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Picosecond infrared pump—probe experiments are used to measure the vibrational lifetime of the
asymmetric T;,) CO stretching mode of WCO)g in supercritical CQ, C,Hg, and CHRK as a
function of solvent density and temperature. As the density is increased at constant temperature
from low, gaslike densities, the lifetimes become shorter. However, in all three solvents, it is found
that within a few degrees of the critical temperatufe=£T/T.~1.01), the lifetimes are essentially
constant over a wide range of densities around the critical valie YWhen the density is increased

well pastp, the lifetimes shorten further. At higher temperatufe= 1.06) this region of constant
vibrational lifetime is absent. Infrared absorption spectra ofC@®)g and RHCO),acac in
supercritical CQ, C,Hg, and CHR acquired for the same isotherms show that the vibrational
spectral peak shifts follow similar trends with density. The peak positions shift to lower energy as
the density is increased. Near the critical point, the peak positions are density independent, and then
redshift further at densities well abope. It is shown that critical fluctuations play a dominant role

in the observed effects. Theoretical calculations ascribe the density independence of the observables
to the cancellation of various rapidly changing quantities near the critical point. The theory’s
calculation of density independence implicitly involves averages over all local densities and does
not involve any form of solute—solvent clustering. I®97 American Institute of Physics.
[S0021-960607)50834-9

I. INTRODUCTION lifetimes and vibrational spectral peak positions of poly-
atomic solutes in several polyatomic supercritical fluids over

Sypercriticallfluids are a useful mgdium for the st'udy of wide range of densities, including the critical dengity at
chemical dynamics because the density can be Commuous&mperatures very close ! The vibrational lifetimes of

varied from values characteristic of a gas to those characte{he T,, asymmetric CO stretching mode of tungsten
1u

istic of a liquid. For temperatures at or above the C”tlcalhexacarbonyl (WCO),) in three supercritical fluidéSCFS,

temperatureT., this large range of densities is accessible .7
. . o . carbon dioxide, ethane, and fluoroform, were measured as a
without the occurrence of discontinuities in physical proper-

ties associated with the first-order phase changes such g%nctlon of density along isotherms from 2 deg abdyeup

vaporization or condensation. Although the bulk propertied® 20 d€g abovd’. In addition, the spectral peak positions

of coexisting phases merge at the critical point, long corre—Of both W(CO)s and rhodium dicarbonylacetylacetonate

lation length density variations around the critical pressuré,Rh(CO)ZaC"?‘O were measured in the same SCFs as a func-
(P.) and at or slightly above the critical temperatufe.) tion of densny_e_lt the same tem_per_atures. Nﬁgrfor aW|d(_e
cause singularities in many thermodynamic functions. On&ange of densities abopt, the lifetime data display a strik-
notable consequence of the long correlation length is thé9 dependence on density. As the density is increased from
phenomenon of critical opalescence, where variations in th@Pout 1 mol/L, the lifetime decreases. However, ggsis
refractive index result in the anomalous scattering of light. @PProached, the lifetime becomes density independent. The

The transition from a dilute gas to a compressed liquid islensity independent region spans approximately a factor of
accomplished by distinct changes in the nature of the motwo change in density. At sufficiently high density, the life-
lecular interactions. For a molecule in a low-density gas, thdime again decreases with increasing density. The spectral
surrounding molecules behave as a set of random scatterepgak positions display a similar density dependence. As the
and the dynamics are determined by a series of uncorrelatedensity is increased from low density, the peak positions of
binary collisions. At high densities, the molecule interactsboth W(CO)¢ and RKCO),acac shift to lower energyred-
continuously with a large number of nearest neighbors, anghift). In the region aroung,., the peak positions become
collisions are no longer uncorrelated. A detailed microscopiglensity independent. As the density is increased well beyond
picture of the dynamics spanning the range of densities p., the peak positions redshift further. This very pronounced
termediateto these limits is an important goal in the study of plateau in the redshift is absent once the temperature is raised
relaxation phenomena in supercritical fluids. about 20 deg abovg,.

In this paper, we report measurements of the vibrational A theory of the temperature and density dependence of
vibrational lifetimes and peak positions has recently been

30n leave from the Department of Inorganic and Physical Chemistry, Indiandeveloped using denS|ty fu'nCt'(?nal methddas discussed
Institute of Science, Bangalore-560012, India. below, the theory allows vibrational observables to be ex-
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pressed in terms of thermodynamic functions and can bd. EXPERIMENTAL PROCEDURES

used in both the critical and noncritical limits. It also pro-

vides a framework for identifying the physical phenomena  The apparatus used to perform vibrational relaxation ex-
that are responsible for anomalous behavior. The results aRe€riments in supercritical fluids consists of a picosecond
rather surprising. Near the critical point, as a result of theMidinfrared laser system and a variable-temperature, high-
divergence of the correlation length of the density fluctua-Pressure optical cell. The laser system is a slightly modified
tions, factors that could potentially lead to density dependenY€rsion of a design previously described in défadind will
frequencies and lifetimes scale out of the problem. The cal@Nly be briefly discussed here. An output-coupled, acousto-
culations implicitly involve averages over all local densities. OPticlly Q-switched and mode-locked Nd:YAG laser is used
The density independence of the observables arising frorfP Synchronously pump a Rh610 dye laser. A cavity-dumped

the theoretical calculations does not depend on any form 0}'_06'“m pulse IS doubled to give 600 J of light at 532 nm
solute—solvent clustering with a pulse width of~70 ps. The output pulse from the
A . aanIified dye lasef~30-40 uJ@595 nm, 40 psand the
Early thermodynamic measurements in SCFs SnggeStecavit -dumped, frequency-doubled pulse at 532 nm serve as
that the local solvent density about a solute at infinite dilu- y ped, fred y P

the signal and pump inputs, respectively, in a Ljl@ptical
aprarametric amplifiefOPA) used to generate the idler output

iti i '4 - i - - . . -
the d.crétﬁal fponlwt?’ Stlaveral. mo'eCF"ar I(_avgl fgx.pelrm(ﬁntal near 5um. The ir wavelength is determined to within0.25
studie of solute-solvent interactions in infinitely dilute . -1 using a FTIR spectrometer.

SCFs have identified three distinct density regimes for sol- 14 i, pulse(~2 wJ) is split into a weak probe beam

vation, which are most pronounced along isotherms slightlyyhich passes down a computer controlled variable delay line
aboveT,; they are somewhat loosely defined as the low-iip up to 5 ns of delay, and a strong pump beam. The pump
density, gaslike regionp(<0.5), the near-critical region anq probe pulses are counter propagating and focused into
(0.5<p;<1.5), and the high-density, liquidlike regiom the center of the SCF cell. Typical spot sizese(tHdius ofE
>1.5). Further discussion of these experiments is given ifje|d) were wo~ 140 um for the pump beam ang~ 60 um
Sec. VI. for probe beam. A few percent of the transmitted probe beam
The utility of ultrafast time-resolved spectroscopies injs split off and directed onto an InSb detect(&lectro-
studying microscopic molecular dynamics in supercriticalOptical Systems The signal from the pump—probe experi-
fluids was demonstrated by work from Hochstrasser'sment is measured with a set of electronics that does shot-to-
laboratory on the isomerization ofrans-stilbene in super- shot normalization and lock-in detection at the experimental
critical ethane. NeaP,=P/P.=1, T,=1.15, the electronic repetition rate of 900 Hz, and is recorded by computer.
excited-state lifetime ofransstilbene is essentially constant The high-pressure optical cell is comprised of a Monel
over roughly a factor of 2 change in the pressure. This resu00 body, gold or Teflon O-rings, and Gadr sapphire win-
was interpreted as suggesting the formation of clusters suffdows. The two windows are secured using an opposed force
ciently large that their local properties were independent ofype seal incorporating Belleville spring washers. Stable
the bulk density. temperatures are produced using coaxial heating ¢&li¢-
Harris and co-workers studied the electronic excitationPS Thermocoak together with a fuzzy-logic controller/
dissociation, and recombination gfih supercritical rare gas POWer supply(Solitech. Two 100 O platinum resistance
solvents, and examined the process of vibrational cooling offMpPerature detecto(®TD's) are inserted in the body of the
the ground state potential surface as a function of density angf!l 10 permit careful measurement and control of the tem-
temperature far from the critical poifit!2 Zewail and co- Perature to within+0.2 °C. A syringe pumlsco 100-DX
workers measured coherent vibrational wave packet dynamvyas used to _generate the_ varlablg pressures required to com-
e ) . press the fluid to the desire density. The pressure was accu-
ics in the excited state of in rare gas SCFs as a function of : 7 - .
density at room temperatuld:1® Troe and co-workel§ rately monitored to less thanhl psia with a precision strain-

h wdied the rat tants for vibrational deactivati gauge transducdSensotech
ave studied the rate constants for vibrational deactivation ot 1, experiments were conducted on the asymmetric CO

e!ectronically excited azulene in.su.percritical hel.ium, Xenonstretching mode of WCO)g near 1990 cn ! (5.03 um) and
nitrogen, ethane, and carbon dioxide over a wide range af o symmetric CO stretch of RBO),acac around 2090
densities at temperatures well above the critical isotherms. ;-1 (4.78 um). The concentrations were 10~5 mol/L.

The present experiments investigate vibrational dynamre |aser frequency was tuned to the absorption peak at each
ics and solute—solvent interactions in supercritical fluids, anensity. A typical sample was prepared by placing a few
explicitly consider the role of the length scale of densitymicrograms of solid WCO)g (Aldrich, 99% or
fluctuations on vibrational observables near the critical pOintRh(CO)zacac(AIdrich, 99%) on the tip of a syringe needle,

In contrast to previous vibrational experiments, ps ir pulsesnserting the powder into the center of the SCF cell through
are used to excite vibrations and directly probe vibrationak sideport, and then compressing the system to the final op-
dynamics on the ground state potential surface. By excitingrating pressure with high-purity G@Middleton Bay Air-

and probing the»=0-1 transition, the influences of density gas, 99.9995%T.=304.1 K, P,=1070 psia,p.,=10.63

and temperature on the vibrational lifetime are investigatednol/L), ethane(Byrne Specialty Gases, 99.99%;=305.4
near the critical point. K, P,=706 psia,p.=6.87 mol/l) or fluoroform(Scott Spe-
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FIG. 1. Typical infrared pump—probe decay for thg, asymmetric CO

stretch of WCO)g in supercritical ethane at 34 °C. The lines through the density (mol/L)

data represent fits obtained by convolving the instrument response with an

exponential decay. The lifetimél() of the data at 4.0 mol/L is 315 ps; the FIG. 2. Vibrational lifetime of theT,, asymmetric CO stretching mode of

12.0 mol/L data fits to a value &fy= 185 ps. W(CO)s versus density of CQat 33 °C (T,~1.01). The line through the
data is a visual aid. For a range of densities roughly centered ghout
(marked with an arroyy the vibrational lifetime forms a density-

cialty Gases, 99.9%[.=299.1 K, P.=699 psia,p.=7.56 independent plateau. The critical temperature is 31 °C and the critical den-

mol/L). The SCF cell was flushed repeatedly with gas beforélty is 10.63 mol/L.
final pressurization to eliminate any air introduced into the
system during insertion of the solid solute.

