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Collisional line-broadening in far i.r. induced dipolar absorption

MyroN W. Evans*
Physical Chemistry Laboratory, South Parks Road, Oxford, OX1 30Z

(Received 6 November, 1975)

Abstract—The J-diffusion model [10] is used to broaden the set of J— J+2 line absorptions evolved
from bimolecular quadrupole-induced dipolar absorption theory [S, 6] in non-dipolar linear (and
symmetric-top) molecules. By progressively decreasing the characteristic time (7) between pertubing
events (assumed to be instantaneous encounters) a broad band absorption is generated from the
original far i.r., J—J+2 delta functions. The model is used to compute theoretical absorption bands
for compressed gaseous and liquid nitrogen and for liquid cyanogen ((CN),). These are compared with
the experimental data of BosomworTtHr and Gush [1] and of Jones [21] for N,(g) and N(l)
respectively. Effective molecular quadrupole moments are derived from each curve fitting. The poor
agreement between model and observed absorptions in (CN), (1) emphasizes the need, in condensed
phases, to account for the intermolecular mean squared torque, which the J-diffusion formalism

ignores.
INTRODUCYION

The absorptions of non-dipolar, linear molecules in
the compressed gaseous and liquid phases observed
[1-4] in the last few years in the far ir. (2-
250 cm™) have been treated usually in terms of
bimolecular collisions [5, 6]. A dipole moment is
induced in one molecule by the electrostatic field of
the other and is modulated by the latter’s rotational
motion, the effects being mutual. The field is con-
veniently expanded in terms of point multipole
moments [7], the first and dominant of these being
the quadrupole (Q) term. It is a consequence of
the tensorial nature [7] of Q that the subsequent
theoretical spectrum consists of a series of line
absorptions, spaced at intervals of 4B, correspond-
ing to J—J+2 transitions. Here B is the linear
molecule’s rotational constant, and J the rotational
quantum number. .

However, the observed absorptions are broad
bands, indicating that the translational, or colli-
sional, widening of the proposed J—J+2 lines
must be taken into account. This paper aims to
treat this perturbation simply, in terms analagous to
those of Gorpon’s [8] J-diffusion model. The
molecules are therefore considered to undergo
periods of free rotation interrupted by instantane-
ous events (“collisions’’) which cause the magnitude
of the angular momentum vector to be randomized
onto a-Boltzmann distribution and its orientation to
be completely randomized. A collisional event is
assumed to occur at an average rate T~ ', where 1 is
the mean time between events. Since each colli-

sional event destroys all correlation in the angular
momentum of the molecule, the angular momen-
tum correlation time is 7. In our case these events
naturally cause the induced absorption observable
in the far ir. A disadvantage of assuming instan-
taneous collisions is that the behaviour of the com-
puted spectrum at short times (high frequency) will
not be realistic [9] in the sense that spectral trans-
parency at high frequencies is reached too slowly.
This model retains also the disadvantage of point—
multipole-induced dipole absorption theory in that:

(i) an eigenstate of the interacting pair is taken
as the product of the eigenstates of the isolated
molecules. This is adequately correct only for a
purely central intermolecular potential U,, (R),
which can then be approximated by a Lennard-
Jones potential.

(ii) Three body and higher interactions are ig-
nored.

(iii) Short range interactions are not explicitly

treated.
The theoretical spectrum a(7) is derived below for

both linear and symmetric top molecules. Here, a
is the absorption coefficient per unit path length
(nepercm™") and # (cm™") is the wavenumber. This
is compared with the observed a«(#) for liquid
nitrogen and liquid cyanogen, (CN),. The former’s
geometry is much better suited to a point-multipole
field expansion, which may partly explain why this
model is more successful in describing the observed
absorption in liquid nitrogen.

Theory
*Present address. Edward Davies Chemistry These far i.r. absorption bands [1-4] have as-
Laboratories, Aberystwyth, SY23 1WE. sociated time correlation functions, given in general
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[10] by:

_ * . % o(w)dw
c= L exp “‘"”(47#) o(—exp (<hakTy) "

where o is the absorption cross section per
molecule, w is the angular frequency (2+ic), t the
time elapsed from an arbitrary initial t=0. The
absorption cross section o(w) is related to the
absorption intensity, which for each quantum tran-
sition in a bimolecular collision of non-dipolar
molecules is given by [5, 6]

4 3—’N2 o
= ’;;C p(f/)"' 47 R? exp (~Uaa(R)/KT
0

IAA

x L Kim|u** (R)fm)PdR  (2)
mymy
Where p(¥) is a Boltzmann distribution term, R is
the intermolecular separation, [im),|fm) are
rotational-type eigenstates for the pair, p**(R) is
the induced dipole moment, and N the molecular
number density.

The classical approximation to C(t) has the gen-
eral property [11] of being an even function in
time, and is also a solution of the integrodifferential
equation:

Ci= —J.!KO(I—T’)C(T’) dr’ 3)

(o]
where the set of kernels Ky(¢), ..., K,(t) obey the
set of coupled Volterra equations such that:

2 knt0=-] KK G- @
o]
with n=0,1,..., N.

The M and J diffusion models of Gornon [8]
and McCruna [12] have been simply and elegantly
rederived by BLiot et al. [13-15] by truncating the
series of Equations (4) using the hypothesis that the
reorientation of the molecular angular momentum
is instantaneous, and governed by a Poisson law:

Ko(t) = Ker () exp (—|t}/7) (5)

where Kpg(t) is associated via Equation (3) with
Cer (1) the correlation function for the contour of
the unbroadened line absorptions. Here, the
hypothesis (5) is applied to Cgg(t) derived from the
Equation (2).

The resulting spectrum «(¥) is related to an
effective quadrupole moment through Bucking-
ham’s [16] equation for the total dispersion, (go—
€o)-

For bimolecular, quadrupole-induced dipolar
absorption in linear, non-dipolar molecules, the

Evans

correