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This article presents a collection of vibrational overtone spectra of hydrocarbons in cryogenic solutions.
Vibrational overtone spectra of ethane and propane dissolved in liquid argon-laumténe and isobutane
dissolved in liquid krypton were recorded between 5000 and 14 000. @pectral regions for the first four
overtones were measured using a Fourier transform spectrophotometer. The fifth ovAriGhé) spectra

were recorded with a double beam (pungobe) thermal lens technique using concentrations as low as
102 mole fraction. We obtained the-GH (Av = 6) spectra of (a) liquid ethane at 100 K and ethane in
solutions in liquid Ar at 92 K and liquid Nat 85 K, (b) liquid propane at 148 K and propane in liquid Ar

at 93 K, (c)n-butane in liquid Kr at 129 K, (dh-pentane in liquid Xe at 160 K, and (e) isobutane liquid at
135 K and isobutane in liquid Kr at 130 K. Local-mode parameters were calculated for primary, secondary,
and tertiary C-H oscillators in solution and compared with gas-phase local-mode parameters. The peak
frequency shift Aw) from gas phase to solution is explained by the change in harmonic frequency and
anharmonicity in solution with respect to the gas-phase values. The bandwidth)(of the (Av = 6) C—H
absorption bands of ethane in solution can be explained in terms of collisions with the solvent molecules.

1. Introduction of condensed methari@thylene® and solidpara-hydroger’1©
Liquefied rare gases exhibit particular advantages for low- tEhven t_k:og%;_rt] on]!y F;}Ufte sampltgs wert(re] S(EUd;ed' Patel etal. sktwwed
temperature vibrational spectroscopy. They seem to produce € surtability of photoacoustic methods 1o measure overtones

minimal perturbations on the internal degrees of freedom of at low temperatures. Similarly, Man_zanares gt al. applied
the dissolved molecules. Second, their high transparency in aPhotoacoustic spectroscopy to cryogenic samples; however, they

broad spectral range allows the use of long path lengths, favoring?k:S(_) preplflredl sglqun; in gogdetnse;j grgor;hSoérg%e?ﬁerles of
guantitative studies of weak transitions, band shapes, and ro- e|24wor include methane, deuterated methanes, = ethyl-
enel* and isobutané® The limit of sensitivity was set by the

vibrational relaxation in liquids. Third, optical homogeneity and .
high optical breakdown threshold make them suitable for fifth overtone of a methane (10%jrgon mixture.

nonlinear spectroscopy studies. And last, they offer the pos- Taking advantage of the excellent sensitivity shown by
sibility of monitoring spectra over a broad range of tempera- thermal lensing, we explore in this article the use of the
ture—density variation, necessary to obtain thermodynamic t€chnique to measuré\{ = 6) C—H overtone transitions of
parameters of the solutsolvent and solutesolute interaction saturated hydrocarbons in cryogenic solutions of mole.fractlon
equilibrial2 On the other hand, the main limitation of these around 0.1% (1000 ppm). Studies at low concentrations are
solvents is the reduced solubility of the majority of molecular important to observe the_ behaw_or of the molecule in situations
compounds. As a result, weak vibrational transitions only where there are fewgr interactions between solute molecules
observed in high concentrations of the solute cannot be measure@nd Where the solute is surrounded only by solvent molecules.
with absorption spectroscopy. Application of photoacoustic and The gas-solution frequency shif\w and the vibrational half-
photothermal techniques has overcome the issue. Their higheWidth Awy, are experimental parameters that are useful to
sensitivity has allowed the observation of the visible spectrum theories of vibrational relaxation in liquids. In generaly and
of several cryogenic solutions, as well as that of pure samples.A®12 change with temperaturd’), density of the solventd,
Recently, Manzanares et al. reported the first application of @nd vibrational quantum number)(of the excited upper state.
thermal lensing to the field. The fifth overtone of methane  1he reaction field model of solvatiéfr'® assumes very dilute
argon and metharenitrogen solutions was obtained, decreasing Solutions where the molecules (monomers) absorb electromag-
the previous detection limit in concentration by a factor of 300,  netic radiation surrounded only by a solvent with dielectric
The thermal lens technique used in our laboratory was originally constant ¢). Infrared and Raman studies of fundamental
introduced by Swofford et &6 to study vibrational overtones ~ transitions are possn?le, but vibrational overtone transitions in
of liquid samples at room temperature. dilute solquns require the use of more sensitive techniques.
The main contributions to high vibrational overtone studies Infrared studies of methane in solfhra-hydrogei®2! have
in cryogenic liquids have been made by Patel et-#.and shown tha_t methane monomers are only present when the
Manzanares et &k~16 Patel et al. used photoacoustic detection concentration of methane is around or below 0.005% mole
for the first time to measure high energy overtongs & 4—6) fracfuon (50 ppm), whlle dimers, trimers, and Iarge_r clusters
begin to appear at higher concentrations. Our experiments have
* Corresponding author. E-mail: Carlos_Manzanares@baylor.edu. shown that vibrational fundamental and overtone study of
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Figure 1. FT-NIR vibrational overtone spectra of,ds (2.2%) and =
CsHs (1.5%) in liquid argon solutions at 92 K. Optical path length of § 0.20-
3.8 cm. =
= 0.15
methane monomers in solution is possible up\to= 6 using
thermal lens because our limit of detection foo = 6 is 54 0.10-
ppm. In this article, we present a new contribution to the field
of cryospectroscopy with a vibrational overtone study of several 0.057
hydrocarbons in cryogenic solvents. s
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2. Experimental Section

Wavenumber / cm™'

The experimental techniques for vibrational overtone studies Figure 2. Selected absorption regions of vibrationat-B overtone
in cryogenic liquid solutions have been presented in a previous SPectrafv = 3, 4, 5) of GHe in liquid argon solution (2.2%) at 92 K.
publication* Low C—H vibrational overtonesAv = 2, 3, 4,
and 5) were obtained with a Fourier transform spectrophotometer
(Thermo Nicolet, Nexus 670, 1 crhresolution) operating in
the near-infrared and visible regions of the electromagnetic
spectrum. The\v = 6 absorption bands were obtained with a 3 Results
double beam thermal lens technique. A dye laser (Coherent,™
699, 1 cnt! resolution) operating in the 663%60-nm region The Fourier transform near-infrared spectra eHg(2.2%)
(laser dye Kiton red) was used to pump the molecules to the and GHg (1.5%) in liquid argon solution are shown in Figure
C—H (Av = 6) vibrational level. An argon ion laser operating 1. The optical path length was 3.8 cm and the temperature 92
at 488 nm was used as the probe laser. Samples of differentk. Four different spectral regions can be easily distinguished

concentrations were prepared and stored in a lecture bottle. The
mixtures were condensed in a cell attached to a low-temperature
cryostat.
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Figure 3. Thermal lens G-H (Av = 6) spectra of Hg in liquid argon Wavenumber / cni'

(92 K) at two different concentrations: 1.0 and 0.15%. Excitation Figure 4. Selected absorption regions of vibrationat8 overtone

powers of 20 and 100 mW, respectively (top). Thermal lersHQAv spectrafpv = 3, 4, 5) of GHsg in liquid argon solution (2.2%) at 92 K.
= 6) spectrum of @Hg in liquid nitrogen solution (0.2%) at 85 K and

spectrum of liquid GHg at 100 K. overtone. Since this transition is very weak, a magnification
factor of 100 was necessary to bring out the spectrum from the
with decreasing intensity. The first overtone lies below 6000 baseline.
cm™1, in a region heavily populated by combination bands.  Ethane.Individual overtone regions of g in liquid Ar are
Transitions associated with absorption of three quanta of presented in Figure 2. The first overtone was not included since
vibrational energy span from 7000 to 8500 ¢mA manifold it usually does not follow the local-mode model, and spectral
of combination bands precedes the main overtone feature, anccongestion makes it difficult to correctly assign the pure
the pattern is repeated thereafter. The third overtone regiontransition. Unlike that of heavier hydrocarbons, the spectrum
extends from 9500 to 11 500 cry an amplification factor of of ethane is characterized by asymmetric bands with little or
15 was necessary to show details of the absorption band. Finally,no structure. For this reason, no attempt was made to perform
the region between 12 000 and 15 000 ¢émontains the fourth deconvolution of the bands. Correct assignment of experimental
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Figure 6. FT-NIR vibrational overtone spectra ofC4H10 (0.8%) (top)
and HC(CH)3 (1.0%) (bottom) in liquid krypton at 120 K.

Wavenumber / cmi’
Figure 5. Thermal lens GH (Av = 6) spectrum of gHsg in liquid
argon solution (0.6%) at 92 K (top) and spectrum of liquigHg at

148 K (bottom). in liquid nitrogen at 85 K is shown. The molar concentration

of the gas mixture was 0.2%, the excitation power was 100
bands was verified by comparison to previous reports in gas mW, and the chopping frequency was 7.0 Hz. The band is
phase?~2* Even though Henry and Greenfdycarried out located at 15 776 cnt, and its width is 185 cm. The spectrum
deconvolutions, high uncertainty is associated with the number of liquid ethane at 100 K is also shown. The band is located at
of individual bands. For instance, only one band was assigned15 746 cn?, and itsAwy, is 180 cntl.
to the main peak in the third overtone region. By inspection of  Propane. The C-H overtone spectra of propand:{ = 3,
Figure 2 Av = 4), shoulders on this band indicate that at least 4, and 5) in liquid argon are presented in Figure 4. To separate
four bands are necessary. To avoid ambiguity, each local-modeand assign individual bands, the spectra were deconvoluted with
stretching overtone was assigned to the corresponding banda product function having a predominant Lorentzian character
maximum. perturbed by a small Gaussian function. The concentration of
The spectra obtained using a thermal lens for ethangon the sample was estimated to be 1.5%. As previously indicated
solutions are shown in Figure 3. The-€l (Av = 6) overtone for ethane, the optical path length was 3.8 cm and the liquid
spectrum was obtained for bothls (0.15%)-Ar and GHg solution temperature was 92 K. The main difference between
(1.0%)—Ar at 92 K. In the first case, the laser excitation power the spectra of propane and ethane is the presence of three
was 20 mW, and the chopping frequency was 7.0 Hz. In the nonequivalent €H oscillators in the former. The corresponding
second case, laser excitation was carried out at 100 mW and aanalysis of overtones must be for individuat-8 bonds, in
chopping frequency of 5.0 Hz. The band is located at 15 775 contrast to the equivalent treatment given in ethane. Two
cm™1, and its full width at half-maximum (fwhm) is 270 crh different oscillators are found in a methyl group of propane.
The advantage of using the thermal lens is clearly demonstratedBonds that align with the plane containing carbon atoms are
here by observing the enhancement in spectral features. Nolabeled C-Hj, (in-plane), while those that fall out of plane are
previous report of this band in condensed phase was found inlabeled C-Ho, (out-of-plane). Methylene bonds are another
the literature. Additional €H (Av = 6) thermal lens spectra  kind, and they are labeled-&H,. The energy order is known
are presented in Figure 3 where the spectrum of ethane dissolvedo be G-Hn,, < C—Hgp < C—H;p.?® According to McKean et
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T —— fifth overtones. A higher number was required to accurately fit
= the second overtone. Clear shoulders on the spectrum suggested
11 bands rather than eight. Enhancement of spectral features in
DIoa this region was also observed in ethane. TheHJ(Av = 5)
spectrum was deconvoluted with three bands rather than five;
increased noise in such a low absorption (0.002 au) is
0.00 responsible for loss of spectral detail. The fifth overtone (
12500 13000 13500 14000 = 6) was obtained with the thermal lens technique. Figure 5

Wavenumber / cm' shows the spectrum ofz8g (0.6%)—Ar at 93 K, where the
Figure 7. Selected absorption regions of vibrationat-B overtone excitation power was 60 mW and the chopping frequency 10
spectra Av = 3, 4, 5) ofn-C4H1o in liquid krypton solution (2.2%) at Hz. The G-H (Av = 6) TLS spectrum of the pure liquid was
120 K. also recorded, and the deconvoluted band is presented in Figure
al. 262”methylene C-H bonds exhibit lower energy because of 5. Transition frequencies of the individual oscillators areHz,
increased repulsive interactions. They also indicate that methyl (15 415), C-Hop (15 613), and €Hi, (15776 cm?). The

groups exert an “inductive effect” on trans—& bonds, corresponding bandwidths are 213, 210, and 202'cnespec-
increasing their vibrational frequency. This explains the energy tively.
order given above, since-Hp is trans to a methyl group. n-Butane. The overtone spectra ofC4H1o (0.8%)—Kr and

Experimental energies were obtained by deconvolution, taking HC(CHg)s (1.0%)-Kr at 120 K are shown in Figure 6. Since
as reference the gas-phase study reported by Henry?etral.  the solubility of butane and isobutane is very low in liquid argon,
all cases, the process was carried out using Lorentzian bandkrypton was chosen as solvent to prepare a solution in which
shapes with a small Gaussian contribution. The same numberthe fourth Av = 5) overtone could be observed. As previously
of bands presented by Henry et al. was used to fit the third and indicated for propane, three different-El oscillators (C-Hp,
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=
= n-Pentane.To complete a hydrocarbon series, thel(Av
o = 6) TLS spectrum of pentane dissolved in liquid xenon was
i also recorded and presented in Figure 8. Xenon was chosen as
solvent because the solubility of pentane in argon and krypton
is lower than that for xenon. The gas mixture was condensed
0.00-+ at 165 K, and its concentration was estimated to be 0.15%. The

12000 13000 1920019300 12600 13800, 12000 excitation power used in the experiment was 200 mW and the

Wavenumber / cni! chopping frequency 0.50 Hz. Low chopping frequency was
Figure 9. Selected absorption regions of vibrationatB overtone  necessary to avoid saturation of the thermal lens signal. Reduced
spectrafv = 3, 4, 5) of HC(CH)s (1.0%) in liquid krypton at 120 K. 041 conductivity of liquid xenon is believed to be respon-
C—Hop, C—Hip) make up the overtone bands. Once again, sible. The classification of €H oscillators is the same used
deconvolution was necessary to isolate each contribution andfor propane and butane. Experimental frequencies fimnd
determine its vibrational frequency. Individual overtone regions bandwidths Aw/,) in solution are: G-Hy, 15 420 (207 cm?),
are presented in Figure 7. The same number of bands used byC—Hg, 15 652 (136 cm?), and C-Hj, 15 739 (179 cm?).
Henry et ak®>was used in the deconvolution of the third, fourth, Isobutane. Figure 9 shows the main overtone bands of
and fifth overtones; however, the second required 12 bandsisobutane (HC(Ch)s) dissolved in liquid krypton at 120 K. The
rather than eight. Enhancement of spectral features was alsaconcentration of the sample was estimated to be 1.0%. Since
observed in this region for ethane and propane. The thermalthe geometry of the molecule varies from propane and butane,
lens spectrum oh-C4Hj0 (0.3%)—Kr at 129 K is shown in a different classification is given to €H oscillators. The
Figure 8. Excellent spectral quality allowed identification of oscillator of lowest energy is labeled-&; and corresponds to
each oscillator band. the only tertiary CG-H bond in isobutane. The other two
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TABLE 1: Experimental Vibrational Overtone Absorptions
and Bandwidths (Am,),) of C;Hg in Gas Phase, Liquid Argon
Solution, and Liquid Phase (cnr1)2

Lopez-Calvo and Manzanares

TABLE 3: Experimental Vibrational Overtone Absorptions
(cm™1) and Bandwidths (A1) of n-C4H10 in Gas Phase at

