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The time evolution of the density fluctuation of molecules inhomogeneously dispersing in a mesoscopic volume
is investigated by dynamic light scattering in several fluids in supercritical states. This study is the first
time-domain investigation to compare the dynamics of density fluctuation among several fluids. The samples
used are non-hydrogen-bonded fluids in the supercritical states:;, @#,, CO,, and xenon. These four
molecules have different properties but are of similar size. Under these conditions, the relationship between
dynamic and static density inhomogeneities is studied by measuring the time correlation function of the density
fluctuation. In all cases, this function is characterized by a single exponential function, decaying within a few
microseconds. While the correlation times in the four fluids show noncoincidence, those values agree well
with each other when scaled to a dimensionless parameter. From the results of this scaling based on the
Kawasaki theory and LandatPlaczek theory, the relation between dynamics and static structures is analyzed,
and the following four insights are obtained: (i) viscosity is the main contributor to the time evolution of
density fluctuation; (ii) the principle of corresponding state is observed by the use of time-domain data; (iii)
the Kawasaki theory and the LandaBlaczek theory are confirmed to be applicable to polar, nonpolar, and
nondipolar fluids that have no hydrogen bonding, at temperatures relatively far from critical temperature; and
(iv) the density fluctuation correlation length and the value of density fluctuation are estimated from the
time-domain data and agree with the values from other experiments and calculations.

I. Introduction this elastic scheme, static structures in the condensed phases

The increasing use of supercritical fluids in a wide range of aré measured from the intensity of Rayleigh scattering, as a
practical applications has motivated many recent attempts to function of the scattering vector, representing the magnl'gude of
understand the fundamental aspects of fluid structure. Although, the transferred momentum. On the other hand, the quasi-elastic
for decades, the inhomogeneity of fluid structures arounergas Scattering scheme is ascribed to subtle energy transfer between
liquid critical points was considered to be a result of density the incident light and the medium. A Rayleigh linewidth in the
inhomogeneity, the supercritical fluid structure recently has been frequency domain and a time correlation function in the time
associated with efficiencies of extraction and chemical reattion.  domain are given by spectral measurements and by dynamic
For example, the solubility, rate constant, and yield of the light scattering (DLS) measurements, respectively. Thus, dy-
photochemical reaction, as well as the relaxation times of namic structures of fluids are characterized by these measure-
electronic, vibrational, and rotational transitions, each show an Ments and analyses.
inflection, a minimum or a maximum around the density where  Light scattering studies relating to supercritical fluids started
the inhomogeneity is greatest. Thus, it is important to study in 1970 as research into the critical phenomena of the-gas
supercritical fluids with regard to inhomogeneity, not only to liquid critical point®~** Although there have not been many
increase our understanding of the natural sciences but also tostudies on light scattering for supercritical fluid structures, the
improve efficiencies in the chemical industry. structures of several such fluids were reported by measuring

From the point of view of experimental studies to investigate the Rayleigh scattering intensity? or the Rayleigh scattering
inhomogeneity, light scattering measurements have proven tospectrumt?~14 These studies were conducted in thermodynamic
be a good method in the condensed plia&@he light scattering  States along the critical isochore very near the-gigsiid critical
is characterized by two different schemes, i.e., elastic scatteringtemperature, i.e., 1.000005 T, = T/T; = 1.001. Several
and quasi-elastic scattering. In the former, the energy beforeresearchers investigated static structures of,@@d correlation
and after scattering is conserved, and the momentum islengths were obtained using the Ornstefernike-Fisher

transferred between the incident light and the medium. From theory?®~'* As for dynamic structures, supercritical g8
xenont?and SK214were investigated in thigeequency domain

* Author to whom correspondence should be addressed. Present ad-The Rayleigh linewidths of these fluids were measured, and
dress: Material Science Center, Natural Science Center for Basic Researctyacay rates of density fluctuation and transport coefficients were
and Development, Hiroshima University, 1-3-1 Kagamiyama, Higashi . . .
Hiroshima 739-8526, Japan. Tel/fax:81-82-424-7487. E-mail: saitow@  discussed using the Kawasaki therif and Landat-Placzek

hiroshima-u.ac.jp. theoryl” Recently, dynamic structures have been investigated
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TABLE 1: Molecular Properties and Critical Constants

molecule radius® (nm) volumeé® (x 10° nm?) structure polarity Te (K) Pc (MPa) oc (g/cn?)
Xe 0.216 42.2 spherical 28993 5.84 1.1¢
CHR; 0.214 411 sym. top 1.65D 299.06 4.836' 0.528
CoHq 0.210 38.8 plane —4DA (Q° 282.35 5.042 0.214
2DA(Qy=Q:)°
CO, 0.201 34.0 linear —20D A (Qw)f 304.13 7.377 0.468

