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EFFECT OF FOREIGN GASES ON IR ARSORPTION BANDS
OF POLYATOMIC MOLECULES

Key Words: Infrared, Absorntion bandshape, High
pressure, Cas mixture, Dinole correlation
function, J-diffusion model

N.A, Rorisevich, G.A., Zalesskavya
V.2, Lastochkina, T. Shukurov

Institute of Physics, RSSR Academy of Sciences
Minsk, USSR

ABS1RACT

The effect of foreian aases (He, Ar, N2 and COZ)
on IR vapour absorption bands correspondina to the vib-
rations of different symmetry is studied for some sym-
metric-and asymmetric-too molecules (chloroform, bromo-
form, trichlorethylene, chlorbenzene, naphthalene). It
is shown that rotational P-, 0- and R-branches collanse
and a sinagle structureless bandshape appears when fo-
reian qases are added at no more than 75 atm pressure
of CO2 or 175 atm of N2. A conclusion is made that the
contour variations in hiah pressure aas mixtures are sa-
tisfactorily internreted by the J-diffusion model, i.e.
these are related to an increase of hinderino of free
rotation at binarv collisions that chanae both the di-
rection and maanitude of the anoular momentum of mole-
cules. Difficulties apnear in the J-diffusion model
calculations of the whole ahsorption bandshane with
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one anqular momentum correlation time, Tys 85 with in-
creasina npressure the central nart and the winas of ab-
sorption bands may broaden in different ways. It s
shown that differences in a structureless absorption
hand contour for qas mixtures and solutions are attri-
buted not onlv to the different nature of the rotation-
al motion of molecules in these two cases but also to
the small contribution of the vibrational relaxation

to the contours of oas mixture bhands.

INTRODUCTION

The problems arisen in the last decades in modern
photophysics of polyatomic molecules, laser chemistry
and hioloay have initiated further active investiga-
tions of molecular relaxation processes by means of
the kinetic and traditional spectroscopy methods. The
molecular motion models sucgested to interpret relaxa-
1.2 are hased on the fol-
lowinag assumptions., A molecule underaoes only instanta-

tion processes in dense gases

neous collisions. The rotation of molecules hetween
collisions is free. The collisions chanae the direction
of the rotational annular momentum vector of a molecule.
Its magnitude either remains unchanaed (M-diffusion mo-
del) or chanaes followina the Maxwell distribution (J-
-diffusion model). At present the J- and M-diffusion
models are being cr1tisized3 since even the first at-
tempts to analyze the molecular rotation usina the vib-
rational-rotational contours of liquids and gases in-
volved difficulties in interpretina some experimental
results. It is most reasonable to use these models of
molecular motion for dense gases where, unlike condens-
ed media, the molecular interactions are more similar
to the instantaneous binary collision-induced disturb-
ance of free rotation,
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From the experimental results for vibrational ab-
sorption bands of small molecules, it was assumed for
a lona time that the contribution of vibhrational relaxa-
tion to the formation of vihrational-rotational con-
5. This was includ-

to analvze vibrational contours

tours of gases and vanours is sma1l4’
ed by the mode1s4’5
with the lifetime of the vibrational level assumed to
be infinitely high. New exnerimental data have excited
the discussion of the vibrational relaxation contribu-
tion to vanour bandshanes of polyatomic mo1ecu1es7’8.

In the nresent work, chanaes of IR absorntion
bands at increasina foreian qas pressures have been
studied for some symmetric- and asymmetric-ton mole-
cules with different inertia moments and, hence, with
different rotation sneeds. The chanae due to increas-
ina pressure are compared with the predictions of the
J- and M-diffusion models to estimate the collision con-
tributions to the contour transformation.

EXPERIMENTAL RESULTS

Spectra were recorded on the Perkin-Elmer spectro-
meter-180, with a spectral slit width no more than 0.5
cm']. Measurements were made in a special heated hiqh-
-pressure aas ce119. He, Ar, N2 and CO2 at opressures
up to 150 atm served as foreigqn aqases.

