J. Phys. Chem. R005,109, 7365-7370 7365

Time Evolution of Density Fluctuation in the Supercritical Region. 2. Comparison of
Hydrogen- and Non-hydrogen-Bonded Fluids

Daisuke Kajiya," Keiko Nishikawa," and Ken-ichi Saitow**
Division of Diversity Science, Graduate School of Science and Technology, Chibersity, Yayoi, Inage,

Chiba 263-8522, Japan, and Material Science Center, Natural Science Center for Basic Research and
Development, Hiroshima Unersity, 1-3-1 Kagamiyama, Higashi hiroshima 739-8526, Japan

Receied: April 28, 2005; In Final Form: June 26, 2005

The time evolution of the density fluctuation of molecules is investigated by dynamic light scattering in six
neat fluids in supercritical states. This study is the first to compare the dynamics of density inhomogeneity
between hydrogen- and non-hydrogen-bonded fluids. Supercritical methanol and ethanol are used as hydrogen-
bonded fluids, whereas four non-hydrogen-bonded fluids were used3s, Chy, CO,, and Xe. We measure

the time correlation function of the density fluctuation of each fluid at the same reduced temperatures and
densities and investigate the relationship between the dynamic and static density inhomogeneities of those
supercritical fluids. In all cases, the profile of the time correlation function of the density fluctuation is
characterized by a single-exponential function, whose decay is responsible for the dynamics characterized by
hydrodynamic conditions. We obtain correlation times from the time correlation function and discuss dynamic
and static inhomogeneity using the Kawasaki theory and the Landau-Placzek theory. While the correlation
times in the six fluids show noncoincidence, those values agree well with each other except for the supercritical
alcohols when scaled to a dimensionless parameter. Although the principle of corresponding state is observed
in the non-hydrogen-bonded fluids, both the supercritical methanol and ethanol deviate from that principle.
This deviation is attributed to the presence of hydrogen bonding among alcohol molecules at high temperature
and low density. The average cluster size of each fluid is estimated under the same thermodynamic conditions,
and it is shown that the clusters of supercritical alcohols are on averagé.¥.fimes larger than those of

the four non-hydrogen-bonded fluids. Moreover, the thermal diffusivity of each neat fluid is obtained over
wide ranges of density and temperature.

I. Introduction as research into the critical phenomena of the-djigsiid critical
point?~14 not many studies on fluid structures have been
conducted. That is, the Rayleigh scattering intefist/or the
Rayleigh line widtA%13was measured under restricted experi-
mental conditions, e.g., along the critical isochore, where the
reduced density, = p/pc is 1.0, and very near the gabquid
critical temperature, 1.000085 T, = T/T, < 1.001. Under these
conditions, correlation lengths of supercritical £®ere ob-

The increasing use of supercritical fluids in a wide range of
practical applications has motivated a number of recent attempts
to understand the fundamental aspects of fluid structure.
Although for decades the inhomogeneity of fluid structures
around gasliquid critical points was considered a result of
density inhomogeneity,® recently supercritical fluid structure
has been studied in connection with efficiencies of extraction

and chemical reaction. For example, the solubility, rate constant,fmfed fr:on(; the fprmer measut;emen(jt gs ?]s':atlc Strﬁ Eudte.
and yield of a photochemical reaction, as well as the relaxation A for the dynamic structure obtained by the latter, the spectra

