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A dual-beam thermal lens technique has been used to obtain the absorption spectrunhof+thé)(C—H

stretch of liquid methane and methane in liquid argon solutions. The lowest concentration detected was 1
102 (mole fraction) of CH in liquid Ar with a continuous wave laser power of 20 mW. The thermal lens
signal is linear with the mole fraction of methane up te 1,02 but not for higher concentrations. Considering

the system Cl—Ar as an ideal solution, the factors that contribute to the thermal lens signal were calculated

as a function of the concentration of methane. A mechanism of energy transfer based on the gas-phase results
could explain qualitatively the dependence of the magnitude of the signal on the mole fraction of methane.

1. Introduction

Use of the thermal lens technique to study vibrational
overtone absorptions in liquids has its origin in the work of
Long, Swofford, and Albrecht.Vibrational overtone Av =
5—7) absorptions of €H and O-H bonds have been measured
by Swofford et a3 and Fang and Swofford-> at room
temperature. Thermal lens spectroscopy (TLS) is a sensitive

technique which relies on measurement of thermal changes

induced by absorption of energy from a laser beam passing
through a liquid or solid sampfe12In TLS an absorbing sample
is excited by a pump beam producing significant heating along
the optical path. This heating is the result of nonradiative
relaxation of excited molecules. The heating creates in the liquid
a transverse temperature distribution that is cylindrically sym-
metric. If the mode of the beam is TEM a radial Gaussian
intensity profile is produced. With the aim of reaching ther-
modynamic equilibrium, natural thermal diffusion of the solvent
occurs with an analogous change of its refraction index. Since
most liquids show a positive coefficient of thermal expansion,
the temperature coefficient of the index of refraction is negative,
producing a divergent thermal lens. In the dual-beam config-
uration a second beam called “probe laser” is directed along
the same path as the pump beam; consequently, the probe bea
passes through a change in the optical path equivalent to th
magnitude of the probe beam divergence. The magnitude of
the divergence is proportional to the magnitude of the absorption
by the sample.

The thermal lens signal has been shown to be a function of

the excitation laser power and the thermooptical characteristics

of the solvent? Solvents that allow the absorbing sample to

an increase in the sensitivity of the technique due to the fact
that the only possible energy-transfer mechanism is the conver-
sion of internal energy (EVR, VR, or R) from the sample to
translational energy of the monatomic solvent. Also, the low
temperature of the cryogenic solvent should give a larger
temperature gradient compared to a sample in a solution at room
temperature.

Another motivation for this work is that the thermal lens
experiments in the literature usually involve very dilute solutions
where the laser wavelength is tuned to an electronic transition
of the solute with a large absorption coefficiea}.(Under these
conditions the thermal propertiesdn/dT) andk are associated
with properties of the solvent. By exciting a high vibrational
overtone, the absorption coefficient of the sample is always very
small. This means that in our experiment we will be able to
observe the thermal lens signal over the total range of
concentrations of the solute. In this case the thermal properties
of the solution (not the solvent) are the ones to be explored.

In this paper we used the dual-beam thermal lens technique
to study an overtone absorption of methane in liquid argon
solutions. Previously we measured this transition with an
acoustic method, producing excitation of the molecules with a
cw dye laser and detecting the absorption with a piezoelectric

e'?i’isk.“'“ Almost identical thermophysical properties of the

solution enhance the photoacoustic and thermal lens si¢fhdls.
This study allows us to compare the flexibility of the two
techniques. The thermal lens signals obtained are discussed in
terms of properties of the solution such as thermal conductivity
(), density p), coefficient of thermal expansiong), and
negative temperature gradient of the index of refraction
(=dn/dT). The mechanism of energy transfer and its influence

dissipate the excitation energy (electronic (E), vibrational (V), ., the thermal lens signal are also discussed
or rotational (R)) more efficiently into translational (T) energy '

are expected to increase the sensiti\_/ity of the technique. To oury_ Experimental Section

knowledge, the thermal lens technique has not been used to ) ] o )
observe E, V, or R transitions of molecules in solution with  The experimental set up is shown in Figure 1. An argon ion
liquefied monatomic gases as solvents. Use of liquefied gaseslaser (Spectra Physics 2017) operating at a wavelength of 488

