stretching modes of ethane . C—H stretch —0.96

: . isobutylené C=C stretch —-1.4
were interpreted as a lack of local density enhancement=at C—C stretch —050
1.023839n a recent theoretical study, local density enhancement cyclohexane C—H stretch —0.59
was clearly computed by the use of an inhomogeneous integral  polar
equation theory® That paper found that the magnitudes of aceton% C=O stretch —3.0
enhancement sensitively change with the kinds of intermolecular ~ SFOT S streteh e
potentials, and the well depths of potential and temperature are ¢ C—N igiigh 15
concluded to play important roles in the value of local density C—C stretch —03
enhancement of neat systems. Also, the latest theoretical study CH3CN (in CCl)® C—H stretch -3.1
clearly found that the value of local density augmentation of a C—N stretch —23
polar fluid, CHF;, becomes larger than that of a nonpolar one, C—C stretch

furari ring -1.2

C,He.34 In that paper, dipoledipole interaction is thought to

increase the value of local density. On the basis of these recent *Reference 38> The C, value is obtained with data from ref 51.

theoretical and the present experimental results, it is natural to® Reference 581 TheC, value is obtained with data from ref 58The

interpret that the local density enhancement exists in neatCavalue is obtained with data from ref 59The C, value is obtained
o . with data from ref 55.

supercritical fluids of polar and nonpolar molecules, and that

the amounts of local density enhancement depend on the degree T T T T
of intermolecular interactions. 0 .
As another feature, the local density enhancement becomes

maximum aroungp, = 0.8 atT, = 1.02. At the same density -5 -
and temperature of supercritical CgiFspecific features are .

commonly observed: the maximum local density enhancement e .10 -
investigated by simulatioff, the maximum spectral width in %(

Figure 7, the nonlinear shift as a function of the reaction field ] 15 i

in Figure 8, the nonlinear shifts of electronic spectra as a
function of the reaction field® and the minimum rotational
relaxation time?®69Briefly, let us discuss these specificities by 20 4 3
comparing them with the long-range structure of neat super- C,(v5)=-0.38 cm nm

critical CHR;. According to SAXS measuremerifsthe Orn- 25 1 1 1 1
stein-Zernike correlation length of supercritical Cklfvas 0 2 4 A 8 10
obtained as 1.6 nm at = 0.8 andT, = 1.02. The molecular <py> (nm)

size of CHE is estimated to be 0.43 nm by van der Waals Figure 12. Attractive shift paramete€, obtained from the slope of
volume®3 and the first and second solvent shells reach about the linear line.

1.3 and 2.1 nm, respectively. Under these situations, the

correlation length becomes longer than the first solvent shell different vibrational modes in h|gr_1-pressure conditions. Th_e
and shorter than the second. That is, as the correlation |engthtaples show that there are modes giving large or small attractive
shifts regardless of whether the molecule, temperature, and

grows to such a scale, the local structure of such a spatial size .
significantly affects the vibrational, rotation®#%° and elec- pressure are the same. Th|§ modg dependence reflqcts a
troniclS transitions in supercritical CHE sensitivity (_)f attractive interaction _of_ V|brat|o_nal r_node against
ny S . . the dielectric surrounding in the vicinity of a vibrating molecule.
V.C. Sensitivity of Vibrational Mode to Dielectric Sur- In this situation, the present stretching mode is much affected

Ir:qundlnlglthre]: V|C||n|ty ?T a\/lll(:j)ratmg Moiiecule. As SEOWn I(;]f by the dielectric surrounding and becomes more sensitive to
igure 11, the value of local density enhancement obtained from )., 4.id than the deforming mode.

thev, mode becomes larger than that from thein the present To understand the sensitivity of the vibrational mode, we
study, the value of enhancement is obtained from the shift discuss the attractive shift parame@t On the basis of tflwe
amounts of vib.r{ational spectra, depending on density. The SC model described in eq 17, ti& was obtained from the
V|brat|pnal transition energy, as well as rotgtlonaliand eIectrqmc slope as shown in Figure 12. The valuesvgfand v; modes
energies, are affected differently by the dielectric surrounding are estimated to be-2.2 and—0.38 cnT! nm?, respectively

gt the same density and tempgrature conditions. For .example,-l- able 4 lists the attractive shift parameters of several vibrational
it was found that the spectral shiftsaof-2* and n+* transitions modes. Note that polar molecules such as acetone aCEH

of benz.o'pheno.ne show different density dependences. in thegpow similarC, values to ther, mode of CHF in the present
supercritical fluid even though they have the same density and study, whereas the value of tire mode is similar to those of
temperaturé® The shift amount of the vibrational spectrum is nonpolar molecules.