—15D A (Qy=Qx)'

2 Data taken from ref 23 Each molecular radius and volume are given by the van der Waals radius and volume, respectively. Their values were
measured by XRD measurements from ref 28nits of dipole moment (D) and quadrupole moments (D A) in the table are debye and debye
angstrom, respectively. The value of quadrupole moment is represented by a tensor element in each prin€ipaitaxisken from ref 24 Data
taken from ref 25 Data taken from ref 262 Data taken from ref 271 Data taken from ref 28.Data taken from ref 29.Data taken from ref 30.

by DLS in thetime domainmeasurements, and the “critical during measurement were carefully adjusted to within a devia-
slowing down” of diffusing molecules has been observed in a tion of £0.03%.
wider density rangé®1°From those results, a time-constant map  In DLS experiments, a light-intensity auto-correlation function
of the “critical slowing down” was produced as a contour curve is measured by a digital photon correlator. This functig®);
on phase diagranm8 and the structures of the supercritical fluids  (t), is described by the use of an electric-field auto-correlation
observed by diffusive motion were discussed in relation to the function g)(t) as follows®’
local structures of the same fluid observed by vibrational and
rotational motiong%-22 g?(t) = 1+ B1gMt))? 1)

In the present study, we investigate the time evolutions of
molecules at the supercritical states of several fluids by wheref is the coherence factor. By taking the square root of
measuring DLS. To the best of our knowledge, this study is the quantityg@(t) — 1, the value ofg™(t) is obtained. In the
the first time-domain investigation to compare the dynamics of case of neat fluids that consist of small molecules, the time
density fluctuations among several fluids. The samples used hereprofile of the electric-field correlation function is characterized
are non-hydrogen-bonded fluids in the supercritical state, i.e., by the dynamics of density fluctuation; this fluctuation is caused
CHF3, CH4, CO, and xenon. These four molecules have by the thermal fluctuation of a dielectric medium via diffusive
different properties, as listed in Table 1, but similar sizes. The and/or Brownian motion of moleculés® In the present study,
present DLS experiments on these neat supercritical fluids wereall data are measured at the scattering vectdrof|k| = 4zn
performed in a wide density range at temperatures relatively sin(@/2)/2 = 1.0 x 1072 nm™1, whose scale corresponds to a
far from critical temperature, i.eT, = 1.01-1.06. With these mesoscopic region in real space. As a result, the electric-field
conditions in place, we attempted to answer the following. First, correlation function here is ascribed to the time correlation of
what governs the time evolution of molecules in the supercritical density fluctuation, and indicates time evolution in a mesoscopic
state? Second, how does a dynamic structure correlate with avolume, where numerous molecules are inhomogeneously
static structure? Third, what features appear when the DLS datadispersed.
of different molecules are scaled? Thus, in analyzing the data We measured the time correlation functions of the density
of time correlation functions of density inhomogeneity, we fluctuations of supercritical xenon, ChIFC;H4, and CQ, whose
obtained several new insights into the time evolution of non- critical constants are listed in Table 1. The data were collected
hydrogen-bonding fluids: the main contribution to the dynamics in the density range of 0.4 p, < 1.6 at four isothermsT, =
of density inhomogeneity; the universality of theoretical relations 1.01, 1.02, 1.04, and 1.06. Below room temperature, measure-
to nonpolar, dipolar, and nondipolar fluids; and the principle ments were made carefully by flowing dried nitrogen gag) (N
of the corresponding state from the perspective of dynamics around the cell, to prevent condensation in the atmosphere. The

measurements. chemical purity was commercially guaranteed to>129.99%,
and the fluid was filtrated with a polytetrafluoroethylene (PTFE)
Il. Experimental Section membrane filter with 0.2ém pores to increase the fluids’ optical

The DLS instrument used in the present study has beenPUty:
described elsewhe?&1°The light source was an argon-ion laser
operating at a single line of 488 nm at a power of 100 mW.
The scattering light was collected by an optical fiber that was  Figure 1 shows a typical example of the data obtained: the
attached to a goniometer and was detected with a photomultipliertime correlation functions of the density fluctuation of super-
tube in a photon-counting method. The counted photons werecritical xenon afT, = 1.01. As shown, the functions decay to
processed via a digital multiple-photon correlator (ALV the baseline within a few microseconds. The symbols and solid
5000E). The laser, optics, goniometer, and detector were alignedines indicate the experimental data and the fitting function of
with each other carefully, to an accuracy 66 um, using a the single-exponential function, respectively. That is, all time
calibrated disk. A sufficient quality of data was able to be correlation functions measured in the present study were well-
collected when the scattering angles weré-206( . analyzed by a single-exponential function, whose decay was

