JOURNAL OF CHEMICAL PHYSICS VOLUME 109, NUMBER 14 8 OCTOBER 1998

Temperature dependent vibrational lifetimes in supercritical fluids
near the critical point
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Vibrational relaxation measurements on the CO asymmetric stretching met@80 cm?) of
tungsten hexacarbonyl (W0)g) 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 temperat@igg ih which the lifetime increases

with increasing temperature. When the temperature is raised sufficiently.{70 °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 supercriticala€Ce

critical density, the temperature dependent vibrational lifetime decreases approximately linearly
with temperature beginning almost immediately abdye 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 Physids$0021-960608)51938-1

I. INTRODUCTION the critical point By performing experiments along iso-
therms, the lifetime as a function of density at fixed tempera-
In this paper vibrational lifetime measurements on theyyre was measured. In general, vibrational lifetimes de-
asymmetric CO stretching modeT{,;~1980cm*) of  ¢reased monotonically with density. However, within a few
tungsten hexacarbonyl (WO)s) in supercritical ethane, {egrees of the critical point the lifetime is density indepen-
fluoroform, and C@ solvents are presented and analyzedgent, or nearly so, over a substantial range in density sur-
The measurements are made at constant density as a f“”CtiRﬂmding the critical densityp. . This behavior is observed

of temperature for several densities at and near the criticg}, othane. carbon dioxide. and fluoroform. A theoretical
density. The qualitative nature of the temperature depefyeaiment of vibrational relaxation in SCFs near the critical

dencg che_mges .drgmatic.ally with solve.nt. , point was developed which uses a hydrodynamic/
Vibrational lifetimes in dense media are dominated by

diative d D ' int lecular int " ﬁhermodynamic approach for the calculation of the force—
nonradia |v'e ecay. bynamic intermolecuiar Interactions Ok, .o .4 relation functio.The method permits the inclusion
the solute’s mode with the solvent produce fluctuating

. . . 2of critical scaling of the solvent’s physical properties near
forces. These fluctuating forces are responsible for vibra g phy brop

. : L ST the critical point. The theoretical results show a region of
tional relaxation. Therefore, vibrational relaxation is highly o . : .

: .~ density independent vibrational relaxation around the critical
dependent on the nature of the solute—solvent interactions.

The fluctuating forces are frequently described in terms Opoint arising from the interplay of t_he critical SC‘?'.‘”Q of vgri-_
the force—force correlation function. The vibrational lifetime °Y° parameters. One property unique to the critical region is

is related to the Fourier transform of the force—force corre long correlation length for local density fluctuations. These

lation function at the frequency of the relaxing mdde. involve regipns of high and_Iow density relative to the aver-
Vibrational relaxation can have a complicated and inter-296- The high density regions that occur even for a pure
twined dependence on temperature and density. For this re§tPercritical fluid have been referred to as “density enhance-
son, supercritical fluidéSCF$ are useful media for the study Ments.” The lack of density dependence does not arise from
of vibrational relaxation since the temperature and densitjocal density enhancements caused by strong attractive
can be controlled independently. In addition, the temperaturgOlute/solvent interactions. Recently, Troe and co-workers
and density dependence of vibrational relaxation can serve &amined multilevel vibrational relaxation of highly vibra-
a sensitive probe of solute—solvent interactions in supercrititionally excited azulene following electronic excitation and
cal fluids. Prior experiments on WO)s in supercritical noted some evidence of a density independent region along
ethane, carbon dioxide, and fluoroform showed unprecan isotherm near the critical temperature of progane.
edented behavior of the vibrational lifetime in the vicinity of ~ The temperature dependence of the vibrational lifetime
of the COT,, of W(CO)g in supercritical ethane at a con-
dpermanent address: Inorganic and Physical Chemistry Department, Indiasr{an.t density equal tp, displays rer.n.arkable behavior. Be-
Institute of Science, Bangalore-560034, India. ginning two degrees above the critical temperature, as the
B Author to whom correspondence should be addressed. temperature is increased, the lifetime becomes longer. It in-
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creases with temperature until well above the critical tem- 1 F
perature (- T.+ 70 K) before turning around and decreasing 09 |
with further increases in temperature. This behavior is con- = 08}
trary to expectation that the vibrational lifetime at fixed den- 2 07}
sity should decrease monotonically with increasing tempera- _: 06 |
ture. However, the theory that was able to reproduce the = o5 |
density independent behavior also predicted the observed }: 04 |
temperature dependence semiquantitatively. 2 o3l
Troe and co-workers also examined multilevel vibra- ‘Z 02 +
tional relaxation of highly vibrationally excited ground state T o b J
azulene for densities and temperatures far from the critical 0 fosid
point® The results were explained in the context of a binary - ' - :
collision model. An earlier report by Harrist al. described 0 500 1000 1500 2000
the temperature dependence of multilevel vibrational relax- time (ps)

ation in the highly vibrationally excited ground electronic _ '

state of 4 following electronic excitation of,l dissolved in ~ FIG. 1. Pump—probe data on the asymmetric CO stretching mode of
itical Xe far f th itical 'ﬁtTh dat W(CO)g in supercritical ethan€1990 cm *) at the critical density and 38 K

super_crl Ica . € far from the critical pot o e da a were aboveT.. The heavy line is a fit to a single exponential. The lifetifge

explained, with reasonable success, by isolated binary colli= 278 ps. similar quality data were taken at other temperatures and densi-

sion model$® Using a semiclassical theory, Egorov and ties in ethane, as well as in carbon dioxide and fluoroform.

Skinnet® produced very good agreement with thedata

when a particular ansatz for the force—force correlation func- )
tion was used. The binary collision models are not usefufured with a FTIR spectrometer. The IR beam from the FTIR

near a critical point. It is not yet clear if the Egorov—Skinner SPectrometer is taken out of the instrument, passed through
theory is accurate near the critical point. the sample cell, and into an external IR detector. Optical
Here, the previous temperature dependent experimeng?lns'“es of~1_were ideal, though experiments at low den-
on W(CO), at constant density are extended to a range ofiti€s were typically done with much smaller0.3) absor-
densities in ethane and to fluoroform and CQWhen the bances. These optical densities correspond to solute concen-
H 5
W(CO), temperature dependent vibrational lifetime is exam-trations of roughly 10> mol//. It was found that
ined in ethane at densities away frgm, near quantitative 2bsorbances substantially greater than 1 can produce anoma-
agreement with theory is achieved at some densities. HowOUS results. Care was taken to assure that at each tempera-
ever, when the temperature dependent lifetime of The  ture and density, the absorbance was not too great.
mode of WCO), is measured in supercritical G@t p, , the Pump—probe experiments are carried out in a counter-
“inverted” temperature dependence seen in ethane is nd?foPagating manner in which the pump and probe pulses are
observed. In fluoroform, a weakly inverted region is ob-collinear but enter from opposite sides of the cell. The probe
served. The appearance of an inverted region seems to H¥ensity is measured on an InSb detector and compared to
correlated with the effectiveness of the solute—solvent couthe Signal from a reference detector. The decays were fit by

pling in inducing vibrational relaxation. single exponentials, which resulted in excellent residuals in
almost all case®® Occasionally, when the energy of the IR
Il. EXPERIMENT was about 2uJ or more, noticeable up-pumping to higher

) ) _vibrational levels occurred and resulted in a poor single ex-
The details of the experiment have been describedy,nential fit. In this case, filters were used in the pump beam

elsewheré:'* Briefly, cavity dumped pulses from a Q- g single exponential decays were recovered.
switched, mode locked, Nd:YAG laser are doubled and used

as the pump pulses in a LilGOPA. The YA_G laser is also Ill. RESULTS AND DISCUSSION
output coupled. The doubled pulse train synchronously
pumps a cavity dumped dye las@hodamine 610 in etha- Figure 1 displays pump—probe vibrational lifetime data
nol). The dye laser pulse is double passed amplified. Théaken on the COT,;, mode of WCO)g in ethane atT
amplified dye pulse provides the signal pulse for the OPA=343 K andp=6.87 mol¥” (T.=305K; p.=6.87 mol/).
The typical OPA output at-5 um is 1.5uJ in a 40 ps pulse. An exponential fit is also shown. The decay time is 278 ps.
The exact frequency of the IR is tuned to the peak ofthe Data such as this were acquired at several densities as a
=0—1 CO T,;, mode absorption of the solute, (G);. function of temperature. Figure 2 shows the temperature de-
The frequency, which depends on the temperature and dependence ab. .2 The lowest temperature poirst 2 K above
sity of the solvent, is~1980 cm *. T. and the temperature dependence extendst600 K. As