(He, Ne, Ar, Kr, and Xe) as solvents should, in principle, provide Nm and laser power of 3.5 W is used to pump a continuous
wave dye laser. The tunable dye laser (Coherent CR-599) is

scanned in the range of the laser dye (Kiton red) from 602 to
650 nm. A chopper is used to modulate the dye laser beam at
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Figure 1. Experimental set up for the dual-beam thermal lens technique Figure 2. Normalized thermal lens signaBs) as a function of the
at cryogenic temperatures. power of the pump laser. The probe laser power is 6 mW, and the

10 Hz. Wavelength tuning of the dye laser (1 ¢rbandwidth) mole fraction of CH in liquid Ar is x, = 0.044.

IS accompllshedlwnh a stepper motor. The dye laser is used 3Sntroduce the sample the cell is connected to an external gas
the sample heating beam or pump beam. A second beam of a . - . °
. i andling system through a short piece of stainless steel tubing
argon ion laser operating at 488 nm and a power of 6 mW was A -
.17 mm in diameter and 120 mm in length. The cell temper-
employed as the probe beam. The two beams come together & - S
. . ture is controlled by a Scientific Instruments model SI-9650
a beam splitter and travel collinearly through the sample cell temperature controller with the following specifications: ac-
inside a cryostat. At the center of the cell the radius of the pump P g sp :
beam is 0.030 cm and the radius of the probe beam is 0 Oglcuracyio.l (1.5-25 K) and +£0.5 K (25-450 K), control-
) P = lability +0.1 (1.5-25 K) and+0.2 K (25-450 K), repeatability
cm. The confocal lengths are 51 (pump) and 0.87 cm (probe). . :
. . +0.1 K, and resolution 0.01 K. The temperature is measured
The length of the sample cell is 10 cm. The radius of the pump . - -
U with two silicon diode sensors (model SI-410), one attached to
beam does not change significantly throughout the cell due to
) . the cell and the other attached to the cryostat head. Temperature
the confocal length being 51 cm. The radius of the probe beam readout is provided by the same controller
is 0.062 cm at the cell entrance and 0.116 cm at the cell exit. P y '
The divergence of the transmitted probe beam is monitored by
e . . 3. R
measuring intensity changes at its center. The probe beam passes
through an interference filter that transmits the 488 nm  The experimental set up has been used to detect a high
wavelength and blocks the dye laser pump beam. The residualvibrational level of pure liquefied methane and samples of
transmission of the pump beam is filtered out by means of a methane in liquid argon solutions. To show that the signal is
blue filter placed in front of the detector. After passing through linear as a function of the combined power of the pump and
a 20um diameter pinhole the probe beam is detected with a probe lasers, two different experiments were done. For the first
photodiode. The signal from the detector is preamplified and experiment the sample was pure liquid ethane at 100 K. The
directed to a lock-in amplifier. Simultaneously, a fraction of pump laser power at = 635 nm (15 748 cmt) was changed
the dye laser beam (reflected at the beam splitter) is detectedbetween 8 and 55 mW with the probe laser at constant power
by another combination of photodiode and lock-in amplifier. of 6 mW. The second experiment was done with a,€Ar
Normalization of the thermal lens signal is achieved by dividing solution. The mole fraction of methane was 0.044, and the pump
the output voltages of both lock-in amplifiers. Using LabView laser power att = 621.9 nm (16 080 cm) was changed
software a computer controls the dye laser wavelength scan,between 4 and 14 m\W with the probe laser at constant power
digitalizing and storing the normalized signal as a function of of 6 mW. In both experiments the photothermal signal was linear
the wavelength. as a function of the power of the pump laser. The results of the
The cryostat consists of a cylindrical aluminum vacuum second experiment are shown in Figure 2.
chamber 180 mm in length and 110 mm in external diameter A plot of the thermal lens signal as a function of wavenumber
with four quartz windows symmetrically placed. Each window for liquid methane at 93 K is shown in Figure 3. Deconvolution
is 25.4 mm in diameter and 6.35 mm thick. Thermal isolation of the spectrum shows two bands that have been previously
is achieved by having the chamber evacuated at pressures beloweported:® In normal mode notation they are assigned to the
10 Torr. The cell is a copper (OFHC) cylinder 25 mm in main overtone transition {5 + v3) and the combination band
external diameter, 12 mm in internal diameter, and 100 mm in (4v1 + v3 + 2v4). The main peak is located at 16 080 chand
length. It has sapphire windows at each end that are 2 mm thickhas a full-width at half-maximum (fwhm) value of 213 cin
and 20 mm in diameter. The birefringence of the sapphire These results are in excellent agreement with the absorption
windows was tested by passing a laser beam through theband reported previously using the cw photoacoustic techAfque.
windows at different orientations with respect to each other. The absorption band has a similar shape with a peak absorption
There was no significant change of the power of the laser. The at 16 075 cm?® and fwhm of 225 cm?.
interface cell-window is sealed with indium O rings, and the  The thermal lens spectra of the diluted solutions of methane
windows are fastened to the cell with flat circular flanges. The in liquid argon are shown in Figure 4. The smallest mole fraction
cell is firmly attached to the cold head in the cryostat. To of methane detected was= 1 x 1073. The magnitude of the