The optical density of the sample was varied by repeat
edly diluting the mixture with fresh gas until a value of
roughly 0.8—1.2 was obtained; in some cases, scans we
acquired with OD’s as low as-0.1. Absorbance measure-
ments were made directly in the cell using a Mattson Re-
search Series FTIR spectromet@r25 cm ! resolution con-

Figs. 2 and 3 for WICO)g in supercritical carbon dioxide.
Figure 2 shows the changes in the vibrational lifetime over a
Fgctor of ~17 in density at 33 °CT,~1.01. From 1 to~7
mol/L, the lifetime decreases smoothly and nonlinearly with

figured for external beam operation. The optical layout 1000
makes it possible to easily switch from making ps pump— r
probe measurements to recording an ir spectrum. 950 |-
Vibrational lifetimes were obtained by fitting the data to -
a convolution of the instrument response and an exponential 900 +
using a grid-search fit method. Vibrational peak positions 5
were obtained by subtracting a background spectrum of the & 850
pure SCF, taken at the experimental pressure and tempera- < |
ture, from the solute-solvent sample spectrum. This tech- g
nique removes small solvent peaks that can distort the spec- % 800 -
trum. = i
750 -
Il. RESULTS -
A. Vibrational lifetimes 700 I
Figure 1 shows typical lifetime data taken fo(@O)g in 650 -
ethane at densities of 4.0 and 12.0 mol/L along the 34 °C L | Ly \

isotherm. The lines through the data are the fits to the con-
volution of the instrument response with exponentials. Data _
of this quality were taken on all samples. Very high quality density (mol/L)

data are necessary to make the types of observations dis- o o _ _
cussed below FIG. 3. Vibrational lifetime of theT,, asymmetric CO stretching mode of
. . . e W(CO)g versus density of CQat 50 °C (T,=1.06). The line through the
Isothermal plots of the vibrational lifetime versus sol- data is a visual aid. Note that the lifetime now varies continuously with

vent density at different reduced temperatures are given ifiensity. The critical density is marked with an arrow.

2 4 6 8 10 12
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FIG. 4. Vibrational lifetime of theT,, asymmetric CO stretching mode of F!CG- 5. Vibrational lifetime of theT,, asymmetric CO stretching mode of
W(CO), versus density of @ at 34 °C (circles; T,~1.01) and 50 °C W(CQ)6 versus d«_ensny of CI—Q:at.28 °C (T,~1.01). The line through the
(diamondsT, = 1.06). The lines through the data are intended to be a visuaf’at"’_‘ is a V|§ual aid. The density-independent behawor'of t_hg lifetimes, seen
aid. A plateau region centered ngaris the most prominent feature of the earlier in Figs. 2 and 4 for Cpand GHe, respecpvely,_ is visible here as

34 °C data. In contrast, the vibrational lifetime changes smoothly with denVe!l. Note that the plateau region is not symmetrical with respept toThe
sity along the 50 °C isotherm. These types of behavior are similar to thaf'itical temperature for fluoroform is 26.0°C and the critical density
seen in Figs. 2 and 3 for GOThe critical temperature for ethane is 32.2 °C (marked with an arrolis 7.56 mol/L.

and the critical densitymarked with an arroyis 6.87 mol/L.

lecular pathways that involve molecular vibrational modes of
increasing density. In the intermediate range of densitiethe SCF and/or collective solvent modésstantaneous nor-
from ~7-13 mol/L, the vibrational lifetime displays a pla- mal modes(INM) or phonon$ of the fluid8-2°
teau, i.e., it is independent of density. This plateau region The plateaus are approximately centered around 10 and
ends around 13-14 mol/L. At higher densities, the lifetime6.5 mol/L for CQ, and ethane, respectively, which are ap-
gradually decreases. In the plateau, the lifetime remains comproximately their critical densities. At a reduced temperature
stant although the density changes by nearly a factor of 2. Af ~1.01, the region of constant vibrational lifetime in €O
plot of CO vibrational lifetime vs density of CQalong the  (defined as that region of density over whiclthanges by
50 °C isotherm T,=1.06) is given in Fig. 3. The departure less than a few percenis seen from Fig. 2 to extend from
from the behavior observed at 33 °C is readily apparent; theoughly 7.5-13 mol/L, i.e.P,=0.70—1.2. In supercritical
lifetime varies smoothly across the range of densities studethane at 34 °C, Fig. 4 shows that the plateau region is again
ied, and there is no indication of a plateau region about theentered neas. and extends over the range 66—8 mol/L,
critical density. Comparison of Figs. 2 and 3 shows the draer P,=0.75—1.2. Thus the densities and widths of the pla-
matic effect that a change in temperature of 17 °C has on theeau regions relative tp. are very similar in the two sys-
nature of the density dependence of the vibrational lifetimetems.