also expected to show a different density dependence for each  the attractive shift parameter is expressed by dispersion and
vibrational mode at the same thermodynamic condition. dipole—dipole terms as follow®

We consider the attractive spectral shift in order to discuss
the mode dependence of local density enhancement. Tables 3
and 4 summarize various systems for the attractive shifts of

C,(vy)=-220 cm'nm’

Ca=— (Aya+ A 0 — ((;%)a + (g%)f) (19)
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TABLE 5: Shift Amounts of Experimental Net, Calculated Repulsive, and Empirical Attractive Shifts as a Function of
Pressure, Density, and Packing Fraction at Reduced Temperatures, = T/T. = 1.04 and 1.06

packing V2 Vs

pressure I fraction Avlvg Avrlvg Avalvo Avlvg Avrlvg Avalvo

(MPa) (g cn) pr= plpe (%) (%) (%) (%) (%) (%) (%)

T,=1.04
0.80 0.02 0.04 0.8 —0.04 0.018 —0.06 —0.010 0.020 —0.030
2.20 0.07 0.13 25 —0.19 0.019 -0.21 —0.039 0.022 —0.061
3.52 0.13 0.25 4.6 —0.38 0.022 —0.40 —0.083 0.025 —0.108
4.54 0.20 0.38 7.1 —0.55 0.025 —0.58 —0.119 0.028 —0.147
5.05 0.25 0.48 8.8 —0.67 0.028 —0.69 —0.147 0.031 —-0.179
5.34 0.29 0.55 10.2 —0.76 0.030 —0.79 —0.166 0.034 —0.199
5.63 0.34 0.64 11.9 —0.87 0.034 —0.91 —0.196 0.037 —0.233
5.92 0.40 0.77 14.2 -1.01 0.038 —1.05 —0.225 0.042 —0.266
6.21 0.49 0.93 17.2 —-1.14 0.046 —1.18 —0.243 0.049 —0.293
6.47 0.57 1.08 20.0 -1.22 0.054 -1.27 —0.263 0.058 -0.321
6.76 0.64 121 22.4 —1.28 0.063 —1.34 —0.280 0.066 —0.347
7.15 0.70 1.33 24.6 -1.32 0.071 -1.39 —0.285 0.075 —0.360
7.65 0.75 1.42 26.4 —1.37 0.080 —1.45 —0.299 0.083 —0.382
9.55 0.85 1.62 29.9 —1.45 0.099 —1.55 —0.316 0.101 —0.417
13.89 0.95 1.81 335 —1.53 0.124 —1.66 —0.338 0.125 —0.462
20.00 1.03 1.96 36.2 —1.60 0.147 —1.74 —0.352 0.146 —0.498
25.00 1.07 2.04 37.8 —1.63 0.162 -1.79 —0.361 0.159 —0.520
T,=1.06

0.81 0.02 0.04 0.8 —0.04 0.018 —0.05 —0.013 0.020 —0.033
3.08 0.10 0.20 3.7 -0.31 0.021 —-0.33 —0.086 0.024 —-0.110
491 0.21 0.40 7.4 —0.59 0.026 —0.62 —0.157 0.029 —0.187
5.83 0.30 0.58 10.7 -0.81 0.032 —0.85 —0.210 0.035 —0.246
6.20 0.36 0.68 12.6 —0.93 0.036 —0.97 —0.236 0.039 —0.275
6.58 0.43 0.81 15.0 —1.06 0.041 -1.10 —0.265 0.045 —0.309
6.77 0.46 0.88 16.3 -1.11 0.044 —1.15 —0.282 0.048 —0.330
6.99 0.51 0.97 17.9 -1.17 0.049 -1.21 —0.290 0.052 —0.343
7.21 0.55 1.05 19.4 —-1.21 0.053 —1.26 —0.292 0.057 —0.349
8.36 0.70 1.34 24.8 -1.35 0.074 —1.42 —0.323 0.077 —0.400
10.00 0.80 1.53 28.3 —1.43 0.091 —1.52 —0.349 0.094 —0.443
13.15 0.90 1.71 31.6 —1.50 0.112 —1.62 —0.358 0.114 —0.471
20.00 1.00 1.90 35.2 —1.59 0.141 -1.73 —0.375 0.140 —0.515
24.00 1.04 1.98 36.6 —1.62 0.153 -1.77 —0.379 0.152 —0.531