esults
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Figure 5. (Top) Thermal lens signal of methan8,§,) as a function
of the mole fraction X;) in the rangex; = 0—0.1. (Bottom)Snax as a
function of the square root of the mole fraction.

thermal lens and a second laser (probe) to observe the time
evolution of the thermal lens. With the pinhole aperture placed

0.084 far from the sample cell and with the pump and probe lasers
0.046 focused at distancesandz, respectively, in front of the sample
o014 X2 cell, the thermal lens signall’s
0.008 _{_Lon\ \[ olP 1 z
—" Sult) = ( K(aT)P)(ﬂWOZ)(l i thZt)(l T 22/202)(YH)(X2)
T T T Y 1
15800 16000 16200 16400 @

where the time-dependent sign&.{(t)) is proportional to the
absorbance of the samplex¢l) with o being the absorption
coefficient,x, the mole fraction of the solute, ahdhe optical
path length. The signal magnitude is directly proportional to
the negative temperature gradient of the index of refraction
(—dn/dT) and inversely proportional to the thermal conductivity
(k). The second term in parentheses in eqalP(mwy?) is
constant because the valuesRo{20 mW),| (10 cm), and the
beam radius at the center of the ced} (0.030 cm) remain
unchanged for each solution studied.
The third term in parentheses in eq 1 (#{(1/2t)) is mole-
12 . 5 . fraction-dependent because the characteristic thermal time
(x2) ™= The_ square of th? signabfiy)” is proport|0r21al to the constant {¢ = w,?oCpl4k) is dependent op, «, and the molar
mole fraction &)' The Ilnear. dependence 0&(x” Vs (xo) heat capacity@p) of the solution { = 0.30 s for pure Ar and
cannot be attributed to nonlinear effects such as two-photon; _ 15 ¢ for pure Ch). The time ) is related to the
_ab;orption_ because, as shown in Figure 2, the probe laser Signaﬁ%odulation frequency of the pump laser. In our case, with a
is linear with the pump laser power. chopping frequency of 10 Hz the third term reduces the
magnitude of the thermal lens signal. Betweger= 0 and 0.1
the calculated magnitude of third term in parentheses is between
4.1. Thermal Lens Signal.The dual-laser (cw) photothermal  0.25 and 0.27, respectively. To increase this term to the range
technique is based on using one laser (pump) to create the0.97-0.99, a chopping frequency of 0.1 Hz would be necessary.

Wavenumber (cm™")

Figure 4. Thermal lens signal corresponding to the-& (v = 6)
absorption as a function of the wavenumber and mole fraction of
methane in liquid argon at 93 K. The signal of the smallest mole fraction
(0.001) has been multiplied by 5.

maximum value of the thermal lens sign&hg,) is presented
as a function of the mole fraction of methang € 0—0.1) in
Figure 5 (top). Empirically we determined that the signal at the
peak absorptionS,ay) seems to be linear with the square root
of the mole fraction X, )¥2 over the range of mole fractions
from 0 to 0.1. Figure 5 (bottom) shov&nax as a function of

4. Discussion
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TABLE 1: Thermophysical Properties? of Argon and Methane at 93 K

argon methane
index of refraction n 1.2255 1.2929
negative temperature gradient of the index of refraction n/d@ (K1) —0.0010 —0.0009
molar density o (mol cn3) 0.035 0.028
thermal conductivity K (Wm™1K™1) 0.116 0.220
coefficient of thermal expansion (vol.) B (K™ 0.0053 0.0029

aFrom refs 25-27.