Similar types of data sets have been acquired for The density dependence of the CO vibrational lifetime of
W(CO)g/ethane and WCO)g/CHF;. Vibrational relaxation W(CO)g in supercritical fluoroform is given in Fig. 5 at
data for WCO)g along the 34 °C T,~1.01) and 50 °C T, 28 °C, which corresponds to a reduced density-@f01. The
=1.06) isotherms of supercritical ethane are shown in Fig. 4general shape of the curve is very similar to that seen for
The lifetime vs density trends seen here correlate closel£O, and ethane, with a pronounced plateau region from
with those observed in the W@0)s/CO, system. Again, ~7-12 mol/L. The magnitude of the lifetime in the plateau
near the critical point, there is a plateau in the lifetime vsregion(~480 p3 is intermediate between the plateau values
density plot. On the 50 °C isotherm, the plateau does noin CO, (~660 ps and ethanég~250 ps. The data in fluo-
occur. Although the general shapes of the curves are similanform shows the plateau occurs in a polar solvent as well as
in CO, and ethane, there are some important differences tham nonpolar solvents. However, in fluoroform, the plateau
should be noted. The lifetime is approximately a factor of 3does not appear to be symmetrical abput
longer for W(CO)/CO, compared to WCO)g/ethane at all In Sec. IV, the vibrational lifetime data will be discussed
densities studied. The change in the vibrational lifetime within terms of the density functional calculations of the force
solvent confirms that the relaxation proceeds via intermoecorrelation function. The importance of this approach is that
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FIG. 6. Absorption line peak position of tfg,, asymmetric CO stretching  FIG. 7. Absorption line peak position of tfig,, asymmetric CO stretching
mode of WCO); versus density of CQat 33 °C (circles and 50 °C(dia- ~ Mode of WCO); versus density of &g at 34 °C(circles and 50 °C(dia-
monds. The lines through the data are a visual aid, and the critical densityMonds. The lines through the data are a visual aid. The critical density is
is marked with an arrow. The vibrational line peak position data shown herénarked by an arrow.

display the same characteristic features apparent in all of the lifetime vs

density plots, i.e., a plateau region in the observable occurring near the

cr!tlcal density along th(§_',~1.01_ isotherm, qu a continuous variation in 5 ore efficient pathway for re|axatidﬁ—'20 the lifetime is
this same parameter with density upon raising the temperature less than

20 °C. even faster. At a given density in a SCF solution, these same
considerations will apply. The change in lifetime in progress-
ing from CO, to fluoroform to ethane is indicative of the

it is capable of describing vibrational relaxation both nearimportant role played by the molecular properties of the SCF
and far from the critical point, where the key difference is thesp|vent in vibrational relaxation.

correlation length of the density fluctuations. These calcula-
tions will show that the existence of a plateau region near th
critical point is intimately related to the correlation length of
the density fluctuations. However, the overall changes in vi- A plot of vibrational line center frequency of the
brational lifetime seen in the different SCF solvents can baV(CO)g T4, mode versus COsolvent density is shown in
discussed in terms of experiments and theory used to addreBfy. 6 for the 33 and 50 °C isotherms. The density depen-
vibrational relaxation in liquids. \MCO)g has a lifetime of  dence of the vibrational frequency shifts is remarkably simi-
700 ps in room temperature GCB50 ps in CHCJ, and 150 lar to that of the vibrational lifetime at both temperatures.
ps in 2-methylpentan®~2°This trend has been discussed in The line center frequency data also shows three readily iden-
terms of a fully quantum-mechanical description of the forcetifiable types of behavior along the ~1.01 isotherm{(1) a
correlation functiort? The bath is taken to be harmonic and smoothly varying redshift with increasing solvent density for
all orders of anharmonic relaxation processes are consideredalues ofp, below about 0.8(2) a plateau region centered
The variations in lifetime with solvent can arise from the aboutp., and(3) the resumption of a gradual redshift for
high-frequency modes available in the solvent, which deterincreasing values of the density abgwe~1.2.

mine the order of the relaxation procé&s?In CCl,, a fifth- The density independence of the vibrational line fre-
order process occurs, i.e., there are five creation and annihilguency neap. vanishes when the temperature is raised to
ation operators. The initial vibration is annihilated, three50 °C. Both the vibrational lifetime data shown in Figs. 2
high-frequency solute—solvent modes are created, and and 3 and the line center frequencies in Fig. 6 display the
mode of the liquid's continuunf{INM or fluid phonon is  same trends across the entire range of densities at the two
created/annihilated. The latter is required to conserve energgmperatures. The similarity in the behavior of the two vi-
in the overall process. When the solvent is changed tdrational observables strongly suggests a common origin.
CHCl;, a C—H bending mode at1250 cm! becomes Vibrational frequency shift data for dilute mixtures of
available for the relaxation path. This may lower the order ofW(CO)g in ethane is shown in Fig. 7. Again, for the isotherm
the process to fourth order, and the lifetime is substantiallyclose to the critical temperature, a density-independent pla-
faster. In 2-methylpentane, there are more intermediate fraeau is observed, while at 18 °C above fhe the plateau is
guency modes available. Since additional modes can provideot present. Both COand ethane are nonpolar solvents,

%. Vibrational frequency shifts
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whereas fluoroform is highly polar. Figure 8 displays spec- 2086 : ! P S T
tral shift data for WCO)g in fluoroform. Like the lifetime 2 4 6 8 10 12
data of Fig. 5, the spectral shift data display a plateau arounc density (mol/L)

pc along the 28 °C isotherm. o _, _ _
The possibility that these observations are due to SomFIG. 9. (A) Absorption line peak position of the symmetric CO stretching
P y fhode of RHCO),acac versus density of G@t 33 °C.(B) Same type of data

property of the WCO)g solute molecule was tested by per- as shown in(A), but here the solvent is 8 ¢ at 34 °C. The lines through

forming spectral shift measurements on the symmetric CChe data are visual aids. The critical densities are marked with arrows. The
; : ; presence of a plateau abgutin both line position vs density plots implies

