
8

Temperature dependent vibrational lifetimes in supercritical fluids
near the critical point

D. J. Myers, Shirley Chen, Motoyuki Shigeiwa, Binny J. Cherayil,a) and M. D. Fayerb)

Department of Chemistry, Stanford University, Stanford, California 94305

~Received 8 May 1998; accepted 10 July 1998!

Vibrational relaxation measurements on the CO asymmetric stretching mode~;1980 cm21! of
tungsten hexacarbonyl (W~CO)6) as a function of temperature at constant density in several
supercritical solvents in the vicinity of the critical point are presented. In supercritical ethane, at the
critical density, there is a region above the critical temperature (Tc) in which the lifetime increases
with increasing temperature. When the temperature is raised sufficiently (;Tc170 °C), the
lifetime decreases with further increase in temperature. A recent hydrodynamic/thermodynamic
theory of vibrational relaxation in supercritical fluids reproduces this behavior semiquantitatively.
The temperature dependent data for fixed densities somewhat above and below the critical density
is in better agreement with the theory. In fluoroform solvent at the critical density, the vibrational
lifetime also initially increases with increasing temperature. However, in supercritical CO2 at the
critical density, the temperature dependent vibrational lifetime decreases approximately linearly
with temperature beginning almost immediately aboveTc . The theory does not reproduce this
behavior. A comparison between the absolute lifetimes in the three solvents and the temperature
trends is made. ©1998 American Institute of Physics.@S0021-9606~98!51938-1#
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I. INTRODUCTION

In this paper vibrational lifetime measurements on
asymmetric CO stretching mode (T1u ;;1980 cm21) of
tungsten hexacarbonyl (W~CO)6) in supercritical ethane
fluoroform, and CO2 solvents are presented and analyz
The measurements are made at constant density as a fun
of temperature for several densities at and near the cri
density. The qualitative nature of the temperature dep
dence changes dramatically with solvent.

Vibrational lifetimes in dense media are dominated
nonradiative decay. Dynamic intermolecular interactions
the solute’s mode with the solvent produce fluctuat
forces. These fluctuating forces are responsible for vib
tional relaxation. Therefore, vibrational relaxation is high
dependent on the nature of the solute–solvent interacti
The fluctuating forces are frequently described in terms
the force–force correlation function. The vibrational lifetim
is related to the Fourier transform of the force–force cor
lation function at the frequency of the relaxing mode.1,2

Vibrational relaxation can have a complicated and int
twined dependence on temperature and density. For this
son, supercritical fluids~SCFs! are useful media for the stud
of vibrational relaxation since the temperature and den
can be controlled independently. In addition, the tempera
and density dependence of vibrational relaxation can serv
a sensitive probe of solute–solvent interactions in superc
cal fluids. Prior experiments on W~CO)6 in supercritical
ethane, carbon dioxide, and fluoroform showed unpr
edented behavior of the vibrational lifetime in the vicinity
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the critical point.3,4 By performing experiments along iso
therms, the lifetime as a function of density at fixed tempe
ture was measured. In general, vibrational lifetimes
creased monotonically with density. However, within a fe
degrees of the critical point the lifetime is density indepe
dent, or nearly so, over a substantial range in density
rounding the critical density,rc . This behavior is observed
in ethane, carbon dioxide, and fluoroform. A theoretic
treatment of vibrational relaxation in SCFs near the criti
point was developed which uses a hydrodynam
thermodynamic approach for the calculation of the forc
force correlation function.5 The method permits the inclusio
of critical scaling of the solvent’s physical properties ne
the critical point. The theoretical results show a region
density independent vibrational relaxation around the criti
point arising from the interplay of the critical scaling of var
ous parameters. One property unique to the critical regio
a long correlation length for local density fluctuations. The
involve regions of high and low density relative to the ave
age. The high density regions that occur even for a p
supercritical fluid have been referred to as ‘‘density enhan
ments.’’ The lack of density dependence does not arise fr
local density enhancements caused by strong attrac
solute/solvent interactions. Recently, Troe and co-work
examined multilevel vibrational relaxation of highly vibra
tionally excited azulene following electronic excitation an
noted some evidence of a density independent region a
an isotherm near the critical temperature of propane.6

The temperature dependence of the vibrational lifeti
of the COT1u of W~CO)6 in supercritical ethane at a con
stant density equal torc displays remarkable behavior. Be

ian

ginning two degrees above the critical temperature, as the
temperature is increased, the lifetime becomes longer. It in-

1 © 1998 American Institute of Physics
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creases with temperature until well above the critical te
perature (;Tc170 K) before turning around and decreasi
with further increases in temperature. This behavior is c
trary to expectation that the vibrational lifetime at fixed de
sity should decrease monotonically with increasing tempe
ture. However, the theory that was able to reproduce
density independent behavior also predicted the obse
temperature dependence semiquantitatively.7