The fourth term in parentheses in eq2/(l + (Z/z,)?)) is
constant once the valuesnfZ, andz, are set. In our experiment

02, B2, andx, refer to CH. Table 1 presents numerical values
of these properties for Ar and GH

the pump laser is focused at the center of the sample cell and Each experiment was done at a constant mole fraction of

the probe laser focus position was set to maximize the resulting
signal. The fifth term in parentheses in eq 1 is the heat or energy
yield (Yy). This term, to be considered later, is related to the

energy-transfer mechanism from the molecule that absorbs the

pump laser to the solution.

Most analytical applicatioAdhave made use of eq 1 for dual-
beam experiments, showing the linear proportionality between
Snax and the mole fractiorx, (or concentration) of the solute.
Usually the experiments involve very dilute solutions where the
laser wavelength is tuned to an electronic transition of the solute
with a large absorption coefficientf. Under these conditions
the thermal properties—{dn/dT) and « are associated with
properties of the solvent. By exciting a high vibrational overtone,
the absorption coefficient of the sample is always very small.
In the case of pure liquid Ctthe reportetfl” (Av = 6) C—H
peak absorption coefficient is$8 1073 cm~L. This means that
in our experiment we are able to study the proportionality
presented by eq 1 over a wider range of concentrations (mole
fractions) of the solute. In this case the thermal properties of
the solution (not the solvent) are the ones to be explored.

4.2. Solution Properties and Thermal Lens Signal. A
simple model is proposed to explain the experimental results.
It is well known that interactions between ¢hholecules and
Ar atoms in liquid solution are weak.In first approximation,
let us consider the CH-Ar solutions as ideal and assume that
the index of refractionn{) of the solution can be obtained with
the Lorentz-Lorenz equatiof?°

2
n"-—1

n,? + 2|2

n®—1
n’+ 2| 1

n—1l1 Xy X2

n2+2lp

@)

Heller! used eq 2 to derive the following analytical expression
for the index of refraction

|
}

n®—1
n,’ + 2JP1

The density g), the coefficient of thermal expansiof)( and

the thermal conductivity«) of the solution are given by the

following equation¥—24

2A 4 1\172
1—A)

n?—1
—e
n,’ + 2/P2

Xy X5

®3)

p=p1t (p2 = p)% 4)
B=Pp1+ (B, = B (%)
Kk =Kyt (ky — k)% (6)

that are also functions of the mole fraction of the solug. (
The termsny, p1, B1, andk; refer to the solvent (Ar), and,,

solute &). The partial derivative of (eq 3) with respect to the
temperature at constant pressure is

o) = 3 (A
(3T)P 2(2A + 1)1/2(1_ A)Slz\aT )P @)
7l = A0 A ®)
~(efa[r ot niz_l(i(ﬁ)) i=1,2
e\ T\n2+2/)p  \n2+2\dT\e/le] " ™
)
on: n—1
— P o] L 2 .
pi(n®+2) 2”'(8T)p(1 o + " =1 ﬁl))

(10)

In eq 10 the variation of the density with temperature at constant
pressure has been replaced by the product of the dengity (
and the coefficient of thermal expansigs) ©f the solution as
well as the correspondingp; of Ar or CH.. The functiong(xz)

is defined multiplying eq 7 by-{1/k)

1

an
gx) = — P

(_

aTle

3
2c(2A + 1)MA1 — AP

(Ax, + AX;) (11)

This functiong(xy) is the first term in parentheses on the right-
hand side of eq 1 and is positive becaua@dT) is negative.
The product functionxg(x2)[1/(1 + tJ/2t)] was calculated
numerically. Figure 6 (top) shows the result of the calculation
as a function ok; (solid line). The experimental points are the
full circles connected by broken lines. To make the comparison,
the calculated and experimental results were both normalized
to theSynax Of pure methane. The calculated results qualitatively
simulate the curvature of the experimental results. In Figure 6
(bottom) the experimental and calculated results were normal-
ized toSyax at 0.084 mole fraction. This was done to facilitate
the comparison in this low concentration region. It is clear that
the experimental results are not simulated by the product
function that is linear in this region.