times of electronic, vibrational, and rotational transitions, each Weré measured in thizequency domainand rates of density
show either an inflection, a minimum, or a maximum around fluctuation and transport coefficients were discussed for super-
the density where the inhomogeneity is greatest. Thus, it is critical CO,** Xe,* and Sk.*2**Recently, the dynamic structure
important to study supercritical fluids with regard to density Nas been investigated in thiene domainusing dynamic light
inhomogeneity, not only to increase our understanding of the Scattering (DLS). This is a powerful method to investigate the
natural sciences but also to improve efficiencies in the chemical time profile of density fluctuation, because the DLS experiment
industry. allows us to obtain théime eolution of molecules dispersed
In experimental studies, the measurement of light scattering In the fluid by measuring the time correlation function. Thus,
has proven to be a good basis on which to investigate the dynamics of density fluctuation was discussed using the
inhomogeneity in the condensed phé&se.Although light results of DLS measurement at density and temperature ranges
scattering studies relating to supercritical fluids started in 1970 extending tqo; = 0.4—2.0 andT, = 1.06, respectively* 7 In
such a thermodynamic condition, the “critical slowing down”
* Corresponding author. E-mail: saitow@hiroshima-u.ac.jp. of diffusing molecules was observed, and a time-constant map
" Division of Diversity Science, Graduate School of Science and Of the critical slowing down was produced as a contour curve
Technology, Chiba University, Yayoi, Inage, Chiba 263-8522, Japan.  on phase diagram$.The structures of the supercritical fluids
* Material Science Center, Natural Science Center for Basic Research . . . . . .
observed by diffusive motion were discussed in relation to the

and Development, Hiroshima University, 1-3-1 Kagamiyama, Higashi )
hiroshima 739-8526, Japan. local structures of the same fluid observed by not only
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TABLE 1: Molecular Properties and Critical Constants

radius volume hydrogen Te Pe Pc
molecule (nm)yb (x 163 nm?)ab structure polarity bonding (K) (MPa) (g cnd)
CH;OH 0.236 55.1 sym top 1.70D O 512.6 8.1049 0.2769
C,HsOH 0.258 71.9 chain 1.69D O 516.3 6.379" 0.276"
Xe 0.216 42.2 spherical X 289.73  5.84 1.1
CHR; 0.214 41.1 sym top 1.65D X 299.08 4.8306 0.525
CoHa 0.210 38.8 plane —4 DA (Qu)® X 282.3% 5.042 0.214
2 DA (Qy=Q.)°
CO, 0.201 34.0 linear —20 DA (Q)f X 304.13 7.377 0.468
—15 DA (Qy=Q.)

a Data taken from ref 242 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 Zfhe units of dipole moment (D) and quadrupole moments (DA) in the table are debye and debye
angstrom, respectively. The value of the quadrupole moment is represented by a tensor element in each prinéipataxiken from ref 25.
¢ Data taken from ref 26.Data taken from ref 27 Data taken from ref 28! Data taken from ref 29.Data taken from ref 30.Data taken from
ref 31.% Data taken from ref 32.Data taken from ref 33.

vibrational®=21 and rotational motiori§2223 put also the (650 K) conditions and has been described in détaithe
fabrication of advanced nanomateriéts. pressure was adjusted by an HPLC pump, and fluctuations in
In our previous study (Part 1), several non-hydrogen-bonded pressure were suppressed to withii®.01 MPa during the
molecules were investigated by DLS: supercritical GHke, measurement. A pressure gauge was calibrated by the critical
C,H4, and CQ were investigated at the same density and point of supercritical CQ Thus, the accuracy of pressure in
reduced temperature ranges, i.&.,= 1.001-1.06 andp, = the present study was within0.01 MPa. The temperature was
0.4—2.01" These molecules share similar sizes, although their controlled by a set of heaters, a PID controller, and a
molecular properties differ completely; e.g., polar (GHF  thermocouple. The point of the thermocouple was positioned
nonpolar (Xe), and nondipolar moleculeskz and CQ) have near the focal point of the excitation laser. The reference
symmetric top, spherical, planar, and linear shapes, respectivelytemperature of the thermocouple was calibrated carefully by a
Under these conditions, the dynamic and static density fluctua- cold junction of ice water to an accuracy£0.01K. Thus, the
tions were studied. The following insights were obtained: (i) temperature fluctuation was accomplished to be withthhl K
viscosity is the main contributor to the time evolution of density at 500 K. On the other hand, the optical cell for non-hydrogen-
fluctuation, (ii) the dimensionless parameter describing in- bonded fluids was a Pyrex tube with a special smooth surface;
homogeneity is a common value among molecules, despite theit has been described in det#itl” The pressure and temperature
different molecular properties, and (iii) the Kawasaki theory of the fluid were adjusted by an injector and by circulating water,
and the Landau-Placzek theory are confirmed to be applicablerespectively. Fluctuations in pressure and temperature during
to polar, nonpolar, and nondipolar fluids in wide temperature the measurement were carefully adjusted to within a deviation
and density ranges. of £0.03%. In the present study, the accuracies of temperature
These new insights obtained from our previous work have and pressure wer£0.1 K and+0.01 MPa, respectively.
motivated us to extend the study of the time evolution of density  In DLS experiments, a light intensity autocorrelation function
fluctuation to hydrogen-bonded fluids and to investigate how is measured by a digital photon correlator. This functig®;
these fluids behave under supercritical conditions. By construct- (t), is described by the use of an electric field autocorrelation
ing a DLS system, which allows us to measure the time function g®)(t) as follows®’ wheref is the coherence factor.
correlation function at a difficult condition of temperatur&00
K and pressure of 30 MPa, we can measure the time correlation g?(t) = 1 + B1gMt)? (1)
functions of density fluctuations of hydrogen-bonded fluids and
compare the resultant data against thos_e for_ non-hydr_ogen-By taking v/g2(t)—1, g(t) is obtained. In the present study,
bonde_d fluids. Here we show,_for the first time, the time .| yata are measured at the wave vectokc k| = 4zn
evolutions of the density fluctuations of supercritical methanol sin(@/2) = 1.0 x 1072 nm-?, whose scale corresponds to a