Troe and co-workers also examined multilevel vibr
tional relaxation of highly vibrationally excited ground sta
azulene for densities and temperatures far from the crit
point.6 The results were explained in the context of a bina
collision model. An earlier report by Harriset al. described
the temperature dependence of multilevel vibrational rel
ation in the highly vibrationally excited ground electron
state of I2 following electronic excitation of I2 dissolved in
supercritical Xe far from the critical point.8 The data were
explained, with reasonable success, by isolated binary c
sion models.8,9 Using a semiclassical theory, Egorov an
Skinner10 produced very good agreement with the I2 data
when a particular ansatz for the force–force correlation fu
tion was used. The binary collision models are not use
near a critical point. It is not yet clear if the Egorov–Skinn
theory is accurate near the critical point.

Here, the previous temperature dependent experim
on W~CO)6 at constant density are extended to a range
densities in ethane and to fluoroform and CO2. When the
W~CO)6 temperature dependent vibrational lifetime is exa
ined in ethane at densities away fromrc , near quantitative
agreement with theory is achieved at some densities. H
ever, when the temperature dependent lifetime of theT1u

mode of W~CO)6 is measured in supercritical CO2 at rc , the
‘‘inverted’’ temperature dependence seen in ethane is
observed. In fluoroform, a weakly inverted region is o
served. The appearance of an inverted region seems t
correlated with the effectiveness of the solute–solvent c
pling in inducing vibrational relaxation.

II. EXPERIMENT

The details of the experiment have been descri
elsewhere.4,11 Briefly, cavity dumped pulses from a Q
switched, mode locked, Nd:YAG laser are doubled and u
as the pump pulses in a LiIO3 OPA. The YAG laser is also
output coupled. The doubled pulse train synchronou
pumps a cavity dumped dye laser~Rhodamine 610 in etha
nol!. The dye laser pulse is double passed amplified.
amplified dye pulse provides the signal pulse for the OP
The typical OPA output at;5 mm is 1.5mJ in a 40 ps pulse
The exact frequency of the IR is tuned to the peak of thv
50→1 CO T1u mode absorption of the solute, W~CO)6 .
The frequency, which depends on the temperature and
sity of the solvent, is;1980 cm21.

The sample is contained in a high pressure, high te
perature cell constructed from Monel 400 and sealed w
sapphire windows. The temperature and pressure are a
rately monitored and controlled. Samples are prepared
inserting a minute quantity of pure W~CO)6 into the cell and

5972 J. Chem. Phys., Vol. 109, No. 14, 8 October 1998
then purging the system of air with the solvent gas. The ce
is then pressurized and the absorbance of the solute is m

Downloaded 14 Jul 2002 to 171.64.123.74. Redistribution subject to AI
-

-
-
a-
e
ed

-

al
y

-

li-

-
l

r

ts
f

-

-

ot
-
be

u-

d

d

ly

e
.

n-

-
h
cu-
y

sured with a FTIR spectrometer. The IR beam from the FT
spectrometer is taken out of the instrument, passed thro
the sample cell, and into an external IR detector. Opti
densities of;1 were ideal, though experiments at low de
sities were typically done with much smaller~;0.3! absor-
bances. These optical densities correspond to solute con
trations of roughly 1025 mol/l . It was found that
absorbances substantially greater than 1 can produce an
lous results. Care was taken to assure that at each tem
ture and density, the absorbance was not too great.

Pump–probe experiments are carried out in a coun
propagating manner in which the pump and probe pulses
collinear but enter from opposite sides of the cell. The pro
intensity is measured on an InSb detector and compare
the signal from a reference detector. The decays were fi
single exponentials, which resulted in excellent residuals
almost all cases.23 Occasionally, when the energy of the I
was about 2mJ or more, noticeable up-pumping to high
vibrational levels occurred and resulted in a poor single
ponential fit. In this case, filters were used in the pump be
and single exponential decays were recovered.

III. RESULTS AND DISCUSSION

Figure 1 displays pump–probe vibrational lifetime da
taken on the COT1u mode of W~CO)6 in ethane atT
5343 K andr56.87 mol/l (Tc5305 K; rc56.87 mol/l !.
An exponential fit is also shown. The decay time is 278
Data such as this were acquired at several densities
function of temperature. Figure 2 shows the temperature
pendence atrc .23 The lowest temperature point is 2 K above
Tc and the temperature dependence extends toT>500 K. As
the temperature is raised above the critical point, the lifeti
lengthens, finally peaking well aboveTc . Following the
peak, the lifetime decreases with further increases in te
perature. The peak occurs at;373 K, which is;70 K above
Tc . The right-hand scale on the figure is the reduced li

FIG. 1. Pump–probe data on the asymmetric CO stretching mode
W~CO)6 in supercritical ethane~1990 cm21! at the critical density and 38 K
aboveTc . The heavy line is a fit to a single exponential. The lifetimeT1

5278 ps. Similar quality data were taken at other temperatures and d
ties in ethane, as well as in carbon dioxide and fluoroform.