The sample is contained in a high pressure, high temthe temperature is raised above the critical point, the lifetime
perature cell constructed from Monel 400 and sealed withengthens, finally peaking well abovEé.. Following the
sapphire windows. The temperature and pressure are accpeak, the lifetime decreases with further increases in tem-
rately monitored and controlled. Samples are prepared bperature. The peak occurs-aB873 K, which is~70 K above
inserting a minute quantity of pure ¥0)g into the celland  T.. The right-hand scale on the figure is the reduced life-
then purging the system of air with the solvent gas. The celtime, which is the lifetime divided by the lifetime at a refer-
is then pressurized and the absorbance of the solute is meance temperaturd,;. In this plot, the reduced lifetime scale
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290 addition to unity occupation of the state initially excited by
me 1 the IR pump. The brgo’,r’| is the final state with the
280 " initially populated state having occupation number 0 after
n 4 102 relaxation and other states having increag@ddecreased
270 - occupation numbers.is the density of states of the reservoir
modes for the relaxation step. The summation in Eg.
denotes the fact that the true relaxation rate is a sum over
contributions from all possible pathwayshowever, in the
following discussion we will describe relaxation through a
single anharmonic path involving one phonon.
240 1 In Eq. (1), V is the potential that describes the system—
] 087 reservoir interactiod? V() is theith matrix element that de-
230 A L] scribes the interactions which couplemodes. The anhar-
T monic termsj =3, govern relaxation processes involving the
' ) ' — 082 coupling of multiple vibrational modes. Given the vibra-
tional energies of the solutes and the solvents, the relaxation
of the initially excited mode results in the excitation of at
FIG. 2. T, data for the asymmetric CO stretching mode otw)e in least two other vibrations and a phonon. Here phonon is used
supercritical ethane as a function of temperature at constant density. Th@s a general term to mean a mode of the low frequency
dhe”ﬂ;ytii;;heirfr“ic";'n‘éetnhséﬂgc:&Z\é“g%i h;’;ei'eggig‘; ‘::rgcij”fi‘]f:ﬁ?;"eesi . continuum of the solvent. In a crystal, the continuum is com-
Ehg Iilfetimesnornazllized with rgespect to the Iifetirze at a r:ference tembéréposed of true phpnons' Ina Ilq_l'”d or SCF the continuum may
ture, T,=323 K. The data display a region of inverted temperature depen€ thought of in terms of instantaneous normal modes
dence in which the lifetime increases as the temperature increases. (INM).2*15For such a process, the anharmonic coupling ma-
trix element is at least fourth order, or quartic. For the fol-
lowing discussion, a single quartic relaxation pathway is dis-
is calculated using ;=323 K. The reduced lifetime facili- cussed, but the conclusions are quite general.
tates comparison with the theoretical calculations presented The quartic anharmonic matrix elemeft”) contains
below. the magnitude of the quartic anharmonic coupling term,
While the increase in the lifetime with temperature V|, and combinations of raising and lowering operators
shown in Fig. 2 is not large;-10%, it nonetheless shows a that describe the anharmonic relaxation stefs.If the op-
dramatic deviation from the behavior that would be expecte@ratora, annihilates the initially excited vibration and the
as the temperature is increased at constant density. In tfperatorsb and b™ describe the change in the reservoir
simplest example, one may consider a system dominated ByodesA, B, and the phonon, then the interaction is described
independent binary collisions. As the temperature is inDy
creased at a fixed density, the collision frequency will in-
crease and thus lead to fa)s/,ter energy transfe?. Also){ the prob- a1(batba) (bg+bg ) (bpnt b;h)' 2

ability that a collision will induce energy transfer increasesthjs interaction leads to seven possible quartic relaxation
with temperature since the collisions will occur at higher yathways2 some of which are unphysical. The relaxation
velocities and thus with more force. Harris found this reduc-pathway being considered, a simple cascade process in
tion of the Iifeti.me With. temperature in thg/Xe system far  \ynich the energy relaxes only to lower energy modes, is
from the Xe critical poinf. _ . described by one term arising from E@), a;bbgby,, i.e.,
_Atadensity of 6.87 mo¥, the independent binary col- the initially excited vibration is annihilated, and each of the
lision model may not be valid, particularly for a polyatomic modes A B, and ph are excited. Once substituted into Eq.
solute in a polyatomic solvent. However, theories for vibra-(1) 5 raising operator brings out a factor ¢h+1 and a
tional relaxation in liquids or crystals also predict that thelowering operator brings out a factor gh, wheren is the
lifetime will d(laé:{gase as the temperature increases at CoRyecypation number of the particular mode involved in the 4th
stant anS|t)?: "“The rate of vibrational relaxatiorK, of __order process. Since the initially excited mode hasl, the

the initially excited mode can be described by Fermls&11 brings out a factor of unity. This allows Eql) to be
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250
1 0.92

lifetime (ps)
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WY PIdINPa
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Golden RU|e2’ written as
2
K=— Ao 1|V, )2 1 2w
w2 oot Mo D =TVt gt Dt 1), 3