(CH;OH) and ethanol (§4sO0H). As a result, itwas found that  a565copic region in real space. The electric field correlation
the dynamic and static density inhomogeneities of both alconols (i here is ascribed to the time correlation of the density
deviate significantly from those of non-hydrogen-bonded fluids f,c1ation25-17 This function indicates the time evolution in a
even in the same thermodynamic conditions. The differences mesoscopic volume, where numerous molecules are inhomo-
between the hydrogen-bonded and non-hydrogen-bonded ﬂUingeneously dispersed.

are evaluated and discussed. We measured the time correlation functions of the density

fluctuations of supercritical C¥DH, G;HsOH, Xe, CHF, C;Hag,
and CQ, whose molecular properti#s2® and critical con-
The DLS instrument used in the present study has beenstant8°-3%are listed in Table 1. The data were collected in the
described elsewhef&:17 The light source was an argon ion density range of 0.4 p, < 1.6 at four isothermsT, = 1.01,
laser operating at a single line of 488 nm at a power of 100 1.02, 1.04, and 1.06. To accomplish these common reduced
mW. The scattering light was collected by an optical fiber densities and temperatures, the DLS measurements of super-
attached to a goniometer and was detected with a photomultipliercritical CH;OH and GHsOH were performed at a temperature
tube through the use of a photon-counting method. The countedrange of 518547 K and a pressure range of 63 MPa. The
photons were processed via a digital multiplghoton correlator chemical purities of the samples were commercially guaranteed
(ALV 5000E). Data of sufficient quality were collected when to be>99.5%. As for liqguid CHOH and GHsOH, the samples
the scattering angles were betweeri 26d 150. were purified using molecular sieves to remove subtle water as
An optical cell for hydrogen-bonded fluids was designed to an impurity. To increase optical purity, all fluids were filtered
withstand both high pressure (40 MPa) and high temperaturethrough a PTFE membrane filter with Oudn pores.

Il. Experimental Section
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Figure 1. Correlation time of the density fluctuation of supercritical 2 ‘ E

ethanol as a function of density at four isotherms.