Myers et al.
ll
ea-
time, which is the lifetime divided by the lifetime at a refer-
ence temperature,Trf . In this plot, the reduced lifetime scale
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is calculated usingTrf5323 K. The reduced lifetime facili-
tates comparison with the theoretical calculations prese
below.

While the increase in the lifetime with temperatu
shown in Fig. 2 is not large,;10%, it nonetheless shows
dramatic deviation from the behavior that would be expec
as the temperature is increased at constant density. In
simplest example, one may consider a system dominate
independent binary collisions. As the temperature is
creased at a fixed density, the collision frequency will
crease and thus lead to faster energy transfer. Also, the p
ability that a collision will induce energy transfer increas
with temperature since the collisions will occur at high
velocities and thus with more force. Harris found this redu
tion of the lifetime with temperature in the I2 /Xe system far
from the Xe critical point.8

At a density of 6.87 mol/l , the independent binary col
lision model may not be valid, particularly for a polyatom
solute in a polyatomic solvent. However, theories for vib
tional relaxation in liquids or crystals also predict that t
lifetime will decrease as the temperature increases at
stant density.2,10,12 The rate of vibrational relaxation,K, of
the initially excited mode can be described by Ferm
Golden Rule,2,12,13

K5
2p

\ (
r ,r 8

r r ,r 8u^s8,r 8uVus,r &u2. ~1!

In Eq. ~1!, s ands8 denote the initial and final state of th
initially excited vibration~theT1u mode in this case!, while r
and r 8 refer to the receiving~or reservoir! modes. The res-
ervoir includes all intra- and intermolecular modes of t
solvent as well as modes of the solute other than the rela

FIG. 2. T1 data for the asymmetric CO stretching mode of W~CO)6 in
supercritical ethane as a function of temperature at constant density.
density is the critical density,rc56.87 mol/l . The left-hand ordinate gives
the lifetimes in ps and the right-hand ordinate is the reduced lifetime,
the lifetime normalized with respect to the lifetime at a reference temp
ture, Trf5323 K. The data display a region of inverted temperature dep
dence in which the lifetime increases as the temperature increases.

J. Chem. Phys., Vol. 109, No. 14, 8 October 1998
mode. The ketus,r & is the initial state, described by thermal
occupation numbers of the various modes of the system,
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addition to unity occupation of the state initially excited b
the IR pump. The brâ s8,r 8u is the final state with the
initially populated state having occupation number 0 af
relaxation and other states having increased~or decreased!
occupation numbers.r is the density of states of the reservo
modes for the relaxation step. The summation in Eq.~1!
denotes the fact that the true relaxation rate is a sum o
contributions from all possible pathways;12 however, in the
following discussion we will describe relaxation through
single anharmonic path involving one phonon.

In Eq. ~1!, V is the potential that describes the system
reservoir interaction.12 V( i ) is the ith matrix element that de
scribes the interactions which couplei modes. The anhar
monic terms,i>3, govern relaxation processes involving th
coupling of multiple vibrational modes. Given the vibra
tional energies of the solutes and the solvents, the relaxa
of the initially excited mode results in the excitation of
least two other vibrations and a phonon. Here phonon is u
as a general term to mean a mode of the low freque
continuum of the solvent. In a crystal, the continuum is co
posed of true phonons. In a liquid or SCF the continuum m
be thought of in terms of instantaneous normal mod
~INM !.14,15For such a process, the anharmonic coupling m
trix element is at least fourth order, or quartic. For the f
lowing discussion, a single quartic relaxation pathway is d
cussed, but the conclusions are quite general.

The quartic anharmonic matrix element^V(4)& contains
the magnitude of the quartic anharmonic coupling ter
uV(4)u, and combinations of raising and lowering operato
that describe the anharmonic relaxation step.12,16 If the op-
erator a1 annihilates the initially excited vibration and th
operatorsb and b1 describe the change in the reservo
modesA, B, and the phonon, then the interaction is describ
by

a1~bA1bA
1!~bB1bB

1!~bph1bph
1 !. ~2!

This interaction leads to seven possible quartic relaxa
pathways,12 some of which are unphysical. The relaxatio
pathway being considered, a simple cascade proces
which the energy relaxes only to lower energy modes
described by one term arising from Eq.~2!, a1bA

1bB
1bph

1 , i.e.,
the initially excited vibration is annihilated, and each of t
modes A, B, and ph are excited. Once substituted into
~1!, a raising operator brings out a factor ofAn11 and a
lowering operator brings out a factor ofAn, wheren is the
occupation number of the particular mode involved in the
order process. Since the initially excited mode hasn51, the
a1 brings out a factor of unity. This allows Eq.~1! to be
written as

K5
2p

\
rphu^V~4!&u2~nA11!~nB11!~nph11!, ~3!

wheren is the thermally averaged occupation number,

ni5~exp~\v i /kT!21!21. ~4!

v i is the frequency of the vibrational or phonon mode. Ta

he

.,
a-
-

5973Myers et al.
in
ing rph5^r(v i)&, the ‘‘phonon’’ density of states is given
by the ensemble averaged density of INM.

P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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If the reservoir modes are high frequency (\v@kT and,
therefore,n50!, such as the discrete vibrational modes
the solute and solvent, Eq.~3! is

K5
2p

\
rphu^V~4!&u2~nph11!. ~5!

Although the discussion of the derivation of this relaxati
rate expression has been qualitative, the same results ca
shown rigorously.12 In general, the expression for the rela
ation rate along a given one-phonon,ith order anharmonic
pathway is given by the product of the phonon density
states, the magnitude of the anharmonic coupling matrix
ement squared, and occupation number factors for the rec
ing modes. If a reservoir mode is created in the relaxat
step, it contributes a factor of (n11), whereas if it is anni-
hilated, it contributes a factor ofn. This is a simple, yet
rigorous, method for describing even complex relaxat
pathways.

Considering only the occupation number in Eq.~5!, K
should become larger and the observed decay times sh
become shorter as the temperature is increased. If more
one thermally occupied phonon were involved in the rel
ation pathway or if a vibrational occupation number chan
significantly, the temperature dependence would be e
steeper. If the phonon occupation number is the only fac
responsible for the temperature dependence, then
\v!kT, K would increase linearly with temperature. F
\v@kT, K goes as exp(2hv/kT) if a phononis annihi-
lated as part of the relaxation process, andK goes as
11exp(2hv/kT) if a phonon is created. In either limit an
for intermediate situations, the temperature dependenc
the occupation number~s! will always yield a decrease in th
vibrational lifetime with increasing temperature. Only ne
T'0 K ~only phonon emission processes are possible! where
1.nph, will the temperature dependence vanish, and the
brational lifetime will become temperature independe
Above T'0 K, an inverted temperature dependence can
be explained by considering occupation numbers, regard
of the pathways or number of modes involved.12

In a study of the temperature dependent vibrational l
time of theT1u mode of W~CO)6 in liquid CHCl3 , the life-
time was observed to increase~inverted temperature depen
dence! in going from the melting point to the boiling point o
the solvent.16 However, as the temperature is increased,
density of the liquid decreases. In Eq.~5!, both the density of
states and the magnitude of the anharmonic coupling ma
element can be density dependent. Theoretical analysis
cated that the inverted temperature dependence was due
reduction in the magnitude of the anharmonic coupling m
trix element as the density decreased.14 However, in the cur-
rent study, the density is fixed. Therefore, the inverted te
perature dependence cannot arise from a density depend
of the intermolecular interactions as it can in a liquid.

While the Golden Rule formalism outlined above12 is
useful for enumerating vibrational relaxation pathways a
gaining insights into possible sources of temperature dep
dence, it does not provide a method for including detai

5974 J. Chem. Phys., Vol. 109, No. 14, 8 October 1998
properties of a liquid or SCF solvent into the calculation o
vibrational relaxation. In a SCF in the vicinity of the critical
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point, it is particularly important to use a method that c
incorporate the solvent properties that change rapidly w
temperature and density, such as the isothermal compr
ibility and the thermal diffusivity. Cherayil and Fayer deve
oped a free energy density functional theory of the forc
force correlation function. The usefulness of the theory
that the force–force correlation function can be evaluated
terms of known thermodynamic and hydrodynamic prop
ties of the solvent. The theory starts with the standard re
tionship between the vibrational lifetime,T1 , and a classical
description of the force–force correlation function,

T1
215

b

m E
0

`

dt^F~ t !F~0!&cl cos~vt !. ~6!

b is 1/kBT, wherekB is Boltzmann’s constant,m is the re-
duced mass of the oscillator, andv is the oscillator fre-
quency. The theoretical analysis yields the following expr
sion:

T1
21}TE

0

`

dt cos~vt !E dkk2uĈ21~k!u2Ŝ1~k,t !. ~7!