Isolated absorption bands corresponding to vibra-
tions with differently directed transition dipole mo-
ments along the molecular axes were chosen for study.
The chosen bandshapes were not distorted due to over-
lappina with other fundamental, combination or overtone
absorption bands. But additional low-frequency absorp-
tion due to "hot" transitions appeared within the con-
tours of the majority of bands. A thorouah analysis of
the investigated absorption bands of chlorbenzene, chlo-
roform and bromoformw’12 did not exhibit distortion of
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the central part of the contour by "hot" transitions.
For the naphthalene absorption band (“max= 1011.5 cm'])
at T=423 K the high-freauency half of the contour was
analyzed to eliminate the distortinag effect of “hot"
transitions.

Fiacure 1 illustrates area-normalized contours of
the vaoour absorption bands of several substances at
different pressures of Nz. A11 bandshanes are characte-
rized by the followino drastic chanaes observed at in-
creasing nressure of foreian aases.

(1) At increasina pressure of NZ’ the structure of
rotational branches underaoes substantial chanaes. This
includes chanaes in the maxirum-intensity ratios, 0-
-branch broadenina and R- and P-branch smoothing of pa-
rallel and auasi-parallel bands. As a result, the rota-
tional branches overlap still more since pressure in-
creases and form a sinole contour for the majority of
the bands at N2 pressure of 150 atm.

(2) The verpendicular bhands of svmmetric-top mole-
cules underao much smaller chanaces than the narallel
1,3 when foreian aases are added. At initial
pressure increase, as is seen from the chloroform ab-
sorption band (Fia. 1) the traces of rotational bran-
ches, if these occur at all, are smoothed, the band
widths beinag almost invariable. A subsequent pressure
increase may inconsiderably narrow the band (2 cm']).
Similar chanaes are observed in the R-type bands of
asymmetric-top molecules. In the test pressure ranae,
the dio vanishes at the centre of the trichlorethylene
hand, and the contour with a single maximum is formed,.

(3) The disturbina effect of He and Ar in manv
cases proves to be weak. The addition of an and N2 in
eoual oronortion yields similar but stronaer chanaes of
vibrational-rotational contours. Thus, C02 of 75 atm
pressure has always produced stronaer contour transforma-

ones
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Fia, 1. IR absorntion bands of vapours mixed with N2

(area-normalized): a, bromoform at T=353 K:
» chloroform at T=298 K; ¢,d, trichlorethy-
lene at T=298 K: e, nanphthalene at T=423 K:
f, naphthalene at T7=348 K.
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tion, as comnared to maximum N2 pressure amountina to
175 atm. It should be noted that considerable npressures
of NZ‘ Ar and He in all cases have imoroved the contour
svmmetry. Put several abscorntion bands of chloroform,
bromoform and chlorbenzene mixed with an are at the
same time characterized with the additional hioh-frequ-
ency asymmetrv caused by increasina ahsorption, This
asymmetry is also tynical of the absorntion bhandshanes
of diluted solutions of these comnounds,

(4) No shift of the band maxima is observed throuah
the entire pressure ranae of He, Ar and NZ Cnly the
maximum of the chloroform absorntion bhand (v '3034 5

) is shifted to the high-freauency side when C02 is
added. For a non-dinole nanhthalene molecule, the fre-
ouencies of maxima of the absorption bands of vapnours,
their mixtures with foreian nases and solutions in neut-
ral solvents nractically coincide., Some of the studied
absorntion bands of vapours and their mixtures are
shifted relative to the solution absorntion bands to
the hioh-freauency side. Thus, for the ahsorption band
of chlorbenzene with Voax - 1025.5 cm'1 this]shift, as
compared to the solution in CCl,, is 1.5 cm 3  for
the ch1o;of0rm absorption band with vmax= 3n34.5, it is
14.5 ¢cm and for the bromoform ahsorntion band with
Vpay - 3048 em™?, it is 18 em”!

(5) Structureless, continuous contours of linhter
molecules (CZPC13, CHCY,, CHBra) that annear in hiagh
pressure gas mixtures annroach the sclution contours
in their half-widths. Continuous absorpntion bands of
naphthalene mixed with foreian gases are still much
wider (by a factor of 4-5) than those of the solution.
But in all cases the shapes of the structureless vanour
contours differ from the apnronriate solution absorp-
tion bands.
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(6} No chanoe in the intearated intensity of the
absorption bands of mixtures are observed throuahout
the test pnressure ranage of foreigqn aases.