I1l. Results

All time correlation functions measured in the present study
were well analyzed by a single-exponential function, whose
decay was responsible for the dynamics characterized by
hydrodynamic theory®37In this condition, the correlation times
T are obtained from the time correlation functions of density
fluctuation in the form of exp{fr). As a typical example, the
correlation times of supercritical BsOH are shown in Figure 3 3
1 as density dependences at several temperatures. The temper-
ature and density change the values of the correlation times, 1E
which increase as the thermodynamic states approach the critical
point. The value of the correlation time becomes considerable

Correlation time 7 (us)
o

at aroundp, = 1.0 andT, = 1.0. This means that the time 4_: —— . T
evolution of the density fluctuation slows in the vicinity pf
= 1.0 andT, = 1.0. This observation corresponds to the “critical , E 7,=1.06 3

slowing down”, a feature observed in all neat supercritical fluids.
Figure 2 shows the correlation times of all of the measured E E
fluids at the four isotherms. The differences in the values of 2F r
these fluids are observed at all measured temperatures. The 3 E
correlation time for Xe is significantly greater than those of the
other fluids, whereas the correlation times of the supercritical
alcohols are nearly equal to those of the other fluids. Figure 3a
shows the temperature dependence of each fluid’s correlation %0' * 05 0 0' 0 5 * '20
time measured ap, = 1.0. All of the values decline as the ' ' . ' '
temperature moves away from critical. To compare the differ-
ences among dynamic structures from molecule to molecule,
we obtained the following ratio of correlation timespat= 1.0
andT, = 1.02: t(CH3z0H):7(C2HsOH):7(CHFs):7(C2aHa):7(COy):
7(Xe) = 1.5:1.1:1.5:1.0:1.5:2.5. The higher the ratio of correla- yector, D, the thermal diffusivity . the thermal conductivitye
tion time, the slower the time evolution of density fluctuation. {he densityCs the specific heat capacity at constant pressure,
Thus, this is for the first time that the time evolutions of | the Boltzmann constanT, the temperature; the viscosity,
supercritical alcohols can be compared against those of typicalg the correlation length, and. the critical part of thermal
non-hydrogen-bonded fluids under supercritical conditions at conductivity. Here a part of eq 2 is rewritten as follows: where

the same thermodynamic conditions.
(ks T/6n&)(A/Ao) = (kg T/67nRy) ®3)

Figure 2. All correlation times measured in the supercritical regions.
The data show the times of supercritical £HH, G;HsOH, Xe, CHF;,
CO,, and GH4 as functions of densities at four isotherms.

IV. Discussion

We have examined the relationships among correlation time, R, corresponds to the average hydrodynamic radius of clusters
temperature, and viscosity to investigate the contributions of in supercritical fluids. Note that the cluster in the current study
each fluid to density fluctuation dynamics, since the correlation does not mean a rigid cluster such as metal cluster but a
time is governed by the dynamics of the Brownian motion of molecular aggregate. Using egs 2 and 3, we investigated the
molecules in viscous fluié? According to the Kawasaki theory ~ fluid dependence of the correlation time by using the values of
and the Landau-Placzek theory, correlation time is described viscosity (CHOH,* C;HsOH *1 CHF3,42 CO,,*3 CoHa,* Xe),
as follows28-39wherer is the correlation timek the scattering temperature, and density and discuss the use of a static parameter

(Rn). Published viscosity data were utilized for the present

— — — study?® Figure 3b shows th®, values of four fluids at density
(1/Tk2) Dy (MPC”) (kg T/Bn5)(A/20) ) or = 1.0 as a function of temperature. TRg values become
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4 A e e o values ofR, of supercritical CHOH and GHsOH are larger
E O H-OH than those of the non-hydrogen-bonded fluids. That is, the
3F o clusters of the hydrogen-bonded fluids contain more molecules
? F o CHF;3 3 than those of the non-hydrogen-bonded fluids at the same
= 2F . g:ﬁ. E reduced density and temperature. Similar results were observed

in two previous studies. First, the reduced correlation length of
supercritical water was found to be greater than those of typical
fluids#” From eq 3, the reduced correlation lengtlis combined
directly with the reduced hydrodynamic radids,= A/Ac R,
wherel/A¢ is constant. The large¥ is attributed to hydrogen
bonding at the supercritical states. Second, it was observed by
Raman spectral analysis that the local density of supercritical
CH30H is 1.7 times greater than those of typical fluids, such
as GHe and CHR, at T, = 1.021° This greater local density
was attributed to the strong intermolecular interactions resulting
from hydrogen bonding in supercritical GBIH. In addition, it