Ĉ21(k) is the Fourier transform of the direct correlatio
function17 and Ŝ1(k,t) is the dynamic structure factor.18

Equation~7! was evaluated for different regimes of dens
and temperature, very near the critical point and farther fr
the critical point. In the experiments presented here, the t
peratures are sufficiently far above the critical temperat
that the noncritical region version of the theory is approp
ate.

When Eq.~7! is evaluated for the noncritical region us
ing a variety of approximations to yield an analytic
expression,5 1/T1 has the form

1

T1
}T2r1

kT

kT
0 Ĉ12~0!2L3S QA2

1

g
QA1

1

g
QBD , ~8!

where r1 is the number density of the solvent,kT is its
isothermal compressibility,kT

0 is the isothermal compress
ibility of the ideal gas, andL is a cutoff on high momenta. I
is chosen to meet the condition for the noncritical regim
Lj,1. The results of the calculations are not sensitive toL,
andL is set equal to 231028 m21. g[Cp /Cv is the ratio of
specific heats.QA is a function of the correlation length o
density fluctuationsj and of the thermal diffusivityDT ; it is
defined as

QA5
L̄2

DT~11v1
2!

@R11R22R3#, ~9a!

whereL̄5Lj, v15vj2/DT , and

R1512
5

3L̄2 F11
3

L̄2 H tan21 L̄

L̄
21J G , ~9b!

R25
5

3L̄2 F11
3

4A2
v2

3/2$ ln S122 tan21 S2%G , ~9c!

5

Myers et al.
f R35125v2
21

4A2
v2

5/2@ ln S112 tan21 S2#, ~9d!
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with v25v/L2DT . The functionsS1 andS2 are defined by
S15(11A2v21v2)/(12A2v21v2), and S25A2v2/(v2

21). QB is identical toQA except thatDT is replaced ev-
erywhere by the sound attenuation constantG, which is given
by G5DT(g21)1(4hs/31hb)/rm , wherehs is the shear
viscosity,hb is the bulk viscosity, andrm is the mass den
sity. In deriving Eqs.~9a!–~9d!, the limit csk!v was as-
sumed to hold,cs being the adiabatic sound velocity. Th
thermodynamic quantities in these relations are obtai
from the NIST equations of state for ethane and CO2.19

Figure 3 shows the results of calculations using Eq.~8!
for the experimental situation of the data in Fig. 2. The c
culations are displayed in terms of the reduced lifetime. T
calculations begin 20 K aboveTc , the beginning of the re-
gion in which the noncritical form of the theory given by E
~8! is valid. Other then setting the reduced lifetime equal t
at Trf5323 K, there are no adjustable parameters in the
culation. All of the necessary parameters in Eq.~8!, which
characterize the solvent, are known. The most important
ture of the calculation is that it displays the inverted tempe
ture dependence seen in the data. The peak of the curve
;395 K, which compares favorably with the experimen
peak at;375 K. However, the magnitude of the peak, 1.2
is substantially greater than the peak in the experimental
of 1.06. While the calculation misses the magnitude of
peak, the slope of the calculated temperature dependen
the high temperature region matches the data quite well. T
can be seen in Fig. 4 in which the data and the calcula
are shown but with the reference temperature,Trf , for the
reduced lifetime equal to 423 K.

Figure 5 displays vibrational lifetime temperature depe
dent data23 at several fixed densities above and belowrc in
ethane solvent along with theoretical calculations. In Fig
Trf5323 K, as in Fig. 3. Figure 5~a! is for the densityr55

FIG. 3. Calculated vibrational lifetimes of the asymmetric CO stretch
mode of W~CO)6 in supercritical ethane at the critical density. There are
adjustable parameters other than the vibrational lifetime is normalized
respect to the lifetime atTrf5323 K. The calculations reproduced the da
semiquantitatively, predicting an inverted temperature dependence.

J. Chem. Phys., Vol. 109, No. 14, 8 October 1998
mol/l . There are no adjustable parameters in the calculatio
aside from setting the reduced concentration to 1 in both th
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experiment and the calculation atTrf . Like the data atrc ,
the data atr55 mol/l show a pronounced region of inverte
temperature dependence. The agreement between theor
experiment is very good, much better than forrc . The peak
location and magnitude are correct within experimental
ror. The calculated peak appears to be slightly too narrow
it turns over too soon. The inset shows that the slope
temperatures well above the inverted regime is predic
quite accurately. Figure 5~b! illustrates data measured a
r510 mol/l . The data still show an inverted region, but th
peak is only;40 K aboveTc and the amplitude at the max
mum less than at the lower densities. The agreement with
calculations is much worse than at the lower density of F
5~a!. The calculations do predict a decrease in the amplit
and temperature of the peak compared to the data atrc but
still heavily overestimate the extent of the inverted regio
The inset shows that the calculations do provide very go
agreement with the slope of the temperature dependenc
temperatures well above the inverted regime. Figure 5~c! dis-
plays data atr512 mol/l . In the region of applicability of
Eq. ~8!, the agreement is reasonably good. However, the
culation shows a very shallow peak which is not evident
the data. The point 2 K aboveTc does not fall on the calcu
lated trend, but this point may be outside the range of va
ity of Eq. ~8!. For the data at this density, the error bars a
65 ps. With these error bars, it is possible to draw a strai
line through all of the data. Unlike the data in Figs. 3 a
5~a!, it is unclear if the data in Fig. 5~c! display an anoma-
lous temperature dependence.

Figure 6~a! shows temperature dependent lifetime da
for the COT1u mode of W~CO)6 in supercritical CO2 at the
CO2 critical density,rc510.6 mol/l . Figure 6~b! shows this
same data along with the data for the ethane solvent~Fig. 3!
at the ethanerc as a reduced lifetime plot to facilitate com

th

FIG. 4. The data of Fig. 2 and calculations withTrf5423 K. The theory
does a reasonable job of calculating the temperature dependence at tem
tures well above the critical temperature, i.e., past the region of the inve
temperature dependence.

5975Myers et al.
n
e
parison. Clearly, the lifetime data with CO2 solvent and with
ethane solvent are very different, although both experiments
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FIG. 5. Experimental and theoretical vibrational lifetime data for the asy
metric CO stretching mode of W~CO)6 in supercritical ethane as a functio
of temperature at several densities.~a! Data for r55.0 mol/l . The data
display an inverted temperature dependence. The extent to which the
time increases from its value near the critical point is larger than at
critical density~see Fig. 2!. The theory nearly quantitatively reproduces th
vibrational lifetime data. The inset shows data and calculations w
Trf5403 K. The theory accurately reproduces the slope of the lifetime t
perature dependence at high temperatures.~b! Data atr510.0 mol/l . The
region in which the lifetime increases with temperature aboveTc still per-
sists but to a much smaller degree. The agreement between the theor
data is much worse. The inset shows data and calculations withTrf5393 K.
The theory accurately reproduces the slope of the lifetime temperature
pendence at high temperatures.~c! Data at r512.0 mol/l . There is no
apparent inverted region. In fact the data may fall on a straight line.
theory withTrf5323 K reproduces the data reasonably well, but still sho
a suggestion of an inverted region.

6 J. Chem. Phys., Vol. 109, No. 14, 8 October 1998 Myers et al.
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were performed atrc . The CO2 solvent data displays a neg
ligible inverted regime. Only the point nearTc may be
anomalously fast, and this point is very close to the criti
point. Figure 7 shows theoretical calculation of the reduc
lifetimes for both CO2 ~bottom curve! and ethane~top curve!
solvents. The calculation and the data were matched
Trf5323 K. The calculations for the CO2 solvent do not re-
produce the qualitative behavior of the data. The calculati
do show that the peak height is lower and shifted to low
temperature in comparison to the calculations with ethan
the solvent. As noted in comparing the calculations in Fig
to the data in Fig. 2, the calculated peak overshoots the
by a considerable amount. It is possible that an impro
calculation that more accurately reproduced the ethane
sults would be qualitatively consistent with the data in C2
solvent. Independent of the ability of the theory to reprodu
the data, an important point is that the temperature depen
vibrational relaxation of the same solute in two different S
solvents atrc is very different, not only in the absolute rate
but also in the functional form of the temperature dep
dence.

The data shown in Fig. 6 raise an interesting question

behavior seen in the ethane solvent an exception to wh

ght be considered the normal temperature dependence o
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served in CO2? The density dependence of the vibration
lifetime at constant temperature forT close toTc in the two
solvents is very similar. In both solvents, the vibrational lif
times display a density independent region aroundrc . This
behavior is also observed when fluoroform is the solve
Figure 8 shows the vibrational lifetime of the COT1u mode
of W~CO)6 as a function of temperature in fluoroform at i
critical density (rc57.56 mol/l ). These data show a broad
very shallow peak. The peak is;35 K above Tc (Tc

5299 K). The behavior of the lifetime in fluoroform is in
termediate between that in ethane, which shows a p
nounced peak, and that in CO2, which shows essentially no
peak. Comparison of the temperature dependent vibratio
lifetimes in the three solvents suggests that there is a rang
behaviors depending on the solvent, from a significant
verted temperature dependence to no inverted tempera
dependence.

