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We present a theory for the temperature and density dependence of the vibrational llfet@me

the vibrational line positiorny of a solute in a supercritical solvent, both close to and far from the
critical point. The theory is based on the relation between a classical force correlation function and
T, and». The force correlation function is determined from density functional theory, and can be
expressed in terms of the solvent structure factor and the solute—solvent direct correlation function,
thereby allowing physical properties in the region of large critical fluctuations to be described by
various phenomenological scaling laws. The theory has been used to investigate recent experiments
on the density dependence of the lifetimes and frequencies of the asymmetric CO stretching mode
of W(CO)g in supercritical ethane. Near the critical point, the experimental data are essentially
independent of the density over a fairly broad range of densities. This behavior is ascribed to the
existence of long-range correlations in the fluid mixture near the critical point. Such correlations,
manifested in the divergence or vanishing of thermodynamic quantities, are shown to essentially
eliminate the density dependence in the static and dynamic correlation functions that enter the
theory. Because it is the anomalous thermodynamics near the critical point that ultimately governs
changes inT; and v, the results are not dependent on specific intermolecular interactions. The lack
of a theoretical dependence on specific intermolecular interactions is supported by experiments that
display the same behavior for various solute/solvent systems19€y American Institute of
Physics[S0021-960807)52443-3

I. INTRODUCTION region of the phase diagram is especially strong.
These expectations are borne out by recent infrared vi-
Vibrational relaxation—the loss of vibrational energy brational experiments from this laboratory on the vibrational
from an initially excited vibrational mode of a molecule—is dynamics of carbonyl moieties dissolved in supercritical sol-
of fundamental importance to solution phase chemistryvents, which have produced some intriguing resuie set
Among other things, it can influence the rates of chemicabf experiments records the absorption frequenciex the
reactions, and it is involved in processes such as electroasymmetric CO stretching mode of dilute(@0)g in SCF
transfer' The development of infrared picosecond lasersolvents such as carbon dioxide, ethane, and fluoroform. The
sources has made it possible to measure the vibrational rether monitors the lifetimes;;, of the same mode under the
laxation of molecules in liquids direct®/Such studies have same conditions. Both and T, are measured over a wide
recently demonstrated that the temperature dependence ginge of densitiep at fixed temperature$ of the solvent.
vibrational relaxation can be strongly influenced, not only byThe measurements are made close to and away from the
thermal fluctuations, but also by the change in liquid densityritical point of the solvent 4.,T.). For values ofp and T
that accompanies a temperature chahge. understanding distant fromp, and T, » and T, decrease smoothly with
of vibrational relaxation, therefore, requires knowing how itdensity at fixed temperature. This is the behavior that one
depends both on density at fixed temperature and on teninight have anticipated: increasing the density increases the
perature at fixed density. Supercritical fluidSCF'S are  contributions to the vibrational potential from attractive
probably the ideal environment in which to explore suchsolute—solvent interactions, which tend to shift absorption
questions, since their temperature and density can be varigebquencies toward the rédincreasing the density also in-
independently. Because SCF's have widespread applicationgeases the magnitude and frequency of the fluctuating forces
in industry, their study is also important in its own right.  experienced by the CO stretch, which increases the probabil-
Although there have been experimental and theoreticaty of dissipative exchange of excess vibrational energy, and
studies of vibrational energy transfer in supercritical fluidsso decreases lifetimes.
(I in Xe, for instanc®), such studies have, until recently,  Something rather unexpected occurs in the neighborhood
been confined to temperatures and/or densities distant frogf the critical point, however; wheiTf~T, and p ranges
the corresponding critical values. Since vibrational relaxatiorhetween about 0.73 and 12 (these ranges vary somewhat
is driven by the fluctuations of the medium, and since thefrom solvent to solvent: the quoted value refers to ethane
neighborhood of the critical point is highly nonuniform, the both » andT, cease to change with density. On the face of it,
possibility of observing novel vibrational phenomena in thisthere is no obvious reason why this should happen. If any-
thing, given the anomalous thermodynamics near the critical
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regions of uniform density near the critical point that could,versely proportional to a dynamic force correlation function,
in principle, provide the kind of constant solvent environ- as discussed, for instance, in Refs. 10 and 11. In this section,
ment necessary to eliminate the density dependeneeanfl  we sketch an alternative route to this result, based on path
T,. But such regions fluctuate across a wide range of lengtimntegrals, which we believe is somewhat more transparent,
scales, so theneasuredsalues ofv andT,, which represent and possibly more easily extended to other situations.
spatial and temporal averages of local properties, are likely We begin by representing the vibrational mode of the
to be quite different. carbonyl by a harmonic oscillator of mass and natural
One possible rationalization of these observations is tharequencyw, and its interactions with the solvent by a fluc-
something akin to condensation takes place, in which moltuating forceF(t). This leads to the following Hamiltonian
ecules of the solvent form stable, relatively long-lived shellsH for the system:
around the solute. Thus, changing the bulk density at con- 2 4
stant temperatu_re would hav_e essent_lally no effegt on the H= p_+ = mwd@+F()x, )
solute’s immediate surroundings. This is essentially the 2m 2

“clustering” phenomenon often invoked in the literature on wherep is the momenturm of the oscillator asdts disolace-
supercritical mixture$.Whether a clustering mechanism is P o . P
ment from equilibrium(For a molecule like WCO)g, X rep-

necessary to explain the experimental data, or other mech? sents the displacement of the normal coordinaiée
nisms can be responsible for the lack of density dependencg P

near the critical point, is the question we shall attempt toquantity of inte_r_est is the probabili@mn t_hat t_he oscillator
answer theoretically in this paper. makes a tran3|thn from th_mth exmte_d V|brat_|onal stgte_ of
. . . . . the molecule to itsith excited state in the time This is

As discussed in the following section, our approach is . . .
elaborated around a model of vibrational relaxation tha{) roportional o the absolute square of the_ traqsmon ampli-
starts from a forced harmonic oscillator representation of theleeGmn for this process, which can be written'as
vibrational mode of WICO)g. An important ingredient of the _
theory is the evaluation of a time-dependent force correlation  Gmn= e'EmW”f dxaf dXpPm(Xp) K(Xp ,t;Xa,0) dn(Xa),
function using density functional methods. This approach is )
useful in immediately allowing the measurable properties of
the system to be expressed in terms of thermodynamic fun¢vhereEr, is themth oscillator energy eigenvalugy(x) is
tions that can be studied in both critical and noncritical lim-the corresponding eigenfunction, defined by

its. The objective here is less to achieve quantitative agree-

ment with the experimental data than to provide a framework X) = (_) H(x~Maolh)e-Mex2i (3
for identifying the physical phenomena that might be respon- m(X) V2™mt | 7h ml /) »

sible for anomalous behavior. To this end, the method en- ) ) ]
sures that the effects of critical fluctuations can be incorpolim 1S the Hermite polynomial of ordem, % is Planck’s
rated into the theory through well-known thermodynamicConstant divided by 2, andK(x;,t;x,,0) is the Feynman
scaling relations. The results are rather surprising. Near thBfopagator, which has been determined exactly for the

critical point, as a result of the divergence of the correlationt’@miltonian of Eq.(1) as?
length of the density fluctuations, all of the factors that could —
potentially lead to density-dependent frequencies and life-  K(xy,t;X,,0)= I — exp(iSy/h), (4)
times, including the direct correlation function, scale out of 2imh sin(wt)
the problem. Thus, despite the expected importance of Shoﬁheresd is the classical action, given by
distance effects in controlling vibrational relaxation, it is the
universal critical properties of the medium that seem ulti- Mw
mately to be responsible for what is observed. Experiments Sd:m
with other solute/solvent combinations, which exhibit the
same behavior, suggest that this may, in fact, be the %ase. = 2XaXp+ Xpla+Xalp—lapl, (53
Specific solute—solvent clustering need not be invoked in .
L . with

order to reproduce the observed vibrational anomalies near
the critical point. 2 [t _

The details of the above formalism are presented in Sec. la= - fodtlF(tl)Sm(wtl)v (5b)
II, while Sec. Ill discusses the results and conclusions.

[(X3+x2)co wt)

2 t
Il. THEORY b= e fodtlF(tl)Sin(w(t—tl)), (50

A. Lifetimes
and

Fermi's golden rule of time-dependent perturbation )
theory is the standard starting point for relating excited state _ f t d f t . .
s . . = t dt,F(t)F(ty)si t—1ty))sl t5).
lifetimes to various quantum mechanical averayés.par- 2 mPw? Jo tJo 2 (t)F(t)sin(w(t=t))sifwty)
ticular, the vibrational lifetimeT,;, can be shown to be in- (5d)
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In the experiments described earffevibrational relax-

The vibrational lifetimeT; is related to the rate of

ation occurs from the first excited state of the carbonylchange of the average energy of the oscillator, which de-
stretching mode, so for this case the required probability capends ork;, and the upward transition raig;. As shown

be shown to be

’ 1 1 t ty
P10M|Glo| :m ex —m odtl o dt2

X F(tl)F(tz)COE(w(tl—tz))]

t t1
X j dtlf dtzF(tl)F(tz)coiﬂ)(tl_tz))
0 0

(6)

by Bader and ~Berm%l, this relationship is given b)ﬂ'l’l
=2tanhBhw/2){' (w)/ImBhw. The quantum mechanical
friction coefficient is not easily determined, but for relax-
ation processes that proceed by the emission or absorption of
a single reservoir phonon, it can be expressed in terms of a
classical friction coefficient. For such processés(w)