wherea is the polarizability and: dipole is the moment of a

molecule. Since polarizability and dipole moment are common
in a molecule, the difference in the value G% for each 0.0 0.5 1.0 1.5 2.0
vibrational mode is considered to be the values of polarizability L I L

and dipole moment differentiated along vibrational coordinates. R Dl R (TTF_=11 'gf).
The value 0fda/0Q of an isolated CHEmMolecule was obtained I ,:2 2;;1'06;_
from normal coordinate analysis by Gaussian 98, and the values o v (T=1.02) ]
of 9u/dQ were reported as follows:9¢/dQ),»/(9a/3Q),s = 1.5 A VZ (T:=1.04) ]
and @u/dQ),2/(0uldQ)ys = 1/(—1.2)"* All these values contrib- —O 1 v, (T,=1.06) 1

ute toward a smalle€, in the v3 mode than in thes,. This
tendency is in accordance with the experimental results. That
is, the curvature of the vibrational potential is opened by the
increase in density, and this increasednode exceeds the;
mode. The’, mode is much exerted by attractive intermolecular
interactions. Under these conditions, it was considered that the
sensitive mode offers a relatively higher degree of local density
enhancement. 0 2 4 6 8 10

V.D. Temperature Dependence of Local Density Enhance- <pp> (m?)
mer!t. We then measured t,he Raman Sp??tmz‘a‘an modes Figure 13. Local density enhancement fes andv; modes obtained
at different temperatures in the supercritical region. As shown from the reaction filed analysis at the supercritical regiofi at 1.02,
in Figure 7, insignificant temperature dependence is observed1.04, and 1.06.
in the spectral shifts. As listed in Table 5, the spectral shifts
are also analyzed by decomposing them into attractive andcan say that the attractive shift's dependence on temperature is
repulsive components & = 1.04 and 1.06. As described in insignificant.
eq 8, the repulsive shift becomes larger as the temperature We also estimated the local density enhancemenis at
increases. These temperature-led increases become small, antl04 and 1.06 using the data of attractive shifts and reaction
those atT, = 1.04 and 1.06 are less than 2% and 4%, fields at those temperatures. The results of the local density
respectively, in contrast to the valueat= 1.02 at the same  enhancements are displayed in Figure 13. The obtained values
density. Both the net shift from the experiment and the repulsive do not depend much on the temperature because of the
shift from the calculation show insignificant temperature de- insignificant temperature dependence of the attractive shift. On
pendences in the present experimental range. As a result, wethe contrary, the long-range inhomogeneity observed by SAXS

<5p/> (nm )
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30 T T T T profile of local density enhancement with the profile of density
fluctuation, it is shown that there are several differences in
7=1.02 features between short- and long-range inhomogeneities. First,
the maximum density fluctuation is located near= 1.0,
20 - whereas the local density enhancement becomes maximum