In Eq. (1), o and ¢’ denote the initial and final state of the
initially excited vibration(the T,, mode in this casewhiler
andr’ refer to the receivingor reservoiy modes. The res- n=(exp(hw /KT)— 1)1, (4)
ervoir includes all intra- and intermolecular modes of the ' '

solvent as well as modes of the solute other than the relaxing; is the frequency of the vibrational or phonon mode. Tak-
mode. The keto,r) is the initial state, described by thermal ing ppn={p(wj)), the “phonon” density of states is given
occupation numbers of the various modes of the system, iby the ensemble averaged density of INM.

wheren is the thermally averaged occupation number,
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If the reservoir modes are high frequendy(>kT and, point, it is particularly important to use a method that can
therefore,n=0), such as the discrete vibrational modes ofincorporate the solvent properties that change rapidly with

the solute and solvent, EQ) is temperature and density, such as the isothermal compress-
ibility and the thermal diffusivity. Cherayil and Fayer devel-
2m (4)y]2 oped a free energy density functional theory of the force—
KZ?PthV >| (nph+1)- 5

force correlation function. The usefulness of the theory is
that the force—force correlation function can be evaluated in
ms of known thermodynamic and hydrodynamic proper-
ties of the solvent. The theory starts with the standard rela-
tionship between the vibrational lifetim&;, and a classical
1,description of the force—force correlation function,

Although the discussion of the derivation of this relaxation
rate expression has been qualitative, the same results can
shown rigorously'? In general, the expression for the relax-
ation rate along a given one-phondth order anharmonic
pathway is given by the product of the phonon density o
states, the magnitude of the anharmonic coupling matrix el- B[
ement squared, and occupation number factors for the receiv- T1 125 J dt(F(t)F(0))q cog wt). (6)
ing modes. If a reservoir mode is created in the relaxation 0
step, it contributes a factor oh(+1), whereas if it is anni- B is 1kgT, wherekg is Boltzmann’s constantn is the re-
hilated, it contributes a factor af. This is a simple, yet duced mass of the oscillator, and is the oscillator fre-
rigorous, method for describing even complex relaxationquency. The theoretical analysis yields the following expres-
pathways. sion:

Considering only the occupation number in Ef), K .
should become larger and the observed decay times should TIloch dt cos(wt)f dkk2|f:21(k)|2é1(k,t). 7)
become shorter as the temperature is increased. If more than 0

one thermally occupied phonon were involved in the relax-ém(k) is the Fourier transform of the direct correlation

ation pathway or if a vibrational occupation number Change?unction” and S,(k.t) is the dynamic structure factd}

significantly, the temperature dependence would be eveEquation(?) was evaluated for different regimes of density

steeper. If the phonon occupation number is the only facto nd temperature, very near the critical point and farther from
responsible for the temperature dependence, then fq P  Very P

%w<kT, K would increase linearly with temperature. Fort e critical point. In the experiments presented here, the tem-
ﬁa)>kT, K goes as expthw/kT) if a phononis annihi- peratures are sufficiently far above the critical temperature

lated as part of the relaxation process, akdgoes as that the noncritical region version of the theory is appropri-

1+ exp(—hw/KT) if a phonon is created. In either limit and ate.

for intermediate situations, the temperature dependence of When _Eq.(?) IS evalua_ted for the norjcrltlcal region us-
the occupation numbes) will always yield a decrease in the ng a \{agety of approximations to yield an analytical
vibrational lifetime with increasing temperature. Only near SXPressio »1/Ty has the form
T~0 K (only phonon emission processes are possilteere 1 KT - 1 1
1>ngp, will the temperature dependence vanish, and the vi- T—“szl — C12A0)?°A% Qa— = Qa+ = Qg], (8)

. e L . . 1 KT Y Y
brational lifetime will become temperature independent.
Above T~0 K, an inverted temperature dependence cannothere p; is the number density of the solvent; is its
be explained by considering occupation numbers, regardledsothermal compressibility«J is the isothermal compress-
of the pathways or number of modes involvéd. ibility of the ideal gas, and\ is a cutoff on high momenta. It

In a study of the temperature dependent vibrational lifeds chosen to meet the condition for the noncritical regime,
time of theT,, mode of WCO); in liquid CHCl;, the life-  Aé<1. The results of the calculations are not sensitivé to
time was observed to increageverted temperature depen- andA is set equal to 2108 m~*. y=C,/C, is the ratio of
dencg in going from the melting point to the boiling point of specific heatsQ, is a function of the correlation length of
the solvent® However, as the temperature is increased, thalensity fluctuationg and of the thermal diffusivityD+; it is
density of the liquid decreases. In H§), both the density of defined as
states and the magnitude of the anharmonic coupling matrix "
element can be density dependent. Theoretical analysis indi- — A _