295 K and in Liquid Krypton Solution at 120 K 2

obsd (gas)/ obsd (liquid obsd (liquid)/ obsd (gas)/ obsd (liquid Kr)/
Av (Aw1p) Awgas-solution AnN/(Awsz) Awgas-liquid (Aw1p) Av (Awllz) Awga&solution (Aa)uz)
3 8459/(100) 19 8440/(67) 36 8423/(72) _
4 11047/(153) 10 11037/(160) 39 11008/(171) CHz (C—H) i ?ggg/l(/l(ﬁg) %g E;%&;(S)/é/lé%)
5 13490/(138) 41 13449/(196) 65 13425/(181) 5 13184/(122 s 13176/(214
6  15823/(131) 48 15775/(270) 77 15746/(180) 6 15466 /E 1353 1 15455 /((175))
6 47 15776/(185

quui(g No ) we 3017+2 3004+ 17

we 3066+ 5 3065+ 11 3057+ 8 wXe 62.2+0.3 61.5+2.9
wXe —61.84+1.0 —62.24 2.0 —61.7+15 De —36585 —36683
D. —38027 —37758 —37866 CH3(C—Hop) 3 8419/(77) 36 8383/(57)

a Frequency shiftsAw) gas-solution and gasliquid. Local modes g gg%%ﬂgg 1g8 igggg)//((igg))
(we), anharmonicitiesdjexe), and dissociation energiebyd). 6 15752/(130) 63 15689/(138)
TABLE 2: Experimental Vibrational Overtone Absorptions We 28570f012 ggz:ng:gli
(cm™1) and Bandwidths (Awyz) of CsHg in Gas Phase at 295 ‘Sex‘* 38313 “39162

afid ba 1 2 o
K and in Liquid Argon Solution at 92 K CHs (C—Hy) 3 8455/(55) 24 8431/(79)
obsd (gas)/ obsd (liquid Ar)/ 4 11035/(72) 55 10980/(102)
Av (Awar) Awgas-solution (Aw1r) 5 13515/(83) 27 13488/(172)
CH» (C—Hm) 3 8340/(92) 33 8307/(115) 6 1egaion 55 amaaaTH119)
4 10914/(111) 139 10775/(139) We 204+ 06 57 6E 25
5 13302/(92) 89 13213/(147) ge"e 39332 239946
6 15573/(128) 81 15492/(230) €
we 3036+ 10 3009+ 18 a Frequency shiftsAw) gas-solution. Local modesu), anharmo-
wXe 62.9+15 61.24+ 3.3 nicities (wexe), and dissociation energieBJ).
De —36635 —36986
CH3 (C—Hop) 3 8435/(84) 35 8400/(56) TABLE 4: Experimental Vibrational Overtone Absorptions
4 10982/(106) 82 10900/(127) (cm™1) and Bandwidths (Am1;) of HC(CH3); in Gas Phase at
5 13419/(102) 22 13397/(201) 295 K and in Liquid Krypton Solution at 120 K 2
6 15740/(93 52 15688/(220 -
e 3052j:(7 ) 16 3036+ 2(0 ) obsd (gas)/ obsd (liquid Kr)/
wXe 61.0+1.1 60.2+ 3.5 Av (Awllz) A(»Ugag—solu'tion (Awllz)
D. —38175 —38278 C-H, 3 8324 38 8286/(50)
CHs (C—Hy) 3 8472/(55) 24 8448/(55) 4 10853 9 10844/(143)
4 11040/(130) 48 10992/(114) 5 13240 -8 13248/(194)
5 13482/(85) 13495/(253) 6 15305 -19 15324/(74)
6 15830/(126) 36 15794/(281) We 3018+ 4 3016+ 10
we 3060+ 9 3055+ 13 weXe 61.3+0.9 61.0+£ 1.5
weXe 59.9+1.4 60.2+2.4 De —37147 —37280
De —39080 —38758 C—Hop 3 8451 23 8428/(49)

2 Frequency shiftsAw) gas-solution. Local modesufe), anharmo- g iéggg 32 ig%gf&éig
nicities (wexe), and dissociation energieby). 6 15804/(75) 71 15733/(170)
oscillators are found in methyl groups. One bond-{&,) lies g:xe 22?1‘?5 8 %g?gff 6
in the same plane of the-&C bond, and the other (EHyp) lies De —37819 —37878
out-of-plane. Their energy order is known to be-Kij, < C—Hp 3 8376 19 8357/(56)
C—Hop, '3 which can be explained by the trans effect of methyl 4 10930 22 10908/(114)
groups described by McKean et?4#7 Specifications for each g igggg 102 gs 1135%3;88//(17881)
deconvolution were taken from a previous report by Manzanares o 3045 i(4 ) 3034.t 9( )
etal’®The G-H (AU = 6) TLS spectrum of HC(Cbﬂg (05%)— CU:Xe 62.0+ 1.1 61.7+ 1.6
Kr at 130 K is shown in Figure 10. The excitation power was De —37387 —37298