RESULTS AND DISCUSSION

The theoretical methods to calculate the dipole
correlation functions (DCF) or directly the contours of
vibrational-rotational absorption bands are proposed in
1’2. The latter anproach is more obvious althouagh it is
used more rarelv than the former to compare theoretical
and exnerimental data. Both anproaches are employed in
the present work,

The mathematical representation of the J-diffusion
model for a svmmetric-top molecule was made in ]4’]5.
The J-diffusion model calculation of the dipole corre-
lation function CJ(t) was performed by the followinag
formula involvinag numerical evaluation of the multiole

intearals as:

t
. By § Lon ]
Cy(t) = exn(= 1) [ " L I ¢ (t-t, )dt
n= 0
tn t3
x J co(tn-tn_l)dtn_i'{ Colta-ty)dt, x
0 o]
*2
x Jo €, (t,-t;)C, (t;)dt,) (1)

where T is the anqular momentum correlation time, i.e.
the time for which the ancular momentum oreserves its
direction and maanitude. In (1) and below, the reduced
times obtained by multiplying by (kT/I)”2 are used.
The dipole correlation function Co(t) for a freely ro-
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tatina symmetric-ton molecules is defined hy the follow-
ing exm'ession]6 anplicable for the parallel hand case:

Co(t) = %(h+1)1/2 cnse(za*zs) (2)
where
! 2
- 2y, -58/2 2 _ ottt
2, I_1 (1-x")u (u-t" Yexo( 2u)dx .
.2 1/2 2 =1 1/2,
2, = a(1-a) - 33/2)s1n a :
a = |b] at b<0 ;3  u =1+ %bxzz
1
b = - 1.
n
In 9‘10. account is not taken of the possihble rela-

tionship between the vibrational and rotational angqular
momenta, Therefore, the nronosed model for rotational
motion can be applied only to analyze narallel band con-
tours. The dipole correlation function for pernendicu-
lar bands of freely rotating symmetric-top molecules is
calculated by the formula allowina for the first-order
Coriolis counlina constant, ;,17 in the exnression for
Co(t). _

Fiaure 2 shows nredicted C,(t) and exoerimental
C{(t) obtained bv the Fourier transformation of the an-
nrooriate absorntion bandshanes of mixtures

C(t) = { I(v)cos 2m(v-v,)tdv

where v are the vihrational-rotational frequencies of
a aiven band, Vo is the vibrational transition frequency

and f(v) = 1) .
J1(v)dv
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Fia. 2. Exnerimental and nredicted correlation func-
tions: a, exnerimental function for the ab-
sorntion band of pure bromoform vanours (“max=

=3048.5 cm-1)(1); nredicted function for free
rotation (2); for vanours mixed with N, of 75

atm (3); function nredicted by the Jd-diffusion
model (x); h, experimental function for the

absorntion band (vmax=1ﬂ11.5 cm'1) of pure

nanhthalene vancurs (1); theoretical function
for free rotation (2); for vanours mixed with
Cﬂz of 95 atm (3); function predicted by the
Jédiffusion model (x).

Fiqure 2a demonstrates a chanae in the rotational
motion of hromoform about two eauivalent axes nernendi-
cular to the third-order symmetry axis when N2 of 75 atm
is added. Curve 1 shows the dipole correlation function
of the absorption kand of nure bromoform vaobours, curve
2 aives the theoretical dipole correlation function for
free rotation calculated by formula (2) and curve 3 is
a plot of the experimental dinnle correlation function
of a mixture. Crosses at this curve indicate the values
predicted by the J-diffusion model. “hen a foreian cas
ijs absent, the dipole correlation function is similar
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to the one for free rotation and slowly damps at 1lona
times. In low-pressure vapours, unlike the solutions,
the rotation slightly disturbed as comnared to the free
one is predominant in the absorotion band contour forma-
tion, It has apneared that the theoretical dipnle cor-
relation functions nredicted by the J-diffusion mode)
well coincide with the exnerimental ones for hiah-pres-
sure mixtures and somewhat worse for low-pressure ones
when the 0O-branch contritutes much to the abscrption
hand contour.

Fioure 2b illustrates a change in the rotational
motion of nanhthalene about the nerpendicular axes B
and C of the molecule when C02 at 95 atm is added. The
A-type absorntion hand is considered as a auasi-paral-
lel one for a symmetric-ton molecule since the nanhtha-
lene molecule is a heavv ton with a small asymmetry
parameter ¢ = (2R-A-C)/{A-C) = -N.69., In these cases,
the asymmetry sliahtly distorts only the central nrart

18. Theoretical and ex-

of the absorption band contour
nerimental dinole correlation functions are in cood
aareement over the entire pressure ranane of a mixture

with CO2 (n-95 atm).