In scanning the ranges of temperatures in the three
vents, the experiments begin 2 K above the critical points o
the solvents. The critical points are only a few degrees ap
Therefore, the ranges of temperatures are essentially id
cal, and differences in temperatures cannot account for

at
b-
differences in the temperature dependence of the vibrational
lifetimes observed in the three solvents. There are other
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trends in the lifetimes when the solvent is changed that
noteworthy. Atr58 mol/l and 2 K above their respectiv
critical points, the vibrational lifetimes in ethane, fluoroform
and CO2 are 240 ps, 480 ps, and 660 ps. At 2 K aboveTc ,
r58 mol/l is within the range of densities for each solve
in which the lifetime is virtually density independent, so t
fact that this density varies a different amount fromrc does
not affect the comparison. Thus, with the same density,
same increment of temperature above the critical point,
virtually the same absolute temperature, the vibrational l
time varies substantially with solvent.

A decrease in the lifetime for the same vibrational mo
when the solvent is changed indicates an increased coup
between the solute mode and the solvent. At room temp
ture in liquid CCl4 , the CO T1u mode of W~CO)6 has a

FIG. 6. Experimental vibrational lifetime data for the asymmetric C
stretching mode of W~CO)6 in supercritical CO2 as a function of tempera-
ture at constant density. The density is the critical density,rc

510.6 mol/l . Unlike the data with ethane as the solvent, the data displa
negligible inverted temperature dependence.~b! A comparison of the re-
duced vibrational lifetime data for CO2 ~circles! and ethane~squares! sol-
vents.

J. Chem. Phys., Vol. 109, No. 14, 8 October 1998
lifetime of 700 ps, while in liquid CHCl3 at the same tem-
perature, the lifetime is reduced to 350 ps.16 Calculations of

Downloaded 14 Jul 2002 to 171.64.123.74. Redistribution subject to AI
re

t

e
d
-

e
ng
a-

the low frequency continuum density of states show that t
are approximately the same in the two solvents.14 It has been
suggested12,16 that the difference in the lifetimes arise from
differences in the relaxation pathways involving high fr
quency modes of the solvent. CHCl3 has a H–C–Clbend at
1220 cm21. This makes it possible for the;2000 cm21

W~CO)6 mode to relax via a quartic anharmonic process
described by Eq.~3!. The initial vibration is annihilated and
a CH bend and another low frequency mode of the solven
solute are created. To have energy conservation, a low
quency phonon mode of the continuum~&200 cm21! is also
created. Because CCl4 has only low frequency modes, a fift

a

FIG. 7. Theoretically calculated temperature dependent vibrational lifetim
for the asymmetric CO stretching mode of W~CO)6 in supercritical ethane
~top curve! and carbon dioxide~bottom curve! at their critical densities. The
theory predicts the presence of significant regions of inverted tempera
dependence in both ethane and carbon dioxide. The calculations show
peak height is greater and the peak position is at higher temperatu
ethane.

FIG. 8. Experimental vibrational lifetime data for the asymmetric C
stretching mode of W~CO)6 in supercritical fluoroform at the critical density
~7.56 mol/l !. The data display an inverted temperature dependence th

5977Myers et al.
intermediate between that observed in ethane solvent~Fig. 2! and CO2 sol-
vent ~Fig. 6!.
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order process is required for the relaxation, and the de
time is substantially longer.12,16 Furthermore, in liquid 2-
methylpentane, there are a very large number of C–H be
ing modes in the range of 1300–1400 cm21, and the
W~CO)6 T1u mode has a much shorter lifetime of 145 ps20

Apparently, the C–H bending modes are important in
relaxation of the asymmetric stretching mode of W~CO)6 .

Given the above, the 480 ps lifetime observed in fluo
form at 8 mol/l is consistent with the observation in liqui
chloroform. The lifetime in chloroform is shorter but it is
liquid. The lifetime in ethane is even faster, akin to the d
crease in lifetime observed in going from liquid chlorofor
to liquid 2-methylpentane. In both cases, i.e., fluoroform
ethane and chloroform to 2-methyl pentane, there is a la
increase in the number of C–H bending modes available
participate in the vibrational relaxation. When CO2 is the
SCF solvent, the longest lifetime is observed. Like CC4,
CO2 has no C–H bends. However, CO2 does have the sym
metric O–C–O stretch at 1388 cm21. If the energy of the
available modes was the only determining factor, then
would be expected that relaxation in CO2 would be more
similar to relaxation in fluoroform. The fact that the lifetim
is substantially slower in CO2 suggests that the anharmon
coupling matrix element@e.g., see Eq.~3!# involving the CO2

symmetric stretch and the asymmetric CO stretching m
of W~CO)6 is small.