4.3. Energy-Transfer Mechanism.The last term that needs
to be considered is the quantum yield for nonradiative relaxation
of the vibrational excitation energyyy(). This term is related
to the energy-transfer mechanism from the molecule that absorbs
the pump laser to the solution. The ultimate temperature change
that occurs in solution is proportional to the relaxation rate of
the excited molecule and the efficiency of the energy-transfer
mechanism. This is dependent on the nature of the excited state,
the concentrations of all species present, the intermediate energy
levels available to the molecule, and the properties of the solvent.
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1.00

combined processes of eqs 12 and 13. The experimental
evidence indicates that the rise »of is faster than the fall of
vs, and this is probably due to equilibrium 14. To test this
hypothesis, Weitz and Flydhproposed an experiment at high
rare gas pressure. In this case equilibration betwaend v,
should be very fast. Step 13 should not be affected because it
is a resonant energy-transfer process. The end result is that the
rise of v4 and fall of v3 should become closer in magnitude.
The relaxation of’3 occurs through infrared emission and energy
transfer that ends with levels, and v,. Relaxation ofv, is
through infrared emission. Relaxation ef (IR inactive) is
through V=R, T processes or through eq 14. In the gas phase at
000 1 1 1 1 295 K the V-V equilibration is about 2 orders of magnitude
7000 020 040 060 080 1.00 fastgr than V-R,T trans_fer. . L
Time-dependent studies of energy transfer in cryogenic liquid
2 solutions such as MAr and M—N, below 100 K have only
been done for excitation of vibrational fundamental and low-
energy combination bands and overtoffes® The solute M
refers to CH, CDy4, CO,, N2O, CO, and other small molecules.
We are not aware of kinetic studies of energy transfer in
cryogenic liquid solutions where high vibrational overtones are
excited. In the case of pure liquidxithe V—T relaxation time
is around 60 s becauseE is 2326 cm! and at 77 K, although
there are many collisions in the liquid, only a small percentage
of the collisions are energetic enough to produce- TV
relaxation. For solutions MN; the relaxation occurs mainly
through V-V energy transfer to the M molecule, followed by

0.80

0.60

max

0.40

0.20

0.80

0.60

max

0.40

020 V—T relaxation of M. The liquid Ck—N; study of Calaway
and Ewing® measured the relaxation of excited but did not
0.00 . . . . follow the IR emission from methane.
000 002 003 005 007 008 If it is assumed that in our study most of the energy of,CH
X (v = 6) ends up in the fundamentalsf and the gas-phase

2

Figure 6. Calculated product functiorg(x2)[1/(1 + t/2t)] (see text) me(ih'anl?]m II'S ado(;ated, (tjaqUIIIbrlum 13 Coglzd bek.the. key to
as a function of the mole fractiond) (solid line). The experimental explain the linear dependence &fax 0N (x2)“ In kinetics,

points are the full circles connected with broken lines. (Top) Calculated Usually the ordet/; appears as a result of a reaction similar to
and experimental results normalized to tBg. of pure methane. eq 13. At smaller mole fractions of methane equilibrium

(Bottom) Calculated and experimental results normalized toSthe reactions 12 and 14 will not be affected if ¢i$ replaced by
at 0.084 mole fraction. This was done to facilitate the comparison in Ay pyt equilibrium 13 cannot occur, eliminating any)2
two concentration regions. dependence

The sensitivity of the thermal lens technique represents a

To determine the energy-transfer mechanism for the liquid ! i |
remarkable improvement compared with our own photoacoustic

solution CH—Ar a time-resolved experiment needs to be done X
with a pulsed laser as the excitation source. On the basis of theMeasurements. Previousiye measured theA = 6) C—H
results, mechanisms of energy transfer could be proposed. InMethane overtone spectrum in liquid argon for a solution of
the absence of such a study, some observations can be mad@-1 Mole fraction. The detection limit was increased 100 times
with the present measurements. The téfimis dependent on ~ USiNg the thermal lens tech_mql_Je. Almost identical conS|deraf[|ons
the energy-transfer mechanism. Depending on the concentratiorfnance the photoacoustic signal and the thermal lens signal,
of methane, different mechanisms could become dominant, Put our comparison is with the cw acoustic method. The cw
The mechanism of energy transfer for methane below 3000 photoacoustic technlque that we used in the past requires finding
cm ! has been studied in the gas phas®. The following a resonant modulation frequency (kHz) that depends on the

equilibration pathway that involves the sequential flow of energy "@dius and length of the cell as well as the speed of sound in
has been proposed: Gfs) — CHa(vs) — CHa(2). the liquid solvent. It is not always possible to find the strongest