around p; = 0.8. As a result, the maximum short-range
inhomogeneity is located at a lower bulk density than the long-
range one. Second, the distribution of density fluctuation is
10 - almost symmetric in shape. The local density enhancement
shows antisymmetric distribution, and the amount of the
enhancement in the lower bulk density exceeds that of the higher
® one. Third, the distribution of local density enhancement
%0 0'5 1'0 1'5 2'0 becomes broader than that of density fluctuation. These three
’ : ‘ ‘ : features that distinguish between the short- and long-range
PP / Pec inhomogeneities are very similar to the results of MD simulation
Figure 14. Density fluctuation of supercritical CHFat the reduced ~ as a function of spatial siZ8.That is, (i) the position of the
temperaturdl, = T/T, = 1.02. The values are obtained from measure- maximum local density enhancement shifts toward a lower
ments of small-angle X-ray scattering and thermodynamic calculations density as the local region becomes smaller, (ii) the distribution
of supercritical CHE in ref 10. of local density enhancement becomes antisymmetric as a
o probed region becomes smaller, and (iii) the local density
measurement shows significant temperature dependence; th@nhancement shows a broad distribution. In this simulation, the
obtained correlation lengths of supercritical G+t pr = 1.0 local density enhancement was investigated by changing the
of Tr = 1.02, 1.04, and 1.06 are 2.0, 1.5, and 1.2 nm, gpatial scale from 1.78to 4.725, whereg is the particle size
respectivelyt® Briefly, let us discuss the difference in temper- consisting of L-J fluid. In the case of a Cklfnolecule, the
ature'dependence betwegn short-rang.e. and long-range inhomoyg|ues of 1.78 and 4.72 reach about 0.8 and 2 nm by use of
geneity. For each experimental condition, the SAXS detects the van der Waals diameter, respectively. These sizes seem to
long-range inhomogeneity that is larger than an order of resemple the values of the effective scale around a vibrating
nanometer, whereas the data from vibrational Raman spectrosmolecule, such as the sizes of the first and second solvent shells
copy reflect a short-range structure in the neighborhood of a ang the local volume used to obtain local density enhancement
vibrating molecule. In contrast to the molecular size of 0.43 i, the present study. Recently, similar size dependence of local
nm, the sizes of inhomogeneities probed by SAXS and Ramangensity enhancement was examined by another simulation study,
become large and small, respectively. Under this condition, it anq the three features mentioned above for spatial size were
is considered that the structure around a vibrating molecule doesg|sg gbserved by evaluating the local density enhancement for
not change much in the present temperature range, althoughne first and second solvent shelfs.
the structure of a large scale surrounding molecule sensitively  pq the description of long-range inhomogeneity, the density

changes. In a similar case of insignificant temperature depend-fiyctyation is formulated by the number-density inhomogeneity
ences, the spectral shift and width of vibrational Raman spectrasg ol jow3.10-12

of neat supercritical C&does not depend much on temperatures
in the range of 1.0 T, < 1.06*3 In this case, it is also 2 5
observed that the long-range inhomogeneity of supercritical CO HAN) D: [N — ONGY D: 1(0) /N)K ks T
is sensitively changed by temperatures in the range of .02 mNO N ZZIZINIjV T
T, < 1.0619 Accordingly, it is revealed that a significant
difference of temperature dependences exits in the short-rangevhereN is the number of molecules in volumé ONOis its
and long-range inhomogeneity of neat supercritical fluids. ensemble-averaged valué)) is the scattering intensity at wave
V.E. Correlation between Short-Range and Long-Range vectork = 0, Z is the number of electrons of a molecule, and
Inhomogeneities.In condensed phases, the data of vibrational «t is the isothermal compressibility. According to eq 20, the
Raman spectra are reflected by continuous intermolecular value of density fluctuation is obtained from a measurement of
interactions in the vicinity of a vibrating molecule; measured scattered intensity & = 0 or from the value ofr by the use
spectra show an ensemble average of each molecule undeof the state equation witR—V—p—T relations. The obtained
interactions at the first or second nearest neighbbisAs values of density fluctuations are thus expressed by an ensemble-
mentioned in Section V.B, the sizes of first and second solvent averaged inhomogeneity in the mesoscopic or macroscopic scale,
shells of CHE molecules become about 1.3 and 2.1 nm, e.g.,| > an order of a few tens of nanometers. These values
respectively. In the present study, the local density enhancemenicharacterize well the long-range inhomogeneity. The local
represents a volume of 1 imMVhen molecules are affected by  density enhancement, however, characterizes the density inho-
solvent shells of such sizes, the volume of 13seems to be  mogeneity in the short range, i.e., on the order of a volume of
appropriate to characterize the surroundings of a vibrating 1 nnmf. When the local structure in the vicinity of a vibrating
molecule. molecule is discussed, the short-range inhomogeneity is more
Let us discuss the relationship between short-range and long-suitable, because the vibrational Raman spectrum is given by
range inhomogeneities of supercritical CHi the same an ensemble average of each vibrating molecule under continu-
thermodynamic states. For a long-range inhomogeneity, Figureous intermolecular interactions around the first or second nearest
14 shows the density fluctuation of supercritical GH®Whose neighbors. This discussion is fruitful for determining a way to
value is obtained from SAXS measurements and isothermal describe the local volume of a vibrating molecule, which is
compressibility!® The density fluctuation is characterized by required to calculate inhomogeneous width (next section).
inhomogeneity in the mesoscopie and/or macroscopic scale, e.g. V.F. Comparison of Experimental Spectral Width with
| > an order of a few tens of nanometers. By comparing the Calculated Homogeneous and Inhomogeneous Widthé&s