From the lifetimes in the three solvents, it is clear th
the order of the strength of the interaction between the
T1u mode of W~CO)6 and the solvent is ethane, fluoroform
CO2 ~strongest coupling to weakest!. Another indication of
this order of coupling is the change in the lifetime with de
sity. At r52 mol/l and 2 K above their respective critica
points, the vibrational lifetimes in ethane, fluoroform, a
CO2 are 515 ps, 770 ps, and 920 ps. The ratio,R, of the
lifetime at 2 mol/l to the lifetime at 8 mol/l in ethane,
fluoroform, and CO2 is 2.15, 1.60, and 1.39, respectivel
The sensitivity of the lifetime to density is greatest in etha
less in fluoroform, and least in CO2.

The nature of the temperature dependence at fixed
sity, rc , in the three solvents appears to be correlated w
the strength of the solute W~CO)6 CO T1u mode coupling to
the solvent. When the coupling is relatively strong, as
ethane, the temperature dependence has a significant inv
region and a significant peak in the plot of lifetime vs te
perature~Fig. 2!. When the coupling is moderate, as in flu
roform, there is a less pronounced peak and a narrowe
verted region~Fig. 8!. When the coupling is weak, as i
CO2, there is no significant peak@Fig. 6~a!#. While the
thermodynamic/hydrodynamic theory captures the beha
in ethane, at least semiquantitatively, it does not in CO2.
~Sufficient thermodynamic data are not available in the
erature to perform the calculations for fluoroform!. As sug-
gested above, the shorter lifetime observed in ethane c
pared to CO2 can result from more efficient coupling of th
initially excited;2000 cm21 solute mode to high frequenc
modes of the solvent. The theory does not explicitly acco
for vibrational relaxation into high frequency vibration

5978 J. Chem. Phys., Vol. 109, No. 14, 8 October 1998
modes of the bath. If relaxation in ethane is dominated b
high frequency modes of the bath, then the relaxation ma
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involve only one phonon. In contrast, relaxation in CO2 may
require a multiphonon process, which may not be well d
scribed by the current thermodynamic/hydrodynamic theo
Regardless of the theory’s ability to reproduce the data in
various solvents, it is clear that the nature of the solu
solvent interactions has a fundamental influence on the qu
tative behavior of the temperature dependence of the vi
tional lifetime at fixed density near the critical point.

IV. CONCLUDING REMARKS

The experiments presented here and the previous w
on which they are based4,7 are the first experiments to exam
ine vibrational relaxation between a well defined pair of
brational levels in SCFs in the vicinity of the critical poin
The results of the experiments have revealed the com
interplay between rapidly changing macroscopic proper
of SCFs near the critical point and microscopic molecu
dynamics and intermolecular interactions. In three SCF s
vents forT nearTc , the asymmetric CO stretching mode
W~CO)6 displays essentially density independent vibratio
lifetimes nearrc . The thermodynamic/hydrodynamic theo
of vibrational relaxation,5 which is capable of including the
critical scaling of the important physical properties of SCF
predicts the observed behavior. The theory, which calcula
T1 by obtaining analytical expressions for the force–for
correlation function, shows that the density independence~or
extremely weak density dependence! comes from an inter-
play of rapidly changing density dependent properties wh
offset each other near the critical point. Recently, Tucker a
co-workers21 performed two dimensional simulations to o
tain the force–force correlation function for a rigid diatom
in an atomic solvent. They also foundT1 to be nearly density
independent aroundrc . Near the critical point, normal large
fluctuations in density give rise to regions of high density.
both the analytical theory and the simulations, ensemble
erages are performed over all solute environments. Howe
neither the analytical theory discussed here nor the sim
tions involved any type of local density enhanceme
through attractive solute/solvent interactions to produce
density independent results. In addition, experiments
asymmetric CO stretching modes of both W~CO)6 and
~acetylacetonato!dicarbonylrhodium~I! (Rh~CO!2acac) found
the vibrational absorption line position is density indepe
dent in a range of densities aroundrc when T is nearTc .
The analytical theory also predicts this behavior.

As shown in Figs. 2 and 5, the lifetime of the asymm
ric CO stretching mode of W~CO)6 in ethane as a function o
temperature at fixed density at and nearrc displays a region
of inverted temperature dependence. The vibrational lifeti
increases as the temperature is increased, then turns ove
decreases with further increases in temperature. This be
ior occurs to a lesser extent when fluoroform is the solve
but does not occur to any significant extent when CO2 is the
solvent. While the current analytical theory is able to capt
the essence of the data when ethane is the solvent, it is q
tatively incorrect when CO2 is the solvent. A new theoretica

Myers et al.
y
y
approach for calculation of vibrational lifetimes in SCFs,
which is still able to account for critical phenomena through
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the use of hydrodynamic and thermodynamic functions
under development.22 Preliminary results show that the ne
theory also predicts the region of density independence
the critical point without invoking solute/solvent clusterin
Additional experiments are underway which are examin
other solute molecules to determine if they also display
same temperature and density dependent behaviors o
vibrational lifetime in the neighborhood of the critical poin
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