The pathway for vibrational energy equilibration begins with résonance in the range of frequencies that the lock-in amplifier
permits. If a pulsed laser is used with the acoustic technique,

CH,(vs) + CH, = CH,(2v,) + CH,; AE = —419 cmt Fhis Iimitatiqn does not apply. The_cw ther_mal lens tech_nique
is more flexible than the cw acoustic technique because if both
techniques use the same pump laser power, it is possible to

followed by increase the sensitivity of the thermal lens technique by
decreasing the size of the pinhole or decreasing the modulation
CH,(2v,) + CH,== 2CH,(v,); AE= -5 cm® (13) frequency. Use of argon as the solvent enhances the thermal
lens signal because the excited sample molecule can only
and the equilibrium transfer energy to translational motion of the solvent.

CH,(v,) + CH, = CH,(v,) + CH,; AE=227 cm* (14)  ©- Conclusion
A dual-beam thermal lens technique has been used to obtain
occurring on roughly the same time scale as that for the the absorption spectrum of thA4 = 6) C—H stretch of liquid
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methane and methane in liquid argon solutions. The lowest  (7) Hu, C.; Whinnery, J. RAppl. Opt 1973 12, 72.

concentration detected wasd110-3 (mole fraction) of CH in (g) YVhi””ErvaJ; ';IACC,- hc_hﬁn_“-l Fﬁﬁf%‘_‘ 7|\'A22;5-Ch_ Actalos
liquid Ar. Thermophysical properties of the solution qualitatively 115(4)0{“""5& 3, T.; Miyaishi, K.; Ishibashi, Nanal. Chim. Actal98Q

explain the magnitude of the signal as a function of the mole (10 Harris, 3. M.: Dovichi, N. JAnal. Chem 1980 52, 695A.

fraction of methane but not the details at mole fractions below  (11) Fang, H. L.; Swofford, R. LUltrasensitve Laser Spectroscopy

0.1. The gas_phase mechanism of energy tra’ﬁ%f&om Kliger, D..S., Ed.;- Academic Press: New York, 1983; p 176. )

vibrationally excited methane could in principle be used to A (12)'B|al_kom./sk|, S. EPhotothermaI Spectroscopy Methods for Chemical
. L . . . nalysis Wiley: New York, 1996; p 390.

explain qualitatively the magnitude of the signal as a function 13y Bjunt, v. M.; Cedén, D. L.; Manzanares, C. Bol. Phys 1997,

of the mole fraction and its linearity with the square root of the 91, 3.

mole fraction. A time-dependent study is needed to find the  (14) Manzanares, C. E.; Mina-Camilde, N.; Brock, A.; Peng, J.; Blunt,

mechanism of energy transfer in the liquid. We are currently V- M. Re. Sci. Instrum 1995 66, 2644.

. . . . _ (15) Tam, A. C.Rev. Modern Phys1986 58, 381.
doing more experiments in the regiop = 0.01-0.1 to (16) Patel, C. K. N.: Nelson, E. T.; Kerl, R. Bature 1980 286, 368.

determine if the present results are general or if it is dependent  (17) Ramaprasad, K. R.; Caldwell, J.; McClure, DI&rus 1978 35,
on the particular conditions of laser power, temperature, and 400. _
modulation frequency under which the results were obtained. (18) Bulanin, M. O.J. Mol. Struct 1973 19, 59.

Detection of the overtone spectrum of methanegat 1 x ggg ::8:22;2'L"'w@é"'i%ﬁ%%é?f 3‘0641'
1072 indicates an absorptiom,) of approximately 3x 1076 (21) Heller, W.J. Phys. Chem1965 69, 1123.
cm~1 or an absorbancenk,l) of 3 x 1075 (22) Heyes, D. MJ. Chem. Phys1992 96, 2217.

(23) Mikhailenko, S. A.; Dudar, V. G.; Derkach, V. N.; Zozulya, V. N.
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