60 mW and the chopping frequency 5.0 Hz. Deconvolution was
carried out using four bands, taking as reference th&1GAv
= 5) gas-phase spectrum reported by Lewis et?2alwo

oscillators were cIe_arIy i_d_entified in our spectrum. The very gas-liquid are presented, as well as the fwhm. As expected,

We{:\k .C_.Ht was not identified for all levels. The fifth overtone 4 gas-solution frequency shiftsXw) are positive (red-shifted)

of liquid |so_butane was al_so recordf_ed at low temperature. The 5,4’ smaller than the gatiquid shifts. The fwhm Awy) values

corresp_ondlng spectrum is shown in Figure 10. The weakestof the liquid and solution bands are similar exceptar = 6

absorption €-H; could not be observed. where the order is pure liquid (180 c) similar to liquid N,

(185 cntl) and smaller than in liquid Ar solution (275 cH).

Calculated local-mode parameters are also included in Table 1.
A summary of overtone frequencies and local-mode param- Since experimental liquid Ar solution and gas-phase results are

eters of GHg is presented in Table 1. Local-mode parameters very close, it is reasonable to conclude that vibrational energy

were calculated from a BirgeSponer plot of the experimental  levels of ethane do not suffer significant perturbation in liquid

data. Transition energies for the gas phase reported by Lewisargon but interactions are shown through the bandwidths )

et al23 and Henry and Greenl&yare also included to support in pure liquid and liquid argon solutions. Bandwidths are

peak assignments. The frequency shifts of-gasution and dependent on the vibrational level excited. Increased selute

a Frequency shiftsAw) gas-solution. Local modesafe), anharmo-
nicities (exe), and dissociation energiebd).

4. Discussion
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Figure 11. Experimental (circles) and calculated (lines) frequency shift
(Aw) gas-liquid and gas-solution for GHe (top). Calculated Aw)

for CsHg-Ar for three different oscillators (middle) and experi-
mental gas-solution Aw) for CsHg-Ar (bottom) for three different
oscillators.

solute and solutesolvent interactions are known to be
responsibles8—30
Table 2 shows experimental frequencies gHE As ex-
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Figure 12. Calculated (top) and experimental (bottom) gaslution
frequency shift Aw) for three different oscillators af-CsH1o dissolved
in Kr.

bandwidths is a direct consequence of such interactions. The
Birge—Sponer plot for each oscillator in propane produced the
local-mode parameters shown in Table 2, along with gas-phase
determinations by Henry et &.Both harmonic frequency and
anharmonicity appear to be lower in solution; although experi-
mental uncertainty suggests no statistical difference. Similar
trends in anharmonicity are observed in both casesHG
oscillators have the highest value while-8i, the lowest. Since
solvation in nonpolar solvents is not expected to modify the
chemical environment of the-€H bonds, the relative order in
anharmonicity should also remain unchanged.

Corresponding transition frequencies are presented in Table
3, along with gas-phase results. Using the information in Table
3, we constructed BirgeSponer plots for the €H oscillators;
local-mode parameters are summarized in Table 3. Harmonic
frequencies are red-shifted in solution, and anharmonicities
follow the same trend as those in gas phase. There is no
statistical difference between solution and gas-phase values;
however, the consistent red-shift in vibrational energies suggests
that harmonic frequencies are indeed lower in solution. Regard-
ing anharmonicities, the gap between results is too small to reach
a similar conclusion.