= Bho coth(Bhw/2){y(w)/2, where{y(w) is the classical
counterpart of!’(»).** Now in general, the excess vibra-
tional energy of a high frequency mode of a polyatomic sol-
ute in a polyatomic solvent is most easily dissipated if it is
transferred to other relatively high frequency vibrational

We shall assume that the coupling between the oscillator angiodes on the solute or solvent. The relaxation to these

reservoir is sufficiently weak that Eq46) can be approxi-
mated by

1 t ty
2. _
Gul= e | 0t [ M dtF (Pt cos it -t). ()

This expression is now averaged over the quantum mecha
cal states of the bath, and the result rewritten in terms of
time-symmetrized anticommutatbrwhich yields

Gqid? = 2 ! ftdtftldt
(16:d?)= o Tremmms | Ot de

1
X <§ [F(tl),F(tz)]+>COS(w(tl—tz)), €S)

where 8=1/kgT. Because of time translational invariance,
Eq. (8) in turn becomes

Gl = 2 ! ftdt t—t
<| 10| >_mﬁw 1+e—,Bﬁw 0 1( 1)

1
><<§[F(t1),F(0)]+>COS(wt1) (93

2 1
T mpho 1+e PO

t
Xfodh(t_tl)é(tl)coiw'[l), (9b)

modes (which typically are not thermally populated, and
which consequently contribute little to the overall tempera-
ture dependence of vibrational relaxaiosill, in addition,
require the excitation of a small number of low frequency
reservoir phonons to conserve energy overall. In the simplest
case, only a single phonon is required for energy conserva-

Ton. We shall assume, for convenience, that this is the rel-

Bvant case for the experiments described Héar focus in
this paper is primarily on the density dependence of lifetimes
and frequencies, so the precise form of the temperature pref-
actor in Eq.(10) and related expressions is not of central
importance. But it should be noted that multiphonon excita-
tion can modify the temperature dependence Df
significantly—its study is currently under investigatit.
Within the one-phonon approximatioh; can be determined
using the above expression for the friction coefficient, which
in terms of a classical force autocorrelation function now
becomes

T1_1=% f:dt(F(t)F(o»cl coq wt). 11

The calculation of the lifetime is thus reduced to the
problem of calculating F(t)F(0)). This is a problem that
immediately raises a number of difficult technical issues. For
instance, it is clear from the experimental data that there is a
significant degree of coupling between the slowly varying,
long wavelength density fluctuations of the solvent and the
high frequency, short distance oscillations of the solute, de-

where Eq.(9b) defines a time-dependent quantum mechanispite the apparently fundamental differences in character of

cal friction coefficient! The rate of transitiork;, between
the excited and ground states can now be obtained as

2 1
0 mBliw 1+e P

1 rt
><|||'T'|t_>Oc ? fodtl(t—tl)g(tl)cos{wtl)

2

= e Tre P { (@), (10

WhereZ’(w) is the real part of the Fourier transform &(t)
evaluated at the frequency of the oscillator.

vibrational and critical phenomena. It is far from clear, how-
ever, how this coupling occurs. Nor is it clear how, from a
theoretical perspective, these two processes can be treated
together when their characteristic time and length scales are
so widely separated. Projection operator techniques or influ-
ence functional methods would seem to provide the natural
framework within which to consider the problem, but neither
is likely to be easy to implement here. Even if that were not
the case, the results of such analyses would very likely in-
volve parameters whose relationship to the actual properties
of the system remained obscure.