The optical cell for light scattering in a high-pressure responsible for the dynamics characterized by hydrodynamic
condition has been described elsewhér€.The cell was a  theory!®>16Thus, we obtain the correlation timeg) from the
Pyrex cylinder with a special smooth surface. The pressure andtime correlation functions of density fluctuation in the form of
temperature of the fluid were adjusted by an injector and by exp(—t/z) in all thermodynamic states and all molecules.
circulating water, respectively. To maintain a homogeneous Using the measured time correlation functions, all correlation
temperature, a heat insulator enclosed the assemblies that werémes were obtained for the four fluids, as listed in Table$2
attached to the cell. Fluctuations of pressure and temperatureNote that these times were obtained at the scattering ve&tors,

Ill. Results
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(@) 1.0 prrrrrrrrrIETTRTTTET TABLE 2: Correlation Times of Supercritical Xenon at
& Four Isotherms
0.8 P2 (MPa) p (g/cr?) or ™(us) ked (10" mY)
L T,=1.01
= 08[F 5.81 0.653 0.594 0.645 1.028
<, C 6.00 0.764 0.695 0.859 1.044
04 6.10 0.876 0.796 1.94 1.060
A 6.14 0.978 0.889 351 1.075
02k 6.18 1.096 0.997 3.42 1.092
C 6.22 1.210 1.10 2.27 1.108
00-,,,,,““,“,,1,,,,?,@,,4,,, 6.27 1.307 1.19 2.02 1.122
) 1 2 3 4 5 6 6.62 1.529 1.39 0.492 1.155
(b) - 6.66 1.545 1.40 0.717 1.157
ime (us)
5 T,=1.02
3 6.10 0.693 0.630 0.550 1.034
8 6.30 0.817 0.742  0.857 1.052
6.42 0.936 0.851 1.29 1.069
Time (us) 6.51 1.062 0.965 1.96 1.087
i i i . o 6.54 1.107 1.01 1.99 1.094
Figure 1. (a) Correlation functions of density fluctuation, indicating 6.59 1.178 1.07 1.81 1.104
time evolution of Xe molecules inhomogeneously dispersing at the 6.71 1.318 1.20 1.13 1.124
scattering angle of 42°5and reduced temperature©f= T/T. = 1.01. 6.87 1.418 1.29 0.708 1.138
Solid symbols and lines denote experimental data and fitting curves T =104
with single-exponential functions, respectively. (b) Residuals between o
; ; ; ; ; 6.92 0.885 0.805 0.684 1.062
correlation functions and single-exponential functions. 709 0.996 0.905 0853 1078
7.17 1.060 0.964 1.04 1.087
7.23 1.103 1.00 0.837 1.093
L 7.24 1.110 1.01 1.00 1.094
7.39 1.208 1.10 0.870 1.108
- 7.52 1.280 1.16 0.743 1.118
% 20F Tr= T,=1.06
2 L+ 7.41 0.866 0.787 0.722 1.059
; r O 7.66 0.977 0.888 0.793 1.075
£ t[] 7.85 1.063 0.967 0.807 1.087
p [ X 7.90 1.086 0.987 0.664 1.091
S L O 8.09 1.169 1.06 0.704 1.102
T 1.0of 8.12 1.185 1.08 0.601 1.105
% [ a Uncertainties of pressure during a measurement wé&.1 MPa.
o b Uncertainties of correlation times were in the range of 6:02 us.
¢ The scattering vectok = 4xn sin(@/2)/A, at each thermodynamic
state were obtained from our data, which are the refractive indijes (
of supercritical xenon measured under the same experimental conditions

as the present DLS measurements (ref 3Uncertainties of scattering
vector, which is induced by uncertainties of refractive indices, were
<1%.

Figure 2. Correlation time of density fluctuation of supercritical CHF

as a function of density at five isotherms. .
critical temperature. The data show another featurer treues