is noted that th&, value of supercritical CEOH in the current
study is 1.5-1.7 times greater than those oftG; and CHF; at

or = 1.0 andT, = 1.02. Accordingly, it is shown that the larger
cluster size of the supercritical GBH gives that fluid its greater
local density. As a study on the hydrogen bonding among-CH
OH molecules, the NMR measurement was performed at the
supercritical staté® From that study it can be seen that the
hydrogen bonding of supercritical GBH exists afT, = 1.02

0 o at oy = 1.008, although the degree of bonding is three times
1.00 1.02 1.04 1.06 smaller that that of liquid CEDH at room temperature. On the

T basis of these experimental results, it can be considered that

Figure 3. Temperature dependences of (a) correlation times, (b) the hydrogen bonding among @BH and/or GHsOH molecules

hydrodynamic radii of clusters, and (c) reduced hydrodynamic radii of 9ives a greateR’, value than those of non-hydrogen-bonded

clusters of supercritical C¥0H, G;HsOH, Xe, CHR, CO,, and GHa. fluids and that larger clusters are formed in the supercritical
The data are obtained at the reduced density p/p. = 1.0. alcohols than in the other fluids at the same reduced temperature
and density.

almost the same in the four non-hydrogen-bonded fluids at all
reduced temperatures and densities in the present ranges. OEX
the other hand, thdR, values of supercritical C#OH and

Another fruitful information seen from Figure 3c is that the
n value of CHOH is larger than that of £HsOH. This means

. i _that the hydrogen bonding of supercritical §3H is stronger
CoHsOH differ completely from those of the non-hydrogen that of supercritical gHsOH. It is shown that the average size

bonded fluids. These results indicate that, although the time " .
: ) . . of the cluster of supercritical GJOH is larger than that of
evolution of density fluctuation of non-hydrogen-bonded fluids o
U supercritical GHsOH and that the number of molecules formed
shows significant molecular dependence, such dependencein the cluster is greater in the supercritical £HH at the same
disappears by scaling the dynamic parameter to the static 9 P

. - density and temperature. A similar result was observed in an
parameter by the use of viscosity. For the hydrogen-bonded - 49
fluids, however, it was found that the viscosity does not NMR study of supercritical CEOH and GHsOH™ In that

compensate for the molecular dependence report, the hydrogen bondings of these two fluids were evalu-
Next, we introduce another parametehe reduced hydro- ated, and the extent of hydrogen bond of supercritica}@tH

dynamic radiusR,. Since a hydrodynamic radius is reduced '?] Iargzr than thatd.o.f supercritical sOH at the same
by dividing R, by the van der Waals radiuR, results in a thermodynamic conditions. ) o )
dimensionless parameter. As described above, the val@g of In summary, the average cluster sizes in six neat fluids were
is the average radius of clusters in the neat supercritical fluids. investigated at the same reduced temperatures and reduced
Since this dimensionless parameter is the cluster size divideddensities by the dynamic light scattering method. A difference
by the molecular size, the resulting vali®, tells us how many ~ Of the cluster sizeR,, was found between the non-hydrogen-
molecules are in the cluster. That is, the largeiRhethe greater ~ Ponded fluids and the hydrogen-bonded fluids. One thinks that
the number of molecules. Figure 3¢ shows Ryevalues of all to investigate the cluster size of these six fluids by a theoretical
fluids as a function of temperature. It can be seen that thesemethod, e.g., molecular dynamics simulation, would help to
values agree well among non-hydrogen-bonded fluids. Accord- fur.ther the understanding of cluster.5|ze in various supercritical
ing to the principle of corresponding state, it is known that the fluids. We hope that such a study will appear in the near future.
universality among different fluids appears around the critical ~ Finally, we report the thermal diffusivitiesDf) of all the
point and that the molecular properties disappear around thatfluids. As described in eq 2, the valuesfare obtained from
point by reducing the physical value to a dimensionless the correlation time as a function of the scattering vector; the
parameter, despite the significant differences in polarity, shape,slope in Figure 4 gives the thermal diffusivityBy performing
and structure of moleculés.In the previous paper, this these analyses at each density and temperature, we obtain the
coincidence among non-hydrogen-bonded fluids was attributed D; of both the hydrogen-bonded and the non-hydrogen-bonded
to the principle of corresponding stat€sThis result is natural fluids over wide ranges of reduced temperature and density.
from the standpoint of critical phenomena. To the best of our knowledge, there were a few reports on the
Note that the supercritical alcohols differ significantly from Dy values of these fluids. That is, supercritical GPffand Xé&7
the non-hydrogen-bonded fluids, as shown in Figure 3c. The were investigated only along the critical isochore, although the