pected, frequencies in solution are red-shifted in comparison to  Vibrational frequencies and bandwidths are summarized in
that in gas phase. Intermolecular interactions between soluteTable 4. For isobutane, local-mode parameters from Birge

and solvent are known to be responsitité! The increase in

Sponer plots are also summarized in Table 4. In general,
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TABLE 5: Fifth Overtone ( Av = 6) Bandwidth of C,Hg in Solution: C,Hg—Ar (92 K), C,He-N; (85 K), and Liquid C,Hg (100
K)

Solvent Propertiés

solvent T (K) o (pm) pl(10P2 cm3) o Y3(10°8 cm)
Ar 92 341.8 2.1216 3.6122
N2 85 368.1 1.7386 3.8601
CzHe 100 430.7 1.2835 4.2711
Solvent Refractive Index andA@1/2)solutiod (Aw1/2)gad = A= n(n? + 2)/9P
solution T (K) n (Aw1r2)solution (Aw1/2)gas Aexpt Acalcd
CoHe-Ar 92 1.226 270 131 2.0611 1.6717
CoHe-N2 85 1.197 185 131 1.4122 1.5674
C,oHe-CoHs 100 1.388 180 131 1.3740 2.3759
Solute Lennard-Jones Effective Parametey) in Solutiorf
solution T (K) u/(cm s?) (Aw1sz)solution Oexpt (PM) Ocalcd (PM)
CoHe-Ar 92 33686 270 356 387
CoHe-N> 85 35221 185 379 399
C,oHe-CoHs 100 37516 180 419 431

2 Solvent properties: Density) and Lennard-Jones) parameter? Calculated and experimental ratio of bandwidths in solution and gas phase
using the index of refraction of the solvent)(© Calculated and experimental Lennard-Jones effective paramgtersing the binary collision
model, average thermal velocity)( and bandwidth Aw1s) in cm™.

excellent fitting was obtained in the Birg&poner plots of difference gassolution is indicated by a solid line. These two
C—Hip and C-Hop, however, C-H; points showed dispersion. lines predict gasliquid differences that are always larger than
This issue is attributed to the uncertain deconvolution of such gas-solution. Figure 11 (middle) showAwgas solution Calcu-

a weak band. The assignment of this band was originally madelated using eq 1 for three different types of-@ bonds in

by Wong and Mooré? however, calculations made by Man- C—H. The calculation indicates that the differences are always
zanares et df suggest that it is a combination band rather than in the order G-Hn > C—Hq, > C—Hj,. The experimental
an overtone. For this reason, the data point was not included indifferences are presented in Figure 11 (bottom). Ignoring the
the linear fit. Local-mode parameters in krypton solution closely oscillations of the experimental results, we show that the
agree with reported values in pure liquid. The only exception prediction shown in the middle of Figure 11 is correct. This
is the harmonic frequency of-€H;, for which uncertainty is  kind of prediction is not limited to ethane and propane. In the
higher for reasons previously mentioned. Even though anhar-case ofn-butane, the prediction is that the differences are in
monicities seem lower in solution, fitting errors indicate that the order G-Hop > C—Hjp > C—Hp,; this is the order shown
there is no statistical difference with respect to that in pure experimentally in Figure 12 except for transitions to levels 5

liquid. _ _ _ ~and 6 of G-Hj, and C-Hp,. Predictions for G-Hop slightly
4.1. Frequency Shifts.The differences in peak absorption |arger than G-Hj, of isobutane are similar to experimental
frequencies between the-G& gas phase and the-Gi in results except forAv = 6. Calculated values for €H; of

solution absorptions are presented in Figure 11. A possible jsobutene cannot be compared with experimental results because

qualitative explanation for the results is based on the local-modethe peak position of the €H; band is based on unreliable

parameters for one-dimensionat-@ oscillator. The transition  deconvolution of a small band. For the molecules studied, the

energies associated with _Iocal-mode overtones are described byctual experimental values Bfvgas solutionare more complicated

the two-parameter equation: than the simple model prediction because they depend on the
overtone levels involved as well as their interactions with other

(AE) = 0w — 0 (v + 1) ) vibrational levels.