are dependent on the samples. To compare the differences

= 4zn sin(@/2)/1, whose values are obtained from our measure- among dynamic structures, depending on the molecules, we
ments3! That is, we measured the refractive indicesof four obtained the ratio of correlation times gt = 1.0 andT, =
fluids at each density and temperature, and the scattering vectord.02 (i.e.,r(CHFs):7(CoH4):7(COy):7(Xe) = 1.5:1.0:1.5:2.5). The
are calibrated by the refractive indices. As a typical example greater ratio of correlation time indicates the slower dynamics
of the data in the tables, the correlation times of supercritical of density fluctuation. Thus, the supercritical xenon shows the
CHF; are shown in Figure 2 as the density dependences atslowest time evolution of density fluctuation among the four
several temperatures. The temperature and density drasticallyfluids, whereas the supercriticabid, shows the fastest. On the
change the values of the correlation times, which grow as the other hand, the dynamics of Ckl&re similar to those of C©
thermodynamic states approach the critical point. Note that the Let us confirm the difference in correlation time between these
value of the correlation time becomes considerablg at 1.0 two fluids, from the point of view of molecular velocity and
and T, ~ 1.0, and it diverges from there. That is, the time viscosity. This is because the value of the correlation time is
evolution of the density fluctuation becomes slower in the governed by the dynamics of density fluctuation, characterized
vicinity of pr = 1.0 andT, = 1.0. This observation corresponds by the Brownian motion of molecules in viscous fluid. For
to the “critical slowing down” observed in the time domain.  examples, the ratio of velocity that was approximated by the

Figure 3 shows the correlation times of all of the measured kinetic energy at the measured temperatures wagCHF;):
fluids at the four isotherms. The differences in the values of 1/v(C3Ha):1/v(COy):1/v(Xe) = 1.6:1.0:1.3:2.2, and the ratio of
these fluids are manifest at all measured temperatures. Theviscosity ato, = 1 andT, = 1.02 wasj(CHFs):7(CaHa4):n(COy):
correlation time of xenon is significantly greater than those of #(Xe) = 1.5:1.0:1.5:2.52735 Consequently, the ratio of cor-
the other three fluids. Figure 4a shows the temperature depend+elation times among these four fluids is similar to the ratios of
ences of ther values of the four fluids measured @gt= 1.0. velocity and viscosity. The latter agrees particularly well with
All the values decline as the temperature moves away from the the ratio of correlation time.
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TABLE 3: Correlation Times of Supercritical CHF 3 at Five Isotherms

P2 (MPa) o (g/cr?) or 0 (us) ked (10" mY) P2 (MPa) o (g/cn?) or 0 (us) ked (10" mY)

T, =1.002
4.35 0.233 0.444 0.229 1.023 5.29 0.761 1.45 1.51 1.115
4.39 0.239 0.455 0.808 1.026 5.31 0.764 1.46 1.32 1.115
4.95 0.640 1.22 4.17 1.094 5.33 0.767 1.46 1.16 1.116
5.03 0.699 1.33 3.49 1.104 5.35 0.770 1.47 1.12 1.116
5.07 0.714 1.36 2.68 1.107 5.38 0.773 1.47 0.752 1.117
5.09 0.720 1.37 2.72 1.108 5.39 0.775 1.48 0.959 1.117
511 0.725 1.38 2.47 1.109 5.42 0.778 1.48 0.733 1.118
5.14 0.731 1.39 2.59 1.110 5.43 0.780 1.49 0.942 1.118
5.16 0.736 1.40 2.32 1.110 5.59 0.797 1.52 0.503 1.121
5.18 0.740 1.41 2.14 1.111 5.63 0.801 1.53 0.598 1.121
5.19 0.744 1.42 1.91 1.112 5.68 0.805 1.53 0.705 1.122
5.22 0.748 1.42 1.80 1.112 5.71 0.808 1.54 0.380 1.123
5.23 0.751 1.43 1.79 1.113 5.80 0.815 1.55 0.522 1.124
5.26 0.755 1.44 1.63 1.114 5.88 0.821 1.56 0.474 1.125
5.27 0.758 1.44 1.45 1.114 5.95 0.826 1.57 0.510 1.126

T, =1.01
4.56 0.246 0.469 0.403 1.028 5.38 0.666 1.27 1.07 1.099
4.98 0.336 0.640 0.823 1.043 5.40 0.674 1.28 0.916 1.100
5.03 0.357 0.680 0.928 1.046 5.49 0.704 1.34 0.745 1.105
5.09 0.383 0.730 1.23 1.051 5.49 0.705 1.34 0.780 1.105
5.11 0.394 0.750 1.39 1.053 5.58 0.725 1.38 0.595 1.109
5.17 0.433 0.825 1.70 1.059 5.59 0.726 1.38 0.647 1.109
5.19 0.451 0.859 1.81 1.062 5.62 0.732 1.39 0.574 1.110
5.22 0.498 0.949 2.10 1.070 5.73 0.750 1.43 0.416 1.113
5.25 0.547 1.04 2.15 1.078 5.74 0.751 1.43 0.478 1.113
5.29 0.608 1.12 1.54 1.089 5.78 0.757 1.44 0.421 1.114
5.30 0.620 1.18 1.48 1.091 6.00 0.782 1.49 0.334 1.118
5.32 0.635 1.21 1.34 1.093 6.39 0.814 1.55 0.279 1.124
5.36 0.658 1.25 1.24 1.097