The Fourier transformation of the theoretical cor-
relation functions relates the intensitv distribution,
I(v), in the vibrational-rotational absorption band
contour both to the molecule narameters and to the time
between molecule collisions as:

IJ_M(“) = J CJ.M(t)cos 2rvt dt . (a)
0

However, calculations of the absorntion bandshapes with

the J-diffusion model were more conveniently carried

19

out using the exnressions which reauire small comput-

er time:
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]‘< v) = A(v)[1- BP(V)I'Bg (v) (5)
| [1-88(»)]% + 8R°(v)
where
A(v) = I exn(-et)co(t)cos 2nvt dt,
0
g(v) = J exn(-Bt)Co(t)sin 2nvt dt, g = }5 .
n

The theoretical contours nredicted bv formulas (4) and
(5) oractically coincide.

In Fia, 3, the values of IJ(v) obtained by the J-
-diffusion model with due reaard for the 0-1 transition
hand contour of the considered vibration are plotted on
the observed spectra of the absorption band (v max =1025.5

) of chlorbenzene mixed with araoon. At low nressures
of Ar, the bandshanes bnredicted bv the J-diffusion mo-
del satisfactorily disnlavy the variations of the contour
but do not point to strong changes in the O-branch re-
gion. In the case of 140 atm, the agreement with the
observed contours is improved in the vicinity of the
band maximum as well as on the low-freauency wing since
with increasing foreian gas pressure the absorption
band becomes more symmetric. The absorption band con-
tours of chlorbenzene in argon at 140 atm are compared
with those predicted by the J- and M-diffusion models.
The calculation results obtained in terms of these mo-
dels must approach when free rotation times are long.
However, the contours predicted by the J- and M-diffu-
sion models diverge for the test mixture, for which
T, ranges from 4,16 to N.96. At 1J=0.96, this fiaure
displays better representation of the absorption band
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Fia. 3. Spectroscopic records of the absorntion band
of chlorbenzene vapours (1) and of vapours
mixed with Ar of 40 atm (2), 80 atm (3) and
140 atm (4); 2', 3', 4', mixture absorption
band contours predicted by the J-diffusion
model; 4%, by the M-diffusion model.

contour by the J-diffusion model than by the M-diffusion
one.

The calculated values of IJ(v) for the perpendicu-
lar absorption band of a symmetric-top molecule, includ-
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ina the Coriolis counlina constant,;,17are nlotted on
the observed absorption hands (vmax=122ﬂ cm'l) of chlo-
roform mixed with N2 (Fia. 4). In the vhole oressure
rance, the absorption band contours predicted bv the
J-diffusion model at z=N".96 satisfactorily disnlay
small changes of the band. The renion of the band maxi-
mum chanages with increasino pressure more slowly than
it is nredicted by theorv. Under the same pressures,
the pernendicular bands of chloroform and bromoform, as
comnared to the narallel ones, are much less affected
bv foreian oases.

The results ohtained show that in the test nres-
sure ranae the hindered rotation in dense aases is sa-
tisfactorily specified bv the J-diffusion model. How-
ever, the calculation of the whole contour usina Ty
alone is often difficult, The hiah- and low-freaquency
band winags are known to result from the "hot" molecule
absorotion, i.e. the hand winas are formed due to radia-
tion absorotion by the molecules at hioh-lyina rotation-
al levels. The central part of the band developns due to
absorntion by "cooler" mo]eculeszo. Therefore, the cen-
tral nart of the band and its nerinherv, as is shown
in21, may broaden with increasinn oressure in different
wavs because of different rotational relaxation rates
of molecules narticipatina in the hand winas.