The local-mode parametersdandwexe) are used to calculate 4.2. Bandwidths.The ratio of relaxation time in solution with
the dissociation energyDg) using the equatioDe = —w?/ respect to relaxation time in the gas phas@ufior{7gad is equal
4wexe, and the potential energy curve is represented by the [0 the inverse of the ratio of bandwidth§d1/2)soutiod (Aw1/2)gas
Morse oscillator equationV(r) = Def 1 — exp[—A(r — ro]}2 and is related to the index of refraction of the solvéttirough
wherere is the location of the minimum anflis a parameter  the equation douiof7gad = 9/n(n* + 2)2 The results of the
that controls the width of the potential. calculation for ethane in solution are shown in the middle of

Tables 1-4 show the calculated local-mode parameters for Table 5 The tendency of ratios.calculated using.experimental
C—H bonds of GHs, CsHs, andn-C4Hso. Figure 11 (top) shows ~ esults is the opposite to the ratios calculated using indexes of
that the experimentalwgas-iquia (OPen circles) values are larger ~ 'efraction of the solvents. It is concluded that the bandwidths
than the Awgas-soluion (S0lid circles) values. In the first ap- ~ &ré not the result of changes in the index of refraction of each
proximation, the frequency shift gatiquid and gas-solution solvent.
can be predicted using the differences between harmonic Another analysis of the bandwidths of ethane in solution is
frequencies. For example, Table 1 shows that the shift)( based on collisions between ethane and the solvent. The isolated
gas-solution for ethane is smaller (1 crf) than the difference binary collision (IBC) model for vibrational relaxation in liquids
gas-liquid (9 cnTY). Calculated differences using eq 1 and was developed by Litovitz and co-worke¥s®® The vibrational
respective gas phase, liquid, and solution harmonic frequenciesrelaxation rate k) is related to the transition probability from
and anharmonicities are also shown in Figure 11 (top) where initial level (i) to final level (f) in the moleculeR;) and the
the difference gasliquid is indicated by a broken line and the collision rate k) through the equatiok = Pyk.. To calculate
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the collision rate, the cell model is used. The central molecule
of effective diameterd) moves a distanceo( ¥ — o) between
collisions at average thermal velocity= (8RTzM)¥2 The
relaxation rate is proportional to the bandwidttu(y/,) through
the equationk = 27cAwip. Usually, Awi, is obtained

experimentally for several solvents at the same temperature. Th({l‘2

collision frequency is very sensitive to the choicevpfind the
arithmetic average of reported values @ffrom solute and
solvent is usually larger thap~13. The procedure frequently
used is to plok versuspo~13for different solvents at a common
temperature. Confirmation of the model is obtained if the points
lie on a straight line and is comparable to the value reported
from gas-phase virial or transport data.

Our bandwidth measurements are faw(= 6) transitions
of C,Hg in different solvents at different temperatures. This is
not the case described before to test the IBC model, but for our
results the IBC model was used in the following way. To
determine the possible origin of the bandwidth, we arbitrarily
assume that 2ZAw1, = k. and the effective diameter is
calculated from the equation:
1 u

o= i
o8 27CAwy,

)

Table 5 (bottom) shows the results of the calculated effective
diameter using eq 2oty and the arithmetic averagedicd
of the diameters calculated from transport data. There is an
obvious linear correlation between the two values, indicating
the possibility that binary collisions are responsible for the
observed bandwidth of thtv = 6 overtone transition in £&s.
To obtain the estimated values, it was assumed that the
probability Py is the samex = 6 andvs is not known) for all
solvents and arbitrarily made equal to 1.

5. Conclusions

The application of the thermal lens technique to cryogenic

solutions has been demonstrated with the study of ethane in

liquid Ar, Ny, and pure liquid, propane in liquid An-butane
and isobutane in liquid Kr, and pentane dissolved in liquid Xe.
As shown for liquids at room temperature, the sensitivity of
the technique is high enough to obtain high vibrational overtones
of molecules and to detect the weak absorptions in dilute
cryogenic solutions. Small frequency shifts are detected indicat-
ing the relatively small changes in harmonic frequencies and
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surrounded by cryogenic solvents. Absorption bandwidths are
influenced by the change in solvent. In the case of ethane,
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