T, =1.02
5.02 0.296 0.564 0.454 1.036 5.70 0.593 1.43 0.377 1.113
5.36 0.391 0.851 0.808 1.062 5.79 0.634 1.52 0.291 1.121
5.43 0.422 0.943 0.911 1.070 5.83 0.648 0.745 0.586 1.052
5.48 0.447 1.05 0.889 1.079 6.01 0.695 0.804 0.645 1.057
5.56 0.495 1.13 0.724 1.086 6.37 0.750 1.11 0.828 1.084
5.63 0.550 1.23 0.574 1.096 6.91 0.798 1.21 0.609 1.093
5.68 0.582 1.32 0.485 1.103

T, =1.04
5.52 0.317 0.604 0.389 1.040 6.41 0.549 1.05 0.593 1.079
5.69 0.350 0.667 0.440 1.045 6.56 0.590 1.12 0.557 1.086
5.95 0.410 0.781 0.555 1.055 6.61 0.602 1.15 0.544 1.088
6.09 0.449 0.855 0.631 1.062 6.85 0.653 1.24 0.405 1.096
6.25 0.499 0.950 0.649 1.070 7.16 0.699 1.33 0.359 1.104
6.30 0.516 0.983 0.651 1.073 7.66 0.749 1.43 0.235 1.113

T, =1.06
5.70 0.288 0.549 0.252 1.035 7.08 0.525 1.00 0.494 1.075
6.26 0.368 0.700 0.334 1.048 7.20 0.549 1.04 0.437 1.079
6.43 0.397 0.756 0.416 1.053 7.49 0.599 1.14 0.412 1.087
6.73 0.455 0.867 0.463 1.063 7.86 0.651 1.24 0.308 1.096
6.94 0.497 0.947 0.434 1.070 8.35 0.702 1.33 0.275 1.105

2 Uncertainties of pressure during a measurement wé&@®1 MPa.? Uncertainties of correlation times were in the range of 8:02 us. ¢ The
scattering vectork = 4sn sin(f/2)/1, at each thermodynamic state were obtained from our data, which are the refractive ingdafesupercritical
CHF; measured under the same experimental conditions as the present DLS measuements? (tefc@tiainties of scattering vector, which are
induced by uncertainties of refractive indices, werg%.

IV. Discussion thermal diffusivity, A the thermal conductivityp the density,
IV.A. Contribution of Molecules in Non-hydrogen-bond- Cr the specific heat capacity at constant presskgethe
ing Fluids to Time Evolution at Supercritical Regions. We Boltzmann constanfl the temperature; the viscosity £ the

discuss the relationships among correlation time, temperature,correlation length, and. the critical part of thermal conductiv-
and viscosity to investigate the contributions of non-hydrogen- ity- These theoretical relations were verified by experiments on
bonding fluids to density fluctuation dynamics. According to Supercritical CQin the thermodynamic state at a densityppf

the Kawasaki theory and the LandaRlaczek theory, correlation ~ = 1.0 very near the critical temperature. We suppose here that
time is described as followas—38 this relationship would be established in the present thermo-
dynamic states of the fluids used (vide infra). Also in this
R keT 2 section, we discuss the dynamics of density fluctuation. In eq
a2 Dr = p_Cp " ené A, @ 2, the correlation timer] and correlation lengthg] are involved

on the left-hand and right-hand sides, respectively. As described
where t is correlation timek the scattering vectoDr the in section 1,7 showed significant molecular dependence. On
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TABLE 4: Correlation Times of Supercritical C ,H,4 at Four TABLE 5: Correlation Times of Supercritical CO , at Three
Isotherms Isotherms
P2 (MPa) p (g/cn?) or ™ (us) ked (10" m=1) P2 (MPa) p (g/cn?) or ™ (us) ked (10" m™1)
T,=1.01 T,=1.01
5.06 0.128 0.596 0.332 1.022 7.42 0.274 0.587 0.393 1.030
5.20 0.146 0.682 0.413 1.035 7.64 0.320 0.684 0.542 1.041
5.29 0.170 0.794 0.534 1.052 7.74 0.353 0.754 0.711 1.048
5.32 0.184 0.857 0.700 1.061 7.81 0.389 0.831 1.47 1.056
5.35 0.203 0.950 1.37 1.075 7.84 0.411 0.879 1.90 1.061
5.37 0.219 1.02 1.34 1.086 7.87 0.439 0.938 191 1.068
5.39 0.232 1.08 1.23 1.095 7.88 0.449 0.960 1.92 1.070
541 0.242 1.13 1.09 1.102 7.90 0.469 1.00 1.71 1.075
5.44 0.253 1.18 0.816 1.110 7.92 0.488 1.04 1.44 1.079
5.52 0.270 1.26 0.449 1.122 7.94 0.505 1.08 1.32 1.083
5.64 0.285 1.33 0.377 1.132 7.98 0.532 1.14 0.984 1.089
5.76 0.294 1.37 0.288 1.139 8.01 0.548 1.17 0.797 1.093
T.=1.02 8.05 0.564 1.21 0.617 1.096
5.07 0.115 0536  0.380 1.013 8.10 0.582 124 0.529 1.100
5.37 0.141 0.658 0.482 1.032 T,=1.02
5.44 0.152 0.707 0.542 1.039 7.11 0.218 0.466 0.347 1.018
5.59 0.181 0.846 0.688 1.060 8.06 0.337 0.720 0.618 1.045
5.64 0.196 0.915 0.652 1.070 8.27 0.401 0.857 0.774 1.059
5.70 0.219 1.02 0.748 1.086 8.36 0.439 0.938 0.896 1.068
5.78 0.240 1.12 0.723 1.101 8.42 0.468 1.00 0.949 1.074
5.85 0.254 1.19 0.610 1.110 8.47 0.486 1.04 0.879 1.079
6.05 0.278 1.30 0.453 1.127 8.54 0.514 1.10 0.753 1.085
6.18 0.287 1.34 0.363 1.134 8.60 0.533 1.14 0.690 1.089
T =104 8.80 0.579 1.24 0.520 1.100
r=1.
5.52 0.123 0.573 0.218 1.019 T,=1.04
5.90 0.154 0.719 0.275 1.041 8.60 0.313 0.669 0.452 1.039
6.00 0.165 0.771 0.325 1.048 8.71 0.327 0.700 0.470 1.042
6.11 0.179 0.836 0.386 1.058 8.79 0.339 0.724 0.500 1.045
6.22 0.195 0.910 0.465 1.069 8.90 0.356 0.761 0.536 1.049
6.30 0.208 0.969 0.500 1.078 8.94 0.362 0.773 0.572 1.050
6.41 0.223 1.04 0.488 1.089 9.00 0.372 0.796 0.580 1.053
6.49 0.234 1.09 0.382 1.096 9.08 0.386 0.825 0.596 1.056
6.60 0.246 1.15 0.352 1.105 9.14 0.399 0.854 0.596 1.059
6.69 0.255 1.19 0.330 1.111 9.21 0.413 0.884 0.634 1.062
6.77 0.262 1.22 0.364 1.116 9.29 0.428 0.916 0.587 1.065
6.88 0.269 1.26 0.271 1121 a Uncertainties of pressure during a measurement wé&.01 MPa.
Tr=1.06 b Uncertainties of correlation times were in the range of 6.02 us.
6.08 0.136 0.635 0.220 1.028 ¢ The scattering vectolk = 4xn sin(0/2)/A, at each thermodynamic
6.37 0.156 0.729 0.287 1.042 state were obtained from our data, which are the refractive indijes (
6.65 0.180 0.840 0.331 1.059 of supercritical C@measured under the same experimental conditions
6.77 0.191 0.892 0.306 1.066 to present DLS measurements (ref 3f1Q)ncertainties of scattering
6.86 0.200 0.934 0.326 1.073 vector, which is induced by uncertainties of refractive indices, were
6.97 0.211 0.984 0.336 1.080 <1%.
7.15 0.227 1.06 0.319 1.092
7.44 0.248 1.16 0.286 1.106
7.63 0.259 1.21 0.203 1.114

. o ) the fluid dependence of using the values of viscosity,
Uncertainties of pressure during a measurement wér®1 MPa.  temperature, and density. That is, we obtained a static parameter

b Uncertainties of correlation times were in the range of 6.0 us. ) . -
¢ The scattering vectork = 4xn sin(0/2)/A, at each thermodynamic (Ry) and considered what governs the time evolution of

state were obtained using our data, which are the refractive indiges ( Melecules of non-hydrogen-bonding fluids in the supercritical
of supercritical GH, measured under the same experimental conditions States. Figure 4b shows tRg values of four fluids at a density
as the present DLS measuements (ref $Uncertainties of scattering  of p = 1.0, as a function of temperature. TRg values become
vector, which are induced by uncertainties of refractive indices, were almost the same in all four fluids at all reduced temperatures
<1%. and densities in the present ranges. This situation is consistent
with the static fluctuation; that is, the correlation length obtained
from the SAXS measurements is mostly independent of the
molecule®® used in the present study at all reduced temperatures
and densities. From these results, it is elucidated that, although
the time evolution of density fluctuation shows significant
molecular dependence, such dependence disappears by scaling
the dynamic parameter to the static parameter through the use
kT, kT of viscosity. Thu.s, thg present expgrimental resqlts and analysis
( )_ — 3) showed that viscosity is the principal contributor to the
6anél A, 6mnR, molecular dependence of the time evolution of density fluctua-
tion. Such a situation is established in non-hydrogen-bonding
whereRy corresponds to the average hydrodynamic radius of fluids of nonpolar, dipolar, and nondipolar molecules at the
clusters in supercritical fluids. Using eqs 2 and 3, we investigated supercritical states.

the other hand, thé value obtained from SAXS measurements
was reported to be almost independent of the moleulsed
in the present study. Under these situations, it is understood
that the molecular dependencewfesults from the values of
T, n, andi/i¢ in eq 2.