. A 7 [Ri+Ra—Rs], (9a)
cated that the inverted temperature dependence was due to a Dr(1+ w7)
reduction in the magnitude of the anharmonic coupling ma- el o
trix element as the gensity decreasétiowever, in thl?e cgr- whereA=A¢, 0= /Dy, and
rent study, the density is fixed. Therefore, the inverted tem- 5 3 (taml A
perature dependence cannot arise from a density dependence Ri=1-—— {1+ - [—— 1} } (9b)
. : i X . 7 3A A A

of the intermolecular interactions as it can in a liquid.

While the Golden Rule formalism outlined abd¥és 3
useful for enumerating vibrational relaxation pathways and ~R,=—— | 1+ —= w3%In S;—2tan * S;}|, (99
gaining insights into possible sources of temperature depen- 3A 4\2

dence, it does not provide a method for including detailed
properties of a liquid or SCF solvent into the calculation of Ry= 1_5w§+ ° wg/z[m S +2tant S, (9d)
vibrational relaxation. In a SCF in the vicinity of the critical 4\/5
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FIG. 3. Calculated vibrational lifetimes of the asymmetric CO stretchingfF|G. 4. The data of Fig. 2 and calculations with=423 K. The theory

mode of WCO), in supercritical ethane at the critical density. There are nodoes a reasonable job of calculating the temperature dependence at tempera-
adjustable parameters other than the vibrational lifetime is normalized withures well above the critical temperature, i.e., past the region of the inverted
respect to the lifetime af =323 K. The calculations reproduced the data temperature dependence.

semiquantitatively, predicting an inverted temperature dependence.

with w,=w/A2D+. The functionsS, andS, are defined by experiment and the calculation @ . Like the data ap.,
S1=(1+2w,+ w,)/(1— 2w, + wy), andS,=2w,/(w, the data ap=5 moll” show a pronounced region of inverted
—1). Qg is identical toQ4 except thatD+ is replaced ev- temperature dependence. The agreement between theory and
erywhere by the sound attenuation consfanihich is given  experiment is very good, much better than for. The peak
by I'=D+1(y—1)+ (4 7543+ 1)/ pm, Where 74 is the shear location and magnitude are correct within experimental er-
viscosity, 7, is the bulk viscosity, ang,, is the mass den- ror. The calculated peak appears to be slightly too narrow as
sity. In deriving Eqs.(9a8—(9d), the limit ck<w was as- it turns over too soon. The inset shows that the slope at
sumed to holdc, being the adiabatic sound velocity. The temperatures well above the inverted regime is predicted
thermodynamic quantities in these relations are obtaineduite accurately. Figure (B) illustrates data measured at
from the NIST equations of state for ethane and,C® p=10 moll/. The data still show an inverted region, but the
Figure 3 shows the results of calculations using @8. peak is only~40 K aboveT. and the amplitude at the maxi-
for the experimental situation of the data in Fig. 2. The cal-mum less than at the lower densities. The agreement with the
culations are displayed in terms of the reduced lifetime. Thesalculations is much worse than at the lower density of Fig.
calculations begin 20 K aboVE,, the beginning of the re- 5(a). The calculations do predict a decrease in the amplitude
gion in which the noncritical form of the theory given by Eq. and temperature of the peak compared to the datg aut
(8) is valid. Other then setting the reduced lifetime equal to 1still heavily overestimate the extent of the inverted region.
at Ts=323 K, there are no adjustable parameters in the calThe inset shows that the calculations do provide very good
culation. All of the necessary parameters in Eg8), which  agreement with the slope of the temperature dependence for
characterize the solvent, are known. The most important feagemperatures well above the inverted regime. Figuce &is-
ture of the calculation is that it displays the inverted temperaplays data ap=12 mol//. In the region of applicability of
ture dependence seen in the data. The peak of the curve isB&f). (8), the agreement is reasonably good. However, the cal-
~395 K, which compares favorably with the experimentalculation shows a very shallow peak which is not evident in
peak at~375 K. However, the magnitude of the peak, 1.23,the data. The poin2 K aboveT. does not fall on the calcu-
is substantially greater than the peak in the experimental datated trend, but this point may be outside the range of valid-
of 1.06. While the calculation misses the magnitude of thaty of Eq. (8). For the data at this density, the error bars are
peak, the slope of the calculated temperature dependence 5 ps. With these error bars, it is possible to draw a straight
the high temperature region matches the data quite well. Thiine through all of the data. Unlike the data in Figs. 3 and
can be seen in Fig. 4 in which the data and the calculatio®(a), it is unclear if the data in Fig. () display an anoma-
are shown but with the reference temperaturg, for the  lous temperature dependence.
reduced lifetime equal to 423 K. Figure Ga) shows temperature dependent lifetime data
Figure 5 displays vibrational lifetime temperature depenfor the COT,, mode of WICO)s in supercritical CQ at the
dent dat&® at several fixed densities above and bejawin CQO, critical density,p.=10.6 mol/’. Figure Gb) shows this
ethane solvent along with theoretical calculations. In Fig. 5same data along with the data for the ethane sol€igt 3
T+=323K, as in Fig. 3. Figure (8) is for the densityp=5  at the ethane, as a reduced lifetime plot to facilitate com-
mol//". There are no adjustable parameters in the calculatioparison. Clearly, the lifetime data with G@olvent and with
aside from setting the reduced concentration to 1 in both thethane solvent are very different, although both experiments
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o b 1118 FIG. 5. Experimental and theoretical vibrational lifetime data for the asym-
metric CO stretching mode of WO)g in supercritical ethane as a function
260 4 113 of temperature at several densiti€a) Data for p=5.0 mol/’. The data
display an inverted temperature dependence. The extent to which the life-
250 time increases from its value near the critical point is larger than at the
critical density(see Fig. 2 The theory nearly quantitatively reproduces the
vibrational lifetime data. The inset shows data and calculations with
T,+=403 K. The theory accurately reproduces the slope of the lifetime tem-
perature dependence at high temperatuit@sData atp=10.0 mol/". The
region in which the lifetime increases with temperature abbystill per-
sists but to a much smaller degree. The agreement between the theory and
data is much worse. The inset shows data and calculationsTyitf893 K.
210 1 The theory accurately reproduces the slope of the lifetime temperature de-
L .\.\.\. " g pendence at high temperaturés) Data atp=12.0 mol¥". There is no