On the other hand, molecular procestasebeen suc-
cessfully described in terms of bulk properties. For instance,
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the translational and rotational diffusion of individual mol- point. In the absence of any definite information that would
ecules, which depend on local fluctuating forces, can be reresolve this issue one way or the other, we use(E2). as it
lated to the viscous properties of the surrounding mediunstands.
(represented as a continuprasing hydrodynamics. Such The effective potentiaV()(r) that determines the equi-
treatments lead to results such as the Stokes—Einstein and tlierium density distributionp;(r) of the ith component is
Debye—Stokes—Einstein equations for translational and rotasbtained from the requirement of the vanishing of the local
tional diffusion, respectively. Indeed, vibrational relaxation chemical potential, which is the functional derivative of the
itself h;f been studied by such methods, notably byree energy with respect tg(r). This yields
Zwanzig™ in an early critique of the isolated binary collision -
model, in which he showed that the rate of transition of a pi(r)=p} expl=pvI(n), (13
molecule from its first excited vibrational states to thewhere
ground state can be described in terms of the solvent’s self-
diffusion coefficient. Related hydrodynamic models have ()fpy— _ T (! et
been surveyed by Oxtob¥ in his review of vibrational AVE(N= EJ: Jdr Cylr=r1opy(r"). 14
population relaxation. Furthermore, it is often possible to , . . .
extend the range of validity of relations that are expressed ilhf1 : _tlh denclnt(ta_s th_e solvent jrt"#s t.hef. S.?llljted.lamd .'f’ ter]Jr
terms of equilibrium structural or transport coefficients by er, the solution is assumed to be infinitely dilfs is the
replacing them with wave vector or frequency dependen{;
analogs. In the context of vibrational relaxation, extensions’
of this kind have been developed by Metiewal ,'® building
upon the work of Zwanzig and Bixdhon a hydrodynamic BV (r)= _f dr’Coy(r—=r")8pa(r’), (15
calculation of the velocity autocorrelation function. These . .
considerations suggest that a fruitful approach to the calcuand2 the corresgondmg forcéwhich we shall denote
lation of (F(t)F(0)) might be(at least initially to develop a SFI(n)] IS _‘9V( X(r)/ér. The generalization of these re-
largely thermodynamic or hydrodynamic description of theSults to timet involves the replacement obp,(r) by
correlation function, and then subsequerts neededto  9pa(r.t). We now make the identification
include more and more molecular detail by the means dis- 1
cussed above. (F(t)F(O))EW f dr(sF2(r,t)- sF2(r,0), (16

To this end, we will regardF in Eq. (11) as a thermo-
dynamic force, and determine it using density functionalwhereV is the volume of the system, and the integral over
methods'® the starting point of which is the following den- represents an average over all spatial locations of the fixed
sity functional expansion of the Helmholtz free enetgy® solute. Rewriting this expression in Fourier space, and sub-

stituting the result into Eq(11), we can now show that

BA[pi(r)]:Ei f drpi(r)[In pi(l’)/pio—l] TIlMTfmdt COiwt)f dkk2|621(k)|2él(k,t), (17)
0

ase in the experiments with @O)s], then the potential
cting on the fixed solute atis simply

_%2 drf dr'Cy(r—r") where constants independent of density and temperature

i have been omitted. Het@,4(k) is the Fourier transform of
(12) the two-particle direct correlation function between solute
and solvent, and;(k,t) is the dynamic structure factor of
the solvent, defined by

Xﬁpi(r)ﬁpj(r’)+... )

wherep;(r) is the local density of théth component at the
pointr, p? is the mean density of that componeép,;(r) is él(k,t)=(5ﬁl(k,t)5ﬁ1(— k,0)), (18)
the density fluctuation at, i.e., 5pi(l‘)=pi(r)—pio, and
Cij(r—r’) is the two-particle direct correlation function be-
tween componentisandj located at positions andr’. The 1 .
right-hand side of Eq(12) represents the first two terms of Sp1(k,t)= 27 J dre K" sp(r,t). (19

an infinite expansion in powers of the density fluctuation, the

coefficients of which are multiparticle direct correlation Equation(17) is the key relation between the excited state
functions. This expression for the free energy is most ofterifetime and measurable properties of the system. The inte-
used in studies of dense fluidfsyhere density fluctuations gral overk in this relation has the rangestk<o, so it

are typically small, and the series may be safely truncated atould seem that both long and short distance contributions
second order. If density fluctuations are large, as is the cade T, have been incorporated into the theory. However, since
near a critical point, it is not entirely clear whether cubic andthe relation has been derived on the basis of a force that is
guartic contributions tq12) are important. However, since thermodynamic in origin, there would probably be some in-
these contributions are associated with three- and four-bodgonsistency in allowing to assume very large values. Ac-
direct correlation functions, which are likely to be sméll2)  cordingly, we introduce a cutoff on thek integral, so that
may well be an adequate approximation even near the criticdtq. (17) is essentially restricted to relatively long wavelength

with
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regimes. We shall later assign a definite value to lambdaince ézl(k) at largek is small (it varies as ? when k
using information about the thermodynamic properties of the=1). No serious error appears to result from this

system, specifically its correlation length. approximatiorf*

In this context, we determin®;(k,t) from hydrodynam- When these approximations are introduced into (Ed),
ics as the solution to the coupled equations for the conservdhe integrals there can be evaluated exactly, and the lifetime
tion of mass, momentum, and energy, which leads to is found to be
& & — DK%t 1 —(F=D7)k2t -1 Kt ~ 243 1 1
Si(k,t)=S;(k)e " 1~ P {1-cogcskt)e T Ty 7Tp1 —5 Caa(0)°A%| Qa— > Qa+t py Qg|, (249

T
(20)

" wherep, is the solvent humber density, and
Here S, (k) is the equilibrium structure factor of the solvent, —

. . . . . 2
which we approximate by the Ornstein—Zernike expression, _ A _
given by Qa D1t ad) [Ri+Rx—Rs]. (24b)
0 A — g2
- pikTl KT HereA=A¢, w=wé&/Dy, and
S =57z (2D) ' ! _
1+k“¢ —1
3 |tan - A
where p; is the number density of the solvent; is its Rlzl_ﬁ 7 N -1 (249
isothermal compressibilitygc$ is the isothermal compress-
ibility of the ideal gas, and is the correlation length of
density fluctuations. Furthey=C,/Cy is the ratio of spe- Ry=—— |1+ — wIqIn S;—2tan’ ' S}, (240
cific heats,D+ is the thermal diffusivityc, is the adiabatic 3A 4v2

sound velocity, and is the sound attenuation constant, 5
which in turn is given by I'=D(y—1)+ (4743 R3=1—5w§+mwglz[ln S;+2tant's,], (240
+np) pm, Where 74 is the shear viscosityy, is the bulk
viscosity, antpy, is the mass density. The second term in EQ.with w,=w/A2D+, and the functions, andS, defined by
(20) accounts for acoustic phonons in the medium, and ins = (1+ 2w, + w,)/(1— V2w,+ w,), and S,= 2w,/ (w,
light scattering experiments, it is associated with spectral1) Qj is identical toQ, except thal replaceD every-
peaks at frequencies @b=csk. In ethane, for the CO  where. Equation24) determinesT, for all p and T away
stretching frequency is on the order of 2000¢nso at 1ong  from the critical point once the temperature and density de-
wavelengths it can be shown thek<w. As a simplifica-  pendence of quantities liker, D+, & etc., are specified.
tion, therefore, we set the term cog) in Eq. (20) to unity,  (For the hard sphere model, the density dependence of the
which allows the dynamic structure factor to be written as direct correlation function is, of course, known analytically.
As it turns out, there are no simple expressions for these

él(k,t)zx— : (X=Y), (22)  thermodynamic functions, which must instead be described

Y by phenomenological equations—typically involving 20 or
where more parameters obtained by fits to experimental data—that
. apply to individual solvents. Such equations have been ob-
X=8§y(kyexd —t/m(k)], (233  tained for the equilibrium and transport properties of ethane

by Friend et al?® (similar equations are also available for

; — 12
with 1/, (k)=k"D7, and CO,, but they are considerably more complic&fed The

Yzél(k)exq—tlfz(k)], (23p  calculations that lead to the equations for the equilibrium
. ) properties of the system typically begin by expressing the
with 1/75(k) =k“I". Helmholtz free energy of the systefnas a series expansion

We shalll first consider the limké<1, which corresponds to  in the density and temperature. The coefficients in the expan-
the noncritical regime. The direct correlation function for asjon are initially unknown, but they are later determined by
two-component mixture is not known in general, so in thes€itting the properties derived from to experimental data.
calculations it is approximated by the direct correlation func-Once the equation foA is established, all thermodynamic
tion of the binary hard sphere mixture, for which an analyticinformation about the system is immediately known. It then
expression is availabié (although it is too lengthy to repro- pecomes possible to obtain, say, the compressibility, by tak-
duce herg Hard sphere models are commonly used to reping derivatives ofA with respect to the density at constant
resent dense liquidévhere packing fractions are typically temperature. Knowledge of the compressibility in turn al-
greater than about 0.,3but they have been successfully ap- jows the correlation lengtl§ to be calculated, sinceo&£2.

plied to less dense fluids as wéllSuch models are therefore A similar approach is taken in calculating transport proper-
expected to provide a useful first approximationGg,(k) ties (viscosity, diffusivity, etc), although here no general
for the entire range of experimental solvent densit@eept, prescriptions are available for determining all such proper-
of course, near the critical point, WhereAattractive 1nteraction$ies_ The values ok;, Dy, & etc., that are used in E(R4)

are important We further approximate€,,(k) by C,4(0), at given values of the density and temperature have been
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FIG. 1. The lifetime T, in picoseconds versus solvent concentration in FIG. 2. The same two isotherms as in Fig. 1, with densities in the range
mol/L for the temperature§=34 °C andT =50 °C and densities between 1 5-15 mol/L. The curve with the maximum and minimum in the critical
and 5 mol/L. The curve with higher initial lifetime corresponds to the region corresponds to the=34 °C isotherm.

=34 °C isotherm.

the entire density range 1-15 mol/L. At higher densities,

obtained in this way. However, the shear viscosity is one2Way from the critical density, the two calculated isotherms
transport property that is not determined in these calculadecrease and have almost the same values. This is also in
tions, so we write it agys=37,/2, an approximation that is accord with eXperlm_ental opserva_no‘hs_ .
sometimes used in the theory of liquitls. To probe the critical region using our hydrodynamic ap-
Several assumptions and approximations go into the dglroach, itis necessary to pass to the likwt1, kf—c. Near
termination of the above empirical equations, but the equathe critical point, because of the divergence of the heat ca-
tions are deemed to be accurate across a wide range of tef@city C, (and hence of), the second and third terms in Eq.
peratures and densities. The frequenayis assigned the (22) are small, so as a further simplification, they are ne-
value 3.8< 10" s™! (corresponding to an absorption energyglected altogether. The resulting equation can be extended
of 2000 cni'Y). From the calculated values fthe cutoffA ~ formally to the limit k&>1 2g)y using Kawasaki's mode-
is chosen to have the value<20® m~%, which ensures that coupled expression for, (k):

A£<1 at all relevant temperatures and densities away from 1 ke T 1
the critical point. The solvent diameter is taken to be 4.36 A ) Band 1+k2 e+ | k33— PY: tan‘l(kg)},
(based on the Lennard-Jones parameter of Ref. &% the ! " (25)

solute diameter is estimated to be 6.00 A. ] ) ) )
Equation(24) is shown in Fig. 1 for the temperatures whergms the viscosity. Related “extended” hydrodynamic
34 °C and 50 °C and for densities in the range 1-5 mo|/|_.descr|pt|or_15 of the structure factor are knogng., Refs. 29
(For reference, the critical point of ethane occursTat @and 30.Itis easy to show that whek€<1, Eq.(25) reduces
=32 °C andp=6.9 mol/L.) The plots in this figure are nor- 0 the expression defined after £G2).
malized so that at the lowest value of the solvent density —Again, we approximate,,(k) by its k=0 value (near
used in the experiment4 mol/L), the experimental and the- the critical point, this is likely to be a less severe approxima-
oretical curves are roughly coincident. tion than the corresponding approximation in the noncritical
The predicted decay curves of Fig. 1 are in general€gion, but we no longer evaluate it with the hard sphere
agreement with experimental trends observed f6E®)gin ~ Model, which is inadequate near the critical point. Further,
ethane and CQin the range of densities below the critical Ed- (25) shows that in the critical limit (k) ~D+¢k®,
density® As anticipated, the lifetimes decrease as the densityhile S;(k)~ p1x7/x3k2&%, so that the lifetime becomes
is increased. However, the decrease with density is far 0
o , pikT/ KT ~ *
steeper(by a factor of about 5 at 5 mol/L on the critical T] Yo T —— C21(0)2J dt coq wt)
isotherm) than is seen experimentally. Possible reasons for § 0
this difference will be discussed later. If E@4) is applied
to the near critical regiofiT~T,, 5<p<10 mol/L), and to X f dk exp(— D+£k%t). (26)
higher densities d>10 mol/L), the results are as shown in
Fig. 2 for the two isotherms considered earlier. Expectedly(More accurate representations of the structure factor are
Eq. (24) breaks down in the immediate vicinity of the critical known near the critical point; but these do not alter the
point, where it shows extrema that are reminiscent of thejualitative features of our modgMWithout actually evaluat-
maximum and minimum seen in tHe-V isotherms of the ing the integral in Eq(26), we can draw the following con-
van der Waal's equation in the two-phase region of gas-clusions: the correlation lengti? is proportional t8
liquid coexistence. Beyong~11-12 mol/L, T, decreases ple/K% so the density dependenceTof resides inC,4(0)
again, as in the experimental curve. The higher temperaturand the variabld£. In general D+ is defined as\/pCp,
isotherm falls essentially monotonically with density overwhere\ is the thermal conductivity an@p is the constant
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pressure heat capacity. On the critical isochore, both theoring form of this function near the critical point is also likely
and experiment suggest tfat\~t~?" and Cp~t"7, to be largely density independent. Thus the critical properties
wheret=|T—T./T., andy and » are universal exponents of pure fluids are also expected to be similar.

that have the values 1.24 and 0.63, respectively. On the criti-

cal isotherm, these relations are equivalent 0  B. Frequency shifts

~ —(y=)IB ~ —vB =
(4p) and Cp~(Ap) ,  Where Ap_)|?f)2 As stated earlier, the absorption frequencgf the CO