S_tretCh Of RKCO),acac. Figure &) presemslthe V|brat.|c.)nal that this effect does not depend on the identity of the solute.

line position data for the solute RBO),acac in supercritical

CO, at 33 °C. The vibrational frequency displays a pro-

nounced plateau aboyt., with both the pre- and post- |v. THEORY

plateau regions of density exhibiting the familiar smooth o o _

variations in line shifts observed for {@0), in CO,, ethane, _ From the strlklng_ resemblance of the I|fet|_m_e curves in

and fluoroform. Finally, vibrational line position data taken F19S: 2=5 to theP—V isotherms of real gases, it is tempting

for the RHCO),(acad/ethane system are shown in Fighp to speculate that the occurrence of a process akin to conden-

at 34 °C Agaia there is a well-defined plateau for the iSO_sation(clustering of the solvent around the solute in a type of

therm néarT I,n addition, the line positions of the asym- local condensatioris the reason why vibrational lifetimes of

metric CO sir.etch atv202(,) cm L displayed this same de- W(CO)g do not decrease smoothly with solvent density near

d density. T lut lecules in th SCIT:he critical isotherm. In this picture, the initial “noncritical”
pendence on density. Two solute molecules In three (low-density portions of the lifetime curves reflect the in-

solvents haye bgen exgmmeq. The V|brat!onal lifetime qat%rease with density of molecular interactions responsible for
and/or the vibrational line shift data all display a density-g|axation of the vibrationally excited species. The interme-
independent region around on isotherms very nedfc. On  giate plateau exists because of a local phase transition to

isotherms about 20 °C abovg, all data display continuous  some kind of solute-solvent cluster. Analogous behavior in
ChangeS with denSIty. The results indicate that the effect do%aj gases is well understood as Corresponding to |iquefac-

not arise because of the characteristics of a particular solutetion. However, as discussed belosiystering is not required
solvent system. The density independence of both microto explain the data

scopic vibrational observables in the vicinity of the critical While the cluster model is appealing and has often been
point suggests that the phenomena are related to the lorigvoked in studies of so-called attractive supercritical
wavelength density correlations that occur near a criticamixtures®! it is by no means clear that it is the only expla-
point. nation of the available data. It is quite possible that critical

J. Chem. Phys., Vol. 107, No. 10, 8 September 1997



Urdahl et al.: Vibrational lifetimes near the critical point 3753

fluctuations alone produce the anomalies seen near the crittorrelation functions are likely to be small. Various constants
cal point. Moreover, the results of the experiments indicate andependent of temperature and density have been omitted in
degree of universality in the curves of lifetime versus densityEq. (2).

and spectral shift versus density that are somewhat at odds Neitherélz(k) nor él(k,t) is known in general, so they
with a model that relies on the effects of specific intermo-are approximated_ In the noncritical regi(ﬁlz(k) is de-
lecular interactions. We have now developed a theory of viscribed by the direct correlation function of a binary hard
brational relaxation and vibrational Spectral shifts in Super-sphere mixture(for which an exact expression is available
critical fluids that actually points to the irrelevance of from the solution to the Ornstein—Zernike equa%?@wvh”e
clustering, and to the importance of critical phenomena, af the critical region it is described by certain scaling rela-
an explanation of our observatioh$n fact, the theory sug- tions known to be applicable the?®.In the same spirit,

gests, among other things, that similar vibrational data ar@l(k,t) is obtained from an extended hydrodynamic descrip-
likely to be obtained even in pure fluids, or in repulsive tion and is written &2°

supercritical mixtures(The theory does not rule out the im-

portance of clustering in other contextdetails of the él(k,t)=él(k)e“’7(k)(1+ Isl(k)), ©)
theory are discussed elsewhérbut its broad outlines are - ) ]
presented below. whereS; (k) is the static structure factor of the solventk)

is a characteristic wave vector dependent decay constant, and
A. Lifetimes P1(k) is a term that accounts for acoustic phonons in the

medium.S;(k), 7(k), andP,(k) are themselves further ap-
proximated: S;(k) by the Ornstein—Zernike equatiéri’
7(k) by the Kawasaki equatiot?®31*2andP,(k) by a func-
Jion described in Ref. 2.

Equation(2) is first evaluated in the limk&<<1, £ being
the correlation length of density fluctuations. In this ligfit,
which corresponds to the noncritical region of the phase dia-
gram, 1/r(k)~DIk2, whereD+ is the thermal diffusivity of

. B[~ the solvent, ands,(k)~p,«1/x%, wherep, is the number
T _ﬁfo dYF(DF(0))a codwt). @ density of the solventkr is itsTisothermaI compressibility
and K$ is the isothermal compressibility of the ideal gas.
where kg is Boltzmann’'s constant=(t) is the fluctuating Approximating Caz(k) by its k=0 yalue(whlch h_a_s been

shown to be a reasonable approximatjpmnd omitting all

;O;feeoiqﬁgemzsg)g;?tg;]':tor:] ddltr:r;snmm:rnl; ;ngsle; oggi\l;)te physical constants that are independent of the temperature
' g e}nd density, the lifetime is given by

a classical equilibrium average over the solvent degrees o

freedom. K7 A
The force correlation function that appears in Eb.is T[lochl—Oclz(O)zQ, 4