Here, a portion of eq 2 is rewritten as follows:
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Figure 3. All correlation times measured in the supercritical regions;

the data show the times of supercritical xenon, GHFO,, and GHa,
as a function of the density.

Figure 4. Temperature dependences of (a) correlation times, (b)
hydrodynamic radii of clusters, and (c) reduced hydrodynamic radii of
clusters of supercritical xenon, CEHFCO,, and GH,; the data were
obtained at a reduced density @f= p/p. = 1.0.

IV.B. The Principle of Corresponding State Observed
from Time-Domain Measurements and the Kawasaki Theory To the best of our knowledge, this is the first time that this
and Landau—Placzek Theory.In this section, we introduce  universality has been observed through time-domain measure-
another parameteithe reduced hydrodynamic radid&'—and ments.
discuss the theoretical relation of eq 2. Since a hydrodynamic  The data shown in Figure 4c are obtained from the use of eq
radius is reduced by dividinBy by the van der Waals radius, 2, based on the Kawasaki theory and the LantRlaczek
the termRy' is a dimensionless parameter. Figure 4c shows the theory. The principle of corresponding state is also obtained
Ry' values of four fluids, as a function of temperature. It can from eq 2. Although the theoretical relation in eq 2 was
be observed that these values agree well among the four fluids.confirmed by experiments in two previous repdftd’ the
According to the principle of corresponding state, it has been experimental conditions in those studies were very restricted:
known that the universality among different fluids appears the only fluid was supercritical Cand the thermodynamic
around the critical point, and that the property of molecules state was very close to the critical temperature, such as
disappears there by reducing the physical value to a dimension-T, = 1.0001. As a result, it has been unclear whether the
less parameter, despite the significant differences of mole- theoretical relation of eq 2 has been established for specific
cules! Note that the observed experimental resuttse dimen- molecules and thermodynamic states (vide supra). Let us discuss
sionless parametdy’ in Figure 4c-shows such a feature. As  this briefly, using our experimental results. In the present study,
another specific feature, the result in Figure 4c is very similar the principle of corresponding state is observed for four polar,
to that observed in previous observations of the principle of nonpolar, and non-dipolar fluids: supercritical Ciikenon,
corresponding staf®:° In that paper, reduced correlation CO,, and GHg. This observation is obtained by measuring DLS
lengths were in good agreement among supercritical CEF;, and using eq 2, and it is obtained at temperatures relatively far
and GH,4, and the observed principle of corresponding of from the critical temperature, such &s= 1.02-1.06. Super-
state was confirmed theoretically by the van der Waals theory critical CO,, C;H4, and CHFE; are studied in the present DLS
and thermodynamic calculatidf.Based on the present and and previous SAXS studies at temperatures relatively far from
previous results, we considered that the agreement of thethe critical temperature, such 8 = 1.02-1.06. Both the
dimensionless parameters among the different fluids shown in agreement of experimental results and conditions between these
Figure 4c is responsible for the principle of corresponding state. studies allow us to understand that the theoretical relation of
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eq 2 characterizes the principle of corresponding state and can (a) T T T T T T
be applied to various supercritical fluids and thermodynamic CO,
. R,(DLS exp.)

1 £12 (SAXS exp.)

: £/2 (DLS exp.) ]
: R, (Thermo. calc.)

states. That is, eq 2 is applied to not only supercritica} 6@

also nonpolar, dipolar, and non-dipolar fluids, and the thermo-
dynamic state is expanded to one relatively far from the critical
temperature. This means that the Kawasaki theory and the
Landau-Placzek theory seem to be universally established in
various non-hydrogen-bonding fluids in the supercritical
regions.