Density fluctuation

(20)
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attributable mainly to the value @&fq, which is related to the
vibrational anharmonicity. Large anharmonicity has been con-
sidered to contribute largely to vibrational dephasing. In the
present study, as listed in Table 1, the value of the anharmonic
force constant of the, mode is much larger than that of the
mode. Thus, it is interpreted that the homogeneous width of
the v» mode becomes broader than that of themode.

Next, we discuss the inhomogeneous widths of both vibra-
tional modes as functions of density. These widths are empiri-
cally calculated in the following manner. According to eqs 15
and 16, three parameters are required to obtain an inhomoge-
neous width: the amount of attractive shifii(n), the average
number of moleculesN) in the local volume, and the difference
(AN) between the average and the effective numbers of
molecules in the volume. The first parameter is obtained in
Section V.A. The second and third are utilized as the average
number of molecules in the volume of 1 fArand the local
density enhancement in 1 8pnespectively, as described in the
previous section. Thus the calculated inhomogeneous width is
shown in Figure 15b as the datat= 1.02. The following
features are obtained. First, the inhomogeneous width afthe

20 band is larger than that of the band. Second, the anomaly of
inhomogeneous width appears aroynd= 0.8.

Figure 15. (a) Calculated homogeneous widthigfandvs modes in We compare the values of experimental results with those of
the supercritical state at the reduced temperafure1.02 as a function calculated ones. As shown in Figure 15, the inhomogeneous
of reduced density. (b) Empirically cal_culated inhomogeneous widths width is larger than the homogeneous width in almost density
atTr = 1.02 as a function of the density. range of the current study. As a result, it is considered that the
spectral broadening observed from the experiments consists
mainly of the inhomogeneous component. This means that the
major contribution to the spectral broadening is due to attractive
interactions because of the inhomogeneous width brought by
attractive interactions in the SC model. As for spectral shift, a
dimilar feature is observed. Figure 9 shows that the attractive
component is the major contribution to the amount of a shift.
On the basis of the present experimental and theoretical results,
accordingly, it can be concluded that the attractive interactions
contribute dominantly to both of the vibrational frequencies and
the spectral widths for, andvs modes of supercritical CHF

at all densities and temperatures in the present ranges.

As for the other features of experimental values of widths,
specific density dependences are found, including the anomaly
around p, = 0.8 and the plateau at higher densities. To
understand these features, we carry out the convolution of
calculated homogeneous and inhomogeneous widths. The result

whereT is the width of the Lorentzian shape of a vibrational is shown in Figure 16. It should be noted that the convoluted
spectrum,T, is the homogeneous dephasing tirfie* is the profiles agree with the experimental values. Both the values
pure dephasing timd]; is the population relaxation time, and and profiles in the calculations are in accordance with the
Tor is the width by orientation relaxatio-74 In the present ~ €xperimental results. Consequently, the anomaly in the experi-
measurement, the value E&r is neglected, because the Spectra mental results is attributed mainly to density inhomogeneity. It
of v, andvs modes consist of the isotropic components as shown IS interpreted that the plateau is generated by both the increase
in Figure 3. We focus on the dephasing component, becausein homogeneous width and the decrease in inhomogeneous
the vibrational dephasing process, which is faster than the width. This means that the fast modulation becomes manifest
vibrational population relaxation, has been generally consideredPy the increase in density, and the slow modulation gradually
a principal contribution to the spectral width in condensed Pecomes insignificant. Another feature seen is that the width
phases. As a result, the homogeneous width here is treated a8f the vz mode broadens gt = 0. This is obviously expected
the width given by vibrational dephasing. as an incidence of intramolecular vibrational relaxation at the