1 0.88 apparent inverted region. In fact the data may fall on a straight line. The
T . - theory withT ;=323 K reproduces the data reasonably well, but still shows
190 € L. 20 L — 0.83 a suggestion of an inverted region.
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were performed ap.. The CQ solvent data displays a neg- served in CG? The density dependence of the vibrational
ligible inverted regime. Only the point nedi, may be lifetime at constant temperature férclose toT, in the two
anomalously fast, and this point is very close to the criticalsolvents is very similar. In both solvents, the vibrational life-
point. Figure 7 shows theoretical calculation of the reducedimes display a density independent region aroppd This
lifetimes for both CQ (bottom curvé and ethanétop curve  behavior is also observed when fluoroform is the solvent.
solvents. The calculation and the data were matched dtigure 8 shows the vibrational lifetime of the CIQ, mode
T+=323 K. The calculations for the GGolvent do not re- of W(CO), as a function of temperature in fluoroform at its
produce the qualitative behavior of the data. The calculationstitical density p.=7.56 mol/”). These data show a broad,
do show that the peak height is lower and shifted to lowewery shallow peak. The peak i5-35 K above T, (T,
temperature in comparison to the calculations with ethane as 299 K). The behavior of the lifetime in fluoroform is in-
the solvent. As noted in comparing the calculations in Fig. 3ermediate between that in ethane, which shows a pro-
to the data in Fig. 2, the calculated peak overshoots the dateounced peak, and that in GOwhich shows essentially no
by a considerable amount. It is possible that an improvegeak. Comparison of the temperature dependent vibrational
calculation that more accurately reproduced the ethane rdifetimes in the three solvents suggests that there is a range of
sults would be qualitatively consistent with the data in,CO behaviors depending on the solvent, from a significant in-
solvent. Independent of the ability of the theory to reproduceverted temperature dependence to no inverted temperature
the data, an important point is that the temperature dependedependence.
vibrational relaxation of the same solute in two different SCF  In scanning the ranges of temperatures in the three sol-
solvents ap. is very different, not only in the absolute rates, vents, the experiments beg? K above the critical points of
but also in the functional form of the temperature depenthe solvents. The critical points are only a few degrees apatrt.
dence. Therefore, the ranges of temperatures are essentially identi-
The data shown in Fig. 6 raise an interesting question. Igal, and differences in temperatures cannot account for the
the behavior seen in the ethane solvent an exception to whdifferences in the temperature dependence of the vibrational
might be considered the normal temperature dependence olifetimes observed in the three solvents. There are other
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1.1 FIG. 7. Theoretically calculated temperature dependent vibrational lifetimes
b am for the asymmetric CO stretching mode of(@D)g in supercritical ethane
1.05 | a” bl (top curve and carbon dioxidébottom curvé at their critical densities. The
] theory predicts the presence of significant regions of inverted temperature
1t = = dependence in both ethane and carbon dioxide. The calculations show the
'. - peak height is greater and the peak position is at higher temperature in
g 0.95 | . . ethane.
=
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2 the low frequency continuum density of states show that they
S o0ss | * = are approximately the same in the two solvéfits.has been
'8 su 8’16 . . . . .
g ggeste that the difference in the lifetimes arise from
[ . . . . . .
0.8 - differences in the relaxation pathways involving high fre-
* quency modes of the solvent. CHClas a H-C—-Cbend at
oS T 1220 cm®. This makes it possible for the-2000 cmt
o7 . . . , W(CO)s mode to relax via a quartic anharmonic process as
300 350 400 450 500 described by Eq(3). The initial vibration is annihilated and
temperature (K) a CH bend and another low frequency mode of the solvent or