; é) r?|c/ep 5 f?gf )'Vs,’ﬁa;gtnhge;i?vegitggggjxr‘?;z;sg,, stretching mode of WCO)s in ethane changes with density

on the cTriticaI isochore. and ;Herefore asp) "% on the in much_the same way as the I|feF|mes: near the critical iso-

critical isothermD - £ is éither independent of the density, or ther.mvflrst. decreases, then remains constant, then decrgases
—T '~ again. At higher temperatures simply decreases monotoni-

at most \{veakly erendent on Gthrou.gh a weak Cr't'(.:al cally. The lack of density dependence whear the critical
anomaly in the viscosity that is manifested asymptotically

close to the critical poifif). Thus, in spite of the fact that the point has also been observed in supercriticab @0 super-
critical fluoroform® The CO stretching mode of the solute
correlation length, the isothermal compressibility, and the

Shodium dicarbonylacet tonate in th Ivents al -
thermal diffusivity all change rapidly with density near the odium dicarbonylacetoacetonate ese solvents also be

. . . __haves similarly’ If the changes inv with density are reex-
critical point, the changes are mutually counterbalancing % g Y

, ) . .. 2pressed in terms of the shiftsv of the fluid phase frequen-
with the result that they contribute very little to the density cies from a putative gas phase frequengy(which could be
dependence of ;.

. . . identified, for instance, with the extrapolated zero density
The direct correlation function at zero wave vector can

i i ) fluid frequency, the trends mentioned above are reversed.
be related rigorously to the thermodynamic properties of al u quency : v v

infinitely dilute binary mixture. For instance, if the correla- hat is to say, along the critical isotherdiy first increases
) y S b ) : ' with density, then remains constant, then increases again,
tion function integralC,, is defined as

while at higher temperatures, it simply increases monotoni-
_ . cally.
Czﬁf drCay(r)=Cy(0), (27) From general considerations, it is clear that must
) ) depend on the average force along the vibrational coordi-
then from the fluctuation theory of Kirkwood and BUff, nates of interest.The nature of this connection is hard to
using the results of McGuigan and MonsHrit is readily  define when these coordinates involve collective motions, as

demonstrated that is the case for polyatomics. Nevertheless, we shall assume
IVE: that the fluctuating forcéF®)(r) on the solute located atis
_ R g
Co= (29 related to the shift in frequency of the CO mode as a result of

KeTwr’ interactions with its surroundings. The average of this force
where theV, is the partial molar volume of the solute; is 1S, Of course, 0, so we define the frequency shift as

the isothermal compressibility of the solvent, and the super- ) ) )

script » denotes the limit of infinite dilution. Now it is (Av) ocf dr(8F(r)- sF2)(r)). (30
known thatV, diverges as«t near the critical point® so _ , _

from Egs.(27) and (28) it follows that Following the sequence of steps outlined earlier, B6) can

R be reduced to
Cu(0)—c, T—Te, p1—pc, (29

20cT2 2| 2¢
where ¢ is some function that is expected to be at most (Ap)%ecT fdkk [Cai(K)*Su(k), (3D

weakly dependent on the density. which in turn becomes
Thus, the lifetime is finally seen to be essentially density

independent. Further, because the effect is attributed to the KT ~ 1 3 3

long-range correlations in the density fluctuations, similar ~ (Av)?=T?p; —5 C5(0) = | 1- =+ —tan * A
behavior is expected of other solute—solvent combinations, KT A

irrespective of the character of their microscopic molecular (32

interactions. In particular, no distinctions can be drawn bein the noncritical ké<1) limit, with A= A ¢ as before, and
tween what have been referred to in the literature as attrasgvhich becomes
tive, repulsive, or weakly attractive mixturdssince for all

of them, V, diverges in exactly the same way, aside from (Av)?ecT? 1K 2
differences of sign. Indeed, at least two other systems, §
W(CO)g/carbon dioxide and WCO)g/fluoroform, show in the critical ké>1) limit.

qualitatively the same changes with density near the critical Equation(32) is shown in Fig. 3 for densities in the
point as WCO)s/ethane® Moreover, within the present den- range 1-15 mol/L with the various thermodynamic and
sity functional formalism based on E(L2), the only differ-  structural parameters of the model calculated as before. The
ence between a one-component system and an infinitely dgeneral trends in the behavior A# in the noncritical region

lute mixture is thaC4,(k), rather tharC,,(k), is used in the are in qualitative agreement with the experimental data at
expressions for the lifetime. At zero wave vector, the limit-low and high densities. In particular, they correctly predict

C21(0) (33
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3 While the theoretical results presented here demonstrate
— that persistent structures are not required to explain the vi-
'g sor brational lifetime and line position experiments, they do not
et 25¢ 1 rule out the existence of such structures. Clusters may be
< 20} 1 involved in the explanation of other experimental observ-
Z 15l i ables, e.g., fluorescence peak shift measurements by Bennett
c . . . .
S ol and Johnston, V\_/hlch are also _C.haracterlzed by density inde-
g pendent properties near the critical paihtt should be pos-
T 5f 7 sible to adapt the present density functional formalism to

- treat fluorescence problems, but the central quantity of inter-

0654 & 6 10 12 14 16 . TODIEN . .