Time Evolution of Density Fluctuation

3

2F

177(10°s™)

CHF, T, =1.02

P, =0.80 —__

[¢]

p, = 0.93

0
0.0

Figure 4. Correlation times of supercritical CHRs a function of
scattering vector. The slopes give the thermal diffusivities.

0.5 1.0
qz ( 10™ m2 )

1.5

107 k
4
2

10° F

4
2

107 k

107 F

4

2

Thermal diffusivity D, (m’/s)
3

Pr

0.5 1.0 1.5 2.0

J. Phys. Chem. A, Vol. 109, No. 33, 2006369

supercritical fluids. In particular, the data on the supercritical

alcohols will be important not only for natural science but also

for the chemical industry. This is because information on the
fluid properties of supercritical alcohols has been lacking even
though supercritical alcohols are frequently used in the chemical
industry—e.g., for the decomposition of plastic bottles made of

PET (poly(ethylene terephthalate)) by supercriticalsOH.

V. Concluding Remarks

The dynamics of fluctuations in the density of supercritical
CH30H, GHsOH, CHR;, CH4, CO,, and Xe were studied by
observing the time evolution of molecules in supercritical states
from measurements of dynamic light scattering. The obtained
time correlation functions were analyzed on the basis of the
Kawasaki theory and the Landau-Placzek theory. The molecular
dependences of dynamic and static fluctuations were studied
under conditions relatively far from the gal&quid critical points
of these four fluids.

The time evolution of molecules inhomogeneously dispersed
is characterized by a single-exponential function in all thermo-
dynamic states and for all fluids. It was shown that hydrogen-
bonded and non-hydrogen-bonded fluids are characterized by
hydrodynamic theory within the present ranges of experimental
conditions.

The correlation times of density fluctuation were not the same
among the fluids but depended significantly on the type of
molecules in each fluid. When the obtained dynamic parameters
were scaled to the dimensionless parameter of reduced hydro-
dynamic radius, the molecular dependence disappeared com-
pletely among non-hydrogen-bonded fluids. On the other hand,
the supercritical alcohols differed from the non-hydrogen-bonded
fluids in that their clusters were, on average, larger than those
of the non-hydrogen-bonded fluids at the same thermodynamic
condition of supercritical states. We attribute this difference to
the fact that hydrogen bonding generates clusters having much
larger numbers of molecules than is the case in non-hydrogen-
bonded fluids. In addition, it was elucidated that the hydrogen
bonding of supercritical C§DH is stronger than that of Els-

OH at the same reduced density and temperature.

The thermal diffusivities of all six supercritical fluids were
estimated by measuring the correlation time as a function of
the scattering vector, which was calibrated by the measured
refractive index. The diffusivity values were, for the first time,
compared with each other across wide temperature and density
ranges.
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at aroundp; = 1.0, where the differences iD; among fluids
become significant. These valuesfcan be utilized to obtain PhenomenaOXxford University Press: New York, 1971.

specific heat capacities and thermal conductivities shownineq  (2) Greer, s. C.: Moldover, M. RAnnu. Re. Phys. Chem1981, 32,
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