The calculations yield such an important parameter
as the anaular momentum correlation time, Tys that cha-
racterizes the channes in dynamics of the rotational
motion at increasino nressure. The values of Ty aivine
the best coincidence of the theoretical and exrerimental
results obtained by formulas (1) and (5) may be inter-
nreted as mean free rotation time at a aiven pressure.
On the other hand, if the cross section of the colli -
sions interruntina free rotation is close to the aas
vinetic one, then the values of L must correlate with
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Fiq. 4. FExperimental and nredicted absorntion band
contours of chloroform mixed with NZ'

mean times between the collisions in a cas mixture
Taas kin® 1/2 where z is the number of collisions ver
unit time. The values of T and Toas kin {(Table 1) are
in acod aqreement, and the collision efficiency, € , is
close to 1, which is consistent with relatively strong
collisions in a aas mixture,

The values of T, 3re a measure for diffusion steps.
From the data nresented it follows that already at short
free rotation times corresnondina to hiagh onressure mix-
tures the molecules freely rotate throuah larae andales
between collisions. Thus, for bromoform mixed with N2
of 175 atm, the time of free rotation about the axis
perpendicular to the third-order symmetry axis is 0.8
of the mean rotation period, despite highlv hindered
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Table 1

Anoular Momentum Correlation Times

T
Mixtures P,atm < T . €= —_
J aas kin Tqas Kin

Bromoform + N2 22 £ 4.6 1.3

50 3.57 2.68 1.3

72 2.40 1.16 2.0

175 n.99 n.68 1.45

Chlorbhenzene + Ar an 3.17 4,16 0.76

gn 1.58 2.56 n,62

120 1.n5 1.82 0.62

140 0.90 n.96 0.93

Maohthalene+ COZ 30 €.N0 4.40 1.36

63 1.60 1.39 1.15%

95 n.84 n.92 0.91

rotation displayed in a decrease of the anqular momen-
tum correlation time up to 1 nicosecond.

For the contours of the perpendicular absorption
bands of symmetric-top molecules, the intramolecular
free rotation disturbhances induced by the Coriolis
forces nrove to be predominant in the contour develon-
ment and successfully compete with external disturbances
due to collisions. Hence, the shapes of different per-
nendicular bands stronaly depend on the Coriolis coupl-
ing constant, z, and sliahtly vary as T decreases from
5 to 1 with increasino nressure of a foreian aas.
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The results obtained show that the effect of 1in-
creasinag nressure of foreion nases on the band nrofiles
is a result of transition from the free ouantum rota-
tion in vanours to the hindered one in comnressed aas
mixtures. The vibrational relaxation in the time ranae
un to 5-6 nicoseconds nroves to be insianificant, i.e.
it does not contribute much to the formation of the
most nart of the analvzed contours which extends from
the winas uo to v .+ 2 em™'. In the finvesticated
pressure range, the contour transformation does not thus
involve chanaes in the intearated intensity of absorp-
tion bands.

The analvsis of some ahsorption bandshapes in so-

22-24 shows that their differances from the

Tutions
structureless, continuous contours of aas mixtures are
attrihuted to various relaxation nrocesses which form
the contours in two aacarenate states. In a liouid nhase,
the molecules are characterized not only by another
mode of molecular motion - reorientation, when the ro-
tation anale at each sinale sten is small and does not
exceed several dearees, hut also by more hiah vibration-
al relaxation rates than reorientational ones. As is
shown in 22'24, for neutral solutions of bromoform and
nanhthalene, this is why in solutions the vihrational
relaxation process is resnonsihle for the most nart of
the width. Thus, for the absorntion hand (“max =1n11.5

cm-]) of naphthalene solutions the vibrational nart of
the width A“vih is 2 cm'1, for the band Voax 782 cm']
it is 3 cm'1, for the absorption band of bromoform so-
lutfons v =3020 ¢n”' §t 45 11 cn', the comnlete band

widths heina 3.8, 5 and 16 cm'1. resoectively. Note

that A“vib obtained for solutions cannot be used to

evaluate a vibrational broadening of the annropriate
vapour bhands. Laraqge vibrational widths of liauid ab-



04:15 30 January 2011

Downl oaded At:

IR ABSORPTION BANDS 1007

sorption bhands are , to a considerable extent, attri-
tuted to additional channels for intermolecular relaxa-
tion nrocesses, hoth nhase and enerav, observed in a
liauid phase hut absent in a vanour.

Thus, for the vanonurs and their mixtures with fo-
reian aases at nressures no more than 200 atm the ro-
tational relaxation is the dominatina nrocess that is
responsible for the form of wide structureless absorn-
tion bands. The vibhrational relaxation in these cases
is 2 slower nrocess and within a time ranaoe of several
picoseconds is insianificant for the vibrational-rota-
tional band,
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