IV.C. Average Cluster Size in Supercritical Fluids, as a
Function of Temperature. As described in section IV.A, the
value of Ry is the hydrodynamic radiusthe average radius of
clusters in the neat supercritical fluids. On the other hand, the (b)
value ofRy' was the cluster radius normalized by the molecular 3 k
radius and corresponded to the cluster radius, which is a O :bLs
dimensionless parameter. This dimensionless parameter is the 40 I saxs ]
cluster size divided by the molecular size; therefore, the resulting [] : vanderWaals
value,Ry', tells us how many molecules are in the cluster. That
is, the larger th&y' value, the greater the number of molecules.
Figure 4c shows theRy' of four fluids, as a function of
temperature. Th&y' values increase as the temperature ap- -
proached.. This means that the clusters grow as the temperature
approaches.. In recent theoretical research, clustering in a neat
supercritical fluid was investigated by changing the intermo-
lecular potentiald! In that study, it was revealed that the strength . ) )
of an intermolecular potential and the temperature have im- Figure 5. (&) Comparison among the hydrodynamic rady®btained

- - L _ from the present studys, from the calculation by the use of transport
portant roles in determining the degree of clustering in super coefficients, and the correlation length®btained from the previous

critical states. In the current study, as temperature approachegmaji-angle X-ray scattering (SAXS) and the present DLS measure-
Te, the experimental result shows that the cluster grows. Theseéments at the same thermodynamic state of supercritical. i)

theoretical and experimental results show that the attractive Comparison among density fluctuations of supercriticab Gftained
intermolecular interactions for clusterization become gradually from the correlation time in the present study, a set of SAXS

L il

Size (nm)

Density fluctuation

dominant as the temperature approaches measurements and isothermal compressibility, and the van der Waals
Next,we compare the values obtained in the present study to®duation-
the values obtained in the previous studies; i.e., (lRhealue ensemble-averaged valug)) the scattering intensity at scat-

in the present study; (i) th&, value calculated from eq 2,  tering vectork = 0, Z the number of electrons of a molecule,
using the heat capacif§ thermal conductivity>#“density, and  and«1 the isothermal compressibility. According to eq 5, the
viscosity?® (iii) the correlation lengthf, obtained from the  yajue of density fluctuation is obtained from either or both of
SAXS measuremerfand (iv) thef value from the correlation o methods: measurement of scattered intensiky=at0 and
time 7 obtained in the present DLS measurement. The correla- measurement of the value of. The former gives only a relative

tion length is defined as follows: value of density fluctuation, because of the experimental
difficulty of measuring the absolute scattering intensitk at
eXF{— L) 0, whereas the latter offers an absolute value by measuring both
o(r) — 1= kyTk 5 4) kT and density_or by differe_ntiating the state equation with
T A P—V—p—T relations. Such is formulated by eq 67
where g(r) is a two-body correlation function andr is the _ 3 6
isothermal compressibility. Figure 5a shows these four values = RzpnkBT ©6)

for supercritical CQ, as a function of temperature, @t= 1.0.
Note the good agreement among these four values, whose datgyhereR is the direct correlation lengthand p, is the number
are obtained from different experiments and calculations, as gensity. By substituting egs 2 and 6 into eq 5, the following
mentioned previously. Based on this coincidence, it was also gquation is obtained:

verified from another approach that the theoretical expression

of eq 2 given by the Kawasaki theory and the LandRiaczek AN)’D (rkszT/l)z

theory is well-established. =

IV.D. Density Inhomogeneity Obtained from Time- Ll Gy RA
Domain MeasurementsThe long-range density inhomogeneity
has been well-characterized by the density fluctuation. The
density fluctuation is formulated by the number-density inho-
mogeneity as follows:

()

Thus, we are able to estimate the absolute value of density
fluctuation using the correlation time of the DLS measurement
and the transport coefficient$**We then compared the density
fluctuations of the present absolute value with the values
obtained by the other methods. Figure 5b shows the density
(N) K kT (5) fluctuations along the critical isochore of supercritical £&s
VT a function of temperature; the open circle, cross, and square
symbols represent the data given by the present correlation time,
where N is the number of molecules in volumé, INOits the SAXS measurement, and the state equation of van der

MAN)’D_ N — INDPO 1(0)
™o N Z2mo
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Waals?® respectively. The solid line is evaluated using the calculations by transport coefficient and from calculations of
critical index of isothermal compressibility.Figure 5b shows isothermal compressibility. In this estimation, it was also
three significant points. First, the present report is the first to confirmed that the theoretical relation due to the Kawasaki
estimate the value of density fluctuation using time-domain data. theory and the LandatPlaczek theory is well-accomplished.
Second, the value obtained in this study agrees with the other

density fluctuations. Three, the value of density fluctuation was Acknowledgment. This work was partially supported by a
also estimated from eq 2. Thus, it was verified from the other .00« in-Aid for Scientific Research from the Ministry of
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observed in the present result. According to eq 3, the value of
MAc is expressed by the equati§n= RyA/A;, whose ratiol/Ac
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