calculated using density functional thedr$#~2 which ex- Kkt

presses the Helmholtz free enemyyof the system as a func-

tional Taylor's expansion in the local density fluctuations of

its components,oi(r,t)—p?, wherei refers to solvent i(

=1) or solute {=2), andpj is the mean density of that ,ncritical limit) is determined by the temperature and den-
compongnt. The fluctuatm_g ford‘a(r,t) oni atr an_dt is sity dependence of, k1, Dr, and 612(0), of which only
then defined as the negative gradient of the effective poteny & |ast has a relatively simple analytic forffor the hard

tlal_at ' andt, Wh'Ch In trn in re'agi‘g to the functional sphere model, there is no temperature dependence as such
de_nvatlve qu W'th respect tOP‘.(r’t)' - The_ _force corre- Although &, k1, andD+ are not known in general as func-
lation function in Eq.(1) above is then |dent|f|eq as the in- tions of p and T, experimental data on specific solvefits
tegral overr of (Fi(r,t)-Fi(r,0)). Eventually it can be cluding carbon dioxide and ethanbave been used to fit
shown that them to polynomial and exponential expansions in these
. w . ) variables®>3* We use the fitted expressions for ethinie
T “Tjo dt cos(wt)j dk k“Co(K)|*Si(k,t). (2 determine the isotherms oF, (the expression for carbon
" dioxide is significantly more complicatgdwo of which are
Here, k is a wave vector in 3-spac& (k) is the direct shown in Fig. 10a) for densities in the range of 1 to 5 mol/L.
correlation function between solute and solvent, 8nk,t) The curve with the longer lifetime at the lowest density cor-
is the dynamic structure factor of the solvent. The derivatiorresponds td' =34 °C and the other curve =52 °C. The
of Eq. (2) neglects density fluctuations at third order andcritical temperature of ethane is 32.2 °C and the critical den-
beyond; this is generally valid in the study of dense liquids,sity is 6.87 mol/L.
and may well be valid for liquids near the critical point as In obtaining these plots, several of the model parameters
well, since the associated three and higher particle direadf our theory(including the solute and solvent diameters, the

The CO asymmetric stretching mode of @D)g is mod-
eled as a harmonic oscillator of natural frequencthat is in
contact with a thermal reservoir at temperatlireepresent-
ing the molecules of the surrounding solvent. The characte
istic decay timeT, for dissipation of excess vibrational en-
ergy from the first excited state of the oscillator to the
medium can be shown to have the following fofif:->

Here,m is the reduced mass of the oscillator, g 1kgT,

whereQ is a complicated analytical function containing ther-
modynamics functions such as andD+ defined in Ref. 2.
The temperature and density dependence of(Eq(the
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A 700 ———— contribution fromP, (k) is negligible. The lifetime itself be-
600 comes[omitting constantS, (k) ~p,k1/«x%k?&? is indepen-
dent of the density and temperature as bdfore
/g_ 500 10
© 400 T[locTMélz(O)zf dt cos{wt)f dk
£ £ 0
igl 300 5 5
200 X exp(—D1ékt). 5)
100 All the symbols in this equation have their earlier definitions.
Several conclusions can be drawn from this expression
0 without actually evaluating the integral explicitly. It is
known from scaling arguments that bOﬁlKT/K-?—fz and
D¢ virtually independent of the densifyHence, the density
B ———r— dependence of 1, if it exists at all, must come fror,,(0).
551 | But it can be shown from the fluctuation theory of Kirkwood
| and Buff?® that for infinitely dilute binary mixture€,,(0)
45 | asymptotically approaches a constanflas T, and p— p...
?Q i Thus all parameters that give rise to a density dependence
° r iy away from the critical point scale out of the problem near the
£ 351 . critical point. T, therefore, becomes essentially density in-
% L . dependent.
25| ) These theoretical results are in accord with the experi-
mental data. Following the presentation of the theory of the
i 3 frequency shift, a discussion of the results will be presented.
155 713 However, it is important to note that the theory did not ex-

plicitly include any type of clustering phenomena. The
theory did include the long wavelength nature of the density
FIG. 10. (A) Vibrational lifetime vs density as calculated from H¢g) for Correlatl(,)ns near,the prltlcal pQInt, and it |mpI|C|tIy average_s
densities in the range of 1-5 mol/L at temperatures of 34 and 52 °C. Th@Ver regions of high, intermediate, and low density. There is
curve with the larger lifetime at a density of 1 mol/L corresponds to thenothing in the calculations that places the solutes exclusively
34 °C isotherm(B) Vibrational lifetime vs density as calculated from Eq. jn the regions of high density. Therefore, the fact that there
(4) for densities in the range of 5—14 mol/L at 34 and 52 °C. The curve with . . . ' )
the minimum corresponds to the 34 °C isotherm. are correlﬁted regions of high density should not be con
strued as ‘“clusters” that give rise to the theoretical results.