As shown in Figure 15a, the calculated homogeneous width limit of density = 0, for example, intramolecular vibrational
is obtained atT, = 1.02 as a function of density. The energy transfer to the other vibrational modes or rotational
homogeneous widths of both vibrational modes are monotoni- Populations. As shown in Figure 16, the widths of 15 and 0.7
cally broadened. An increase in collision frequency by the ¢m *, which are assumed to be intramolecular relaxations at
increase in density accelerates the dephasing process, resulting: 0, are tentatively added into the calculated widths ofithe
in the broadening of the homogeneous width. As another feature,andvs modes, respectively.
the homogeneous width of the mode is larger than that of The temperature dependence of width is also compared with
the v3 mode. Equations 14 confirm that this difference is  the calculated one in the range ©f = 1.02 to 1.06. In this

P=pP/P,

mentioned in Section 1V.B, the spectral broadening in the
condensed phases arises from both dynamic and static effects
which are expressed respectively by homogeneous and inho-
mogeneous broadening. Although the deconvolution between
the homogeneous and inhomogeneous widths has been recentl
performed by multidimensional nonlinear spectroscopy in time
domain, deconvolution of those widths by experiment with linear
spectroscopy seems to be diffictdt.Thus, we calculated
theoretically the homogeneous and inhomogeneous widths of
supercritical CHE as a function of density by using the SC
model. The calculated widths in both vibrational modes are
compared with the widths obtained from experiments.

The homogeneous width is generally described as follows

11 1
_nTZ_nT2*+

o+ Lo (21)
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T T T T shape and positions over a wide density range on the basis of
25 |- Calculated values V) = the hard-sphere model. The spectral shifts were decomposed
. into attractive and repulsive components along vibrational
5 o e, coordinates, and the changes in attractive and repulsive energies
= 2F °* ® o o 0 were evaluated as functions of density. The measured spectral
= o
% ° widths were compared with the calculated homogeneous and
T 15 - inhomogeneous widths. Accordingly, it was elucidated that the
spectral shifts and widths of both vibrational modes are governed
10 L L L L dominantly by the attractive intermolecular interactions at all
2.0 T I I I densities in the range of temperature 1:04/T; < 1.06 of the
vV supercritical region. We have addressed the following conclu-
—~ 15 3 sions of the local structure of neat supercritical GHF
‘e (i) The local structure in the vicinity of a vibrating CHF
= 1ok a Dﬁﬂ] Og _ molecule was characterized by the local density enhancement,
= 0o o 5o which was evaluated by using the amounts of attractive
% 05 E' Dono i vibrational shift and the Onsager reaction field. This estimation
: considered dielectric interactions of polar CHRolecules. The
estimated value was in agreement with the reported theoretical
0-00 o 0'5 L L L results34 considering the electronic interaction such as dipole
. . 1.0 1.5 2.0 i . ) )
P dlpo!e interaction. The local density enhancement. became
r maximum at aroung, = 0.8, where the various experimental
T T T T and theoretical results commonly showed specific features. It
) v was shown that the molecular motions are significantly affected
_ 25 |- Experimental values 2 - at the density ofpr = 0.8, and the correlation length exceeds
e - that of the first solvent shell.
L 20} P ®0ee ,, ® oo (i) The density dependences of spectral widths were analyzed
% g by comparing the experimental values with the calculated
B3 15 (] A widths. The experimental values agreed with the calculated
b [ widths in the present study, which were obtained from the
convolution of the calculated homogeneous and inhomogeneous
Jo 1 1 1 1 widths. The anomaly and plateau of width observed by
' ! ! ! ! experiments of density dependence were rationalized; thereby
V3 the former is given by density inhomogeneity due to attractive
15 7 interaction, and the latter is given by both the increase in
E oI vibrational dephasing and the decrease in density inhomogeneity.
s 1.0 Co O o O0o0 g 0O g oo (iii) The temperature dependence of short-range inhomoge-
% D neity was investigated by analyzing the spectral widths and shift.
L 05 - The local structure in the vicinity of a vibrating molecule is
insignificantly depended on the temperature. It was revealed
0.0 ] ] ] ] that a significant difference of temperature dependences exits
0.0 0.5 1.0 1.5 20 in the short-range and long-range inhomogeneity of neat
Pr supercritical fluids.

Figure 16. Total calculated widths of, andv; modes obtained from
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obtain the inhomogeneous width by eqgs 15 and 16, i.e., attractive
shift and local density enhancement, are insensitive to the
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