Density (mollL) est there is a transition dipole moment correlation function,
y and not a force correlation function. So our present results

FIG. 3. The frequency shifAv in cm versus solvent density in mol/L for have no direct bearlng O_n the ﬂuor.escence data. .

the isotherm& =34 °C andT=50 °C. The upper curve corresponds to the The structural integrity of persistent clusters is depen-

lower temperature isotherm and the lower to the higher temperature iscelent on the attractive or repulsive character of the intermo-

therm. lecular interactions; indeed, so-called repulsive binary mix-

tures are not expected to form clusters. Therefore, repulsive

the magnitude of the total shift in frequency between theMiXtures, as well as pure fluids, would differ, spectroscopi-
highest and lowest densities. However, the breakdown of th&2lly, from attractive binary mixtures. But our theory sug-
equation near the critical point is far more dramatic here tha§€Sts _that such differences are unlikely to be observed in
was the case for the lifetimes. Moreover, the higher temperatiPrational - experiments because the lack of density-
ture isotherm, which should have increased smoothly wittiependent vibrational observables near the critical point does
density across the entire range of densities, does not do &t require the existence of solute/solvent clusters. Unfortu-
whenp is centered around the critical density. The temperal@t€ly, there appear to be few systefather than rare gas
ture must be considerably highet>075 °C) before the mixtures that qualify as true repulsive mixtures, and these
change ofAv with p is monotonic. These results suggest thatdo not exhibit the kinds of vibrational transitions that can be
Eq. (32) accurately describes some, but not all, the contribu probed with vibrational spectroscopy. Pure fluids qre difficult
tions to the frequency shift from the various forces in thel© Study for other reasons, but a deutero-substituted poly-
medium. atomic in a large excess of the normal compound is very
The study of the critical region requires the use of Eq_nearly a single-component system, so its critical behavior

(33). As before,p1kt/ K$ scales ag?, and 612(0) becomes mayl fprr]méldeaa vaIL.JabI'e tfest %f the abq;j/e ideas. ble d
nearly constant in the critical region. The equation, therefore, ydrodynamics is found to provide a reasonable de-

predicts(as observexthatAv is density independent near the scription of the process of vibrational relaxation near the
critical point critical point, this would suggest that the short distance

events that must occur during the process are coupled to the
modes of the medium, which are themselves influenced over
large distances. In this view, the correlated regions in the
The foregoing results suggest that the changélsiand  solvent that surround isolated molecules of the solute can be
v near the critical pointor lack of change, to be more pre- thought of, crudely, as being solidli€e—they are therefore
cise are ultimately governed by the growth of critical fluc- expected to support low and high frequency oscillations. The
tuations in the medium. Specific solute/solvent cluster forintermolecular spacing within these regions determines the
mation, an appealing alternative scenafiiscussed in the highest frequencyquasi-Debygtranslational modes, as well
Introduction), is not required by the current theory to explain as high frequency hindered rotations, or librations. Over dis-
the observed trends in the vibrational data. At the same timaances up to the correlation length, translational and rota-
however, it is probably important to emphasize that the terntional modes may be highly extended instantaneous normal
cluster is not very well defined. Cluster is often taken to refemodes®® somewhat akin to the phonons of an amorphous
to the extended regions of uniform density that are undersolid, making the fluctuations experienced by the solute in-
stood to exist in the critical domain. Such clusters, strictlyherently different from those in a fluid far from the critical
speaking, are not antithetical to our theory. But they do nopoint, where the correlation length is small.
seem to be quite the same objects that are often spoken of in  Away from the critical point, it seems clear that a hydro-
the engineering and chemistry literatdr® which actually ~ dynamic theory of vibrational relaxation is not wholly reli-
seem to be persistent structures with well-characterized ge@ble, although there is nothing at present to indicate that the
metric properties, like shape and average spatial extent. Tecalculation of the dynamic force correlation function by den-
this list of attributes should probably be added a residencsity functional methods is necessarily a poor
time of the molecules in the cluster, since otherwise onepproximation—what appears to be needed are more accu-
would classify as clusters the coordination shells that surrate representations of both the two-particle direct correlation
round individual molecules in a bulk fluid and whose exis-function and the dynamic structure factor. Such representa-
tence is detected as peaks in a radial distribution function. tions can be formulatethrough memory function methods,

Ill. DISCUSSION
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