solute are created. To have energy conservation, a low fre-
FIG. 6. Experimental vibrational lifetime data for the asymmetric CO quency phonon mode of the continum200 Cmfl) is also

stretching mode of WCO)g in supercritical CQ as a function of tempera- created. Because COhas only low frequency modes, a fifth
ture at constant density. The density is the critical density, !

=10.6 mol//. Unlike the data with ethane as the solvent, the data display a

negligible inverted temperature dependen@®.A comparison of the re- 530
duced vibrational lifetime data for GQ(circles and ethandsquarey sol- 1 1.02
vents. s10 | s E m
[ 1 0.97

490
trends in the lifetimes when the solvent is changed that are ]
noteworthy. Atp=8 mol// and 2 K above their respective o *°T n 1" &
critical points, the vibrational lifetimes in ethane, fluoroform, % a0 | E
and CQ are 240 ps, 480 ps, and 660 ps. At 2 K abdye g 0 4 087 ;
p=8 moll/" is within the range of densities for each solvent & 4 | n g
in which the lifetime is virtually density independent, so the - {os2
fact that this density varies a different amount frpmmdoes 410 [
not affect the comparison. Thus, with the same density, the a |07
same increment of temperature above the critical point, and 0
virtually the same absolute temperature, the vibrational life- 70 T , , o Lom
time varies substantially with solvent. 200 340 390 440 )

A decrease in the lifetime for the same vibrational mode temperature (K)

when the solvent is changed indicates an increased coupling
between the solute mode and the solvent. At room temperiJG- 8. Experimental vibrational lifetime data for the asymmetric CO

PP stretching mode of WCO)g in supercritical fluoroform at the critical density
ture in liquid CC}, the COT,, mode of WCO)s has a (7.56 mol¥). The data display an inverted temperature dependence that is