Density (mol/L)

B. Frequency shifts

frequency and mass of the oscillator, and the cut-off on high  Changes in the positions of absorption maxima on going
momenta have been assigned physically reasonable v&luesfrom gas to liquid are generally attributed to forces in the
Being independent of density and temperature, they do natondensed-phase medium that usually shift vibrational fre-
affect the final results, except for numerical factors. We havejuencies towards the red. Accordingly, if it is assumed that
also scaled the plots so that at the lowest measured concetire shiftA v between the observed liquid-phase frequency of
tration (1 mol/L), the predicted and experimental lifetimes the solventr and a putative gas-phase frequengy(which
roughly coincide. can be regarded as the extrapolated zero concentration limit

As is evident, Eq(4) reproduces thqualitativefeatures  of the liquid-phase frequengyis related to the averaged
of the experimental data at both temperatures in the low derferce on the vibrational coordinate of interest, it can also be
sity region, although the predicted lifetime decays are fasteshowrf that
than is actually the case. If E¢4) is applied to the near-
critical region T~T., 5<p<10 mol/L), the results are as
shown in Fig. 10b), which also includes th& =52 °C iso-
therm for comparison, and densities in the rangelO » o )
mol/L. Not surprisingly, the equation breaks down in the !N the noncritical limit, this becomes
vicinity of the critical point, but it does show the expected
decay.of the lifetime along thg near-critical isotherm at high (Av)zmszlﬂézj_(O)zé 1_;_,_ ; tan 1ﬁ ’
densities p>11 mol/L). The isotherm at =52 °C decays K-?— A2 A2 A3
continuously with density, which is the behavior observed )
experimentally for both C®and ethane. _

To probe the region near the critical point, we not con-where A=A ¢, with A a cut-off on high momenta. In the
sider the limitk&> 1. In this limit22° 7(k) ~D1£k3, and the critical limit, Eq. (6) becomes

(AV)ZOCTZJ dk K?C1K)|28y(K). (6)
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As critical fluctuations develop at still higher densities,
C12(0)2 (8) new effects come into play. The compressibility now grows
dramatically. If this were all that happened, then for the rea-

Equation(7) gives a redshift for densities well above or sons indicated earliefl;; would increase. But the growth of
below the critical density.It also comes close to quantita- &7 is also accompanied by a growth in the correlation length
tively reproducing the overall magnitude of the frequencyé Which corresponds to the range over which molecules of
shift with density> However, for densities and temperaturesthe solvent are—loosely speaking—“in phase” with each
close to the critical point, Eq8), which is the appropriate other. This means that despite the greater ease with which
equation, is essentially density independent. As abovethe solute can push aside its neighbors during the course of

pik7lk:® scales ag? and C,,(0) becomes virtually inde- its oscillatory motion, many more of them are now present in
pendent of density near the critical point. The net result ighe correlated volume of space that bears down on it. If this

that Eq.(8) predicts the plateau in frequency shifts observed/olume is regarded as a sphere of radushe number of
in the data near the critical point. additional solvent molecules that act in concert on the solute

varies roughly ast?, the area of a sphere of this radius.
Because of the way; and ¢ scale with density near the
critical point, these two opposing effects compensate each
other.

The theory outlined above is based on a thermodynamic  The diffusivity also changes dramatically, but it tends to
description of the interactions of a solute vibration with thevanish rather than diverge. The vanishingxfis essentially
SCF solvent. This approach was used to provide an analysis consequence of the divergence of the heat capacity, to
that was capable of including the known scaling of physicaklhich it is inversely related. In physical terms, the molecules
phenomena near the critical point. A thermodynamic formu-of solvent that surround the solute in a sphere of ragiast
lation of vibrational relaxation cannot be expected to reveahs an energy reservoibath of large heat capacity. Thus,
fully how vibrational energy is transferred from solute to althoughD+ decreasegand it can be shown that it decreases
solvent when the system moves from noncritical to criticalessentially inversely as the linear dimensions of the reser-
environments, because it does not include a molecular-leveloir), its decrease is almost exactly matched by the growth of
picture of interactions and dynamics, but what appears t@. Thus neither a change in compressibility nor in diffusivity
happen is as follows. Initially, as the density of the solvent isaffects T,, so long as the system is near the critical point.
increased along an isotherm near the critical temperature, thEhis leaves the direct correlation function as the sole remain-
solute encounters many more nearby neighbors. The increagy source of potential density dependencdin As stated
in intermolecular interactions will increase the probability earlier,C;,(0) is not strongly dependent on density. As the
that the solute will dissipate energy to the medium and/or tqyitical point is approached, it asymptotically reaches a con-
lower frequency modes of the solute itself; its lifetime there-siant value.
fore tends to decrease. At the same time, the Compressibility In summary, the numerous microscopic degrees of free-
of the solvent starts to rise. The ability of the solute to exertyom into which vibrational modes of excitation can relax,
a force on the solute therefore falls, and its lifetime aCCOfd-and which remain unseen in a classical description, are de-
ingly will tend to increase[ This can be calculated using the scribed by bulk properties of the system that have very defi-
full version of Eq.(4) in Ref. 2] Thus there are counteract- nite, measurable effects near the critical point. While the
ing effects. However, away from the critical point, the parametersp, k1, D1, and¢ are all changing dramatically,
change in compressibility of the solvent is small, and notthey combine in a manner that leaves the vibrational lifetime
expected(initially) to offset the influence of the increased and frequency shift independent of density. It is important to
number of solvent molecules which interact with the SO|Ute.n0te that the results are not a function of some Specia| envi-

Additionally, the diffusivity of the solvent decreases, ronment for the solutes. In fact, the theory predicts density-
which implies, rather crudely, that its capacity to receiveindependent plateaus for repulsive as well as attractive
energy is diminished. This effect also tends to increase lifesglyte—solvent interactions. It also can be applied to pure
times, but again, away from the critical point, the changes insCFg and predicts plateaus for vibrational observables in
D+ are small enough initially as not to be unduly important. pyre SCFs.

These trends can be derived from E4.in the limit §—-0. In The theory demonstrates that it is possible to account for
this limit, both xy and D+ are reasonably approxmated by plateaus without invoking a form of clustering, i.e., conden-
their ideal gas values. This means that/x9—1, and that  sation of solvent molecules around the solute. Experiments
Dy is not strongly density dependent. Very roughly then,on solute—solvent partial molar volumes in which very large
T,~1/C;(0)2p;. Now C1,0) for the binary hard sphere negative partial molar volumes have been obser¢ddhve
model becomes more negative with dengttye density de- been used to suggest the existence of clusters in some
pendence is actually very slightC,,(0)? increases, so the systems:**~3"However, theoretical treatments indicate that
net effect is that at constant temperature and away from ththe results of the partial molar volume experiments may arise
critical point, the rate of vibrational decay is largely a func- primarily because of the long correlation lengths and large
tion only of the number of molecules that surround the solutecompressibility near the critical point rather than a type of
in its immediate vicinity. liquidlike condensation/clustering of solvent molecules

/
(AV)2 SP1KT

V. DISCUSSION
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around a soluté®*°The combined experimental and theoret-in terms of a prewetting transition similar to that observed
ical results presented here do not imply that solute—solverfor ultrapure argon in the vicinity of a platinum surfate.
clusters cannot exist. What the theatgesshow is that the They suggest that short-ranged forces between ethane and
plateaus in the data can be explained as a manifestation &TBN cause a filling of at least the first solvent shell about
critical phenomena. The density-independent observablebe radical to liquidlike ethane densiti¢s-12 mol/L), and
arise because of the dramatic growth in correlation lengtlemphasize that this effect does not require the presence of
near the critical point. long-ranged density fluctuations. It is then argued that clus-
The large correlation length near the critical point nottering, i.e., local density augmentation, in supercritical fluid
only results in the plateaus, but it also enhances the normablutions depends on local considerations of solvent structure
density-dependent trends. This can be seen most clearly mather than the involvement of any critical phenomena.
Fig. 4, where for fixed density neat., the lifetime actually The preliminary report of data of the type presented
becomes longer when the temperature is increased from Jeré also described the density independence of the vibra-
to 50 °C. In Fig. 6, at fixed density neat., the frequency tional observables in terms of clusters. It is tempting to say
shifts to the blue a3 is increased. In an experimental and that since there is no density dependence, the local density
theoretical treatment which will be presented subsequently, ixperienced by the solute must not be varying, even if the
will be shown that the constant density lifetime continues tobulk density is changing, i.e., a solute—solvent cluster is
increase, until a turnaround temperature is reached, aftédormed. However, for the vibrational measurements dis-
which the lifetime decreases. The theory presented here caiussed here, the theory shows that solute—solvent clustering
describe this behavior. is unnecessary to explain the observations. Rather, the obser-
vations involve a play-off among rapidly changing properties
of the system near the critical point that leads to the lack of
density dependence. Clusters may indeed exist, but the re-
In this paper, we have presented a Study of VibrationaﬁU'tS show that a detailed calculation of observables, which
dynamics of polyatomic solutes in polyatomic SCFs over gdoes not build solute—solvent clusters into the theory, can
range of densities and temperatures, including the regiofXplain the data. The theory implicitly averages over all sol-
around the critical point. The data for two solutes in threeute environments, regions of both high and low density, to
SCFs show very well-defined density-independent regiongroduce the final, density-independent results.
on isotherms close td,. The word cluster has a variety of meanings when SCFs
Other types of density-independent observables in SCFare discussed. In a pure SCF near the critical point, there are
have been reported previously. Sun, Fox, and Johhston  regions with long correlation lengths of high, average, and
amined the density dependence of the electronic spectré@w density. Frequently, the regions of high density are de-
shifts for p-(N,N-dimethylaminobenzonitrile and ethyl scribed as clusters. Near the critical point, the long correla-
p-(N,N-dimethylamingbenzoate in supercritical fluoro- tion lengths give rise to anomalous thermodynamic proper-
form, carbon dioxide, and ethane. A notable feature of theifies, €.g., the very large isothermal compressibility. The
data is the presence of a density-independent plateau in tiiterplay of the anomalous thermodynamic properties of the
spectral shifts in the near-critical region. The plateau wa$olvent near the critical point is associated with the plateau
reported as evidence for solute—solvent C|ustering_ in the vibrational observables. If regions of Iarge correlation
Bennett and Johnstérmeasured the peak shifts in the length are considered clusters, then clusters are involved in
electronic absorbance bands of benzophenone and acetotfee observed behavior. However, the theory described above
They observed the peak positions to be independent of dei@nd in more detail in Ref. 2 explains the data without invok-
sity in supercritical water near the critical point. This effecting any particular aggregation of the solvent around the sol-
was especially prominent in the case of the acetone/watdtte resulting from attractive solute—solvent interactions.
system, and was attributed primarily to hydrogen bonding. The experiments demonstrate the sensitivity of vibra-
The existence of a plateau in the near-critical region wadional observables to the correlation length of density fluc-
taken as an indication of the existence of solute—solventuations. Large correlation lengths have a significant effect
clusters. on vibrational dynamics. The experiments and theory are a
Carlier and Randolgif® used electron paramagnetic step towards understanding the influence of correlation
resonance spectroscopy to investigate stable ditertbutyl nlength on vibrational dynamics in SCFs near the critical
troxide (DTBN) radicals in supercritical ethane. They mea-point.
sured the nitrogen hyperfine-splitting constanty(&)).°
The shape of the (G) vs p, plot at T,=1.009 exhibits a
plateau region. Data taken along tfie=1.084 isotherm
shows that the plateau vanishes at higher temperature. CACKNOWLEDGMENTS
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