lifetime of 700_ ps, Wh"e in liquid CHG at the same teM-  intermediate between that observed in ethane sokfégt 2) and CQ sol-
perature, the lifetime is reduced to 35016£alculat|0ns of  vent(Fig. 6).
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order process is required for the relaxation, and the decajvolve only one phonon. In contrast, relaxation in O®ay
time is substantially longef>'® Furthermore, in liquid 2- require a multiphonon process, which may not be well de-
methylpentane, there are a very large number of C—H bendscribed by the current thermodynamic/hydrodynamic theory.
ing modes in the range of 1300-1400 cin and the Regardless of the theory’s ability to reproduce the data in the
W(CO)s T4, mode has a much shorter lifetime of 145%s. various solvents, it is clear that the nature of the solute—
Apparently, the C—H bending modes are important in thesolvent interactions has a fundamental influence on the quali-
relaxation of the asymmetric stretching mode ofGRD)s. tative behavior of the temperature dependence of the vibra-
Given the above, the 480 ps lifetime observed in fluoro-tional lifetime at fixed density near the critical point.
form at 8 mol#” is consistent with the observation in liquid
chloroform. The lifetime in chloroform is shorter but it is a
liquid. The lifetime in ethane is even faster, akin to the de-'V- CONCLUDING REMARKS
crease in lifetime observed in going from liquid chloroform The experiments presented here and the previous work
to liquid 2-methylpentane. In both cases, i.e., fluorpform 9 which they are bas&dare the first experiments to exam-
ethane and chloroform to 2-methyl pentane, there is a larg@e yiprational relaxation between a well defined pair of vi-
increase in the number of C—H bending modes available t@rational levels in SCFs in the vicinity of the critical point.
participate in the vibrational relaxation. When £@ the  The results of the experiments have revealed the complex
SCF solvent, the longest lifetime is observed. Like £CI interplay between rapidly changing macroscopic properties
CO, has no C-H bends. However, g@oes have the sym- of SCFs near the critical point and microscopic molecular
metric O—C—Ostretch at 1388 cfit. If the energy of the  gynamics and intermolecular interactions. In three SCF sol-
available modes was the only determining factor, then itgnts forT nearT., the asymmetric CO stretching mode of
would be expected that relaxation in &@would be more \y(co), displays essentially density independent vibrational
similar to relaxation in fluoroform. The fact that the lifetime |ifetimes nearp. . The thermodynamic/hydrodynamic theory
is substantially slower in COsuggests that the anharmonic of yiprational relaxatiorf, which is capable of including the
coupling matrix elemerfte.g., see Eq3)] involving the CQ  ¢ritical scaling of the important physical properties of SCFs,
symmetric stretch and the asymmetric CO stretching mod@yedicts the observed behavior. The theory, which calculates
of W(CO)g is small. T, by obtaining analytical expressions for the force—force
From the lifetimes in the three solvents, it is clear thatcorre|ation function, shows that the density independéoce
the order of the Strength of the interaction between the Cthreme|y weak density dependehmes from an inter-
T,, mode of WCO), and the solvent is ethane, fluoroform, pjay of rapidly changing density dependent properties which
CO, (strongest coupling to weakestnother indication of  offset each other near the critical point. Recently, Tucker and
this order of coupling is the change in the lifetime with den-co-worker$! performed two dimensional simulations to ob-
sity. At p=2 mol// and 2 K above their respective critical tain the force—force correlation function for a rigid diatomic
points, the vibrational lifetimes in ethane, fluoroform, andin an atomic solvent. They also foufid to be nearly density
CO, are 515 ps, 770 ps, and 920 ps. The raRp,of the  independent aroungd,. Near the critical point, normal large
lifetime at 2 mol/” to the lifetime at 8 mok’ in ethane, fluctuations in density give rise to regions of high density. In
fluoroform, and CQ is 2.15, 1.60, and 1.39, respectively. both the analytical theory and the simulations, ensemble av-
The sensitivity of the lifetime to density is greatest in ethaneerages are performed over all solute environments. However,
less in fluoroform, and least in GO neither the analytical theory discussed here nor the simula-
The nature of the temperature dependence at fixed demions involved any type of local density enhancements
sity, p¢, in the three solvents appears to be correlated withhrough attractive solute/solvent interactions to produce the
the strength of the solute 80)s CO T,, mode coupling to  density independent results. In addition, experiments on
the solvent. When the coupling is relatively strong, as inasymmetric CO stretching modes of both(®D); and
ethane, the temperature dependence has a significant invert@tetylacetonaddicarbonylrhodiuri) (Rh(CO),acac) found
region and a significant peak in the plot of lifetime vs tem-the vibrational absorption line position is density indepen-
perature(Fig. 2). When the coupling is moderate, as in fluo- dent in a range of densities aroupd when T is nearT,.
roform, there is a less pronounced peak and a narrower ifFhe analytical theory also predicts this behavior.
verted region(Fig. 8. When the coupling is weak, as in As shown in Figs. 2 and 5, the lifetime of the asymmet-
CO,, there is no significant pealFig. 6@]. While the ric CO stretching mode of YCO)g in ethane as a function of
thermodynamic/hydrodynamic theory captures the behavioremperature at fixed density at and npadisplays a region
in ethane, at least semiquantitatively, it does not in,CO of inverted temperature dependence. The vibrational lifetime
(Sufficient thermodynamic data are not available in the lit-increases as the temperature is increased, then turns over and
erature to perform the calculations for fluorofgrmAs sug-  decreases with further increases in temperature. This behav-
gested above, the shorter lifetime observed in ethane conier occurs to a lesser extent when fluoroform is the solvent,
pared to CQ can result from more efficient coupling of the but does not occur to any significant extent when,@the
initially excited ~2000 cm * solute mode to high frequency solvent. While the current analytical theory is able to capture
modes of the solvent. The theory does not explicitly accounthe essence of the data when ethane is the solvent, it is quali-
for vibrational relaxation into high frequency vibrational tatively incorrect when C@is the solvent. A new theoretical
modes of the bath. If relaxation in ethane is dominated byapproach for calculation of vibrational lifetimes in SCFs,
high frequency modes of the bath, then the relaxation mayvhich is still able to account for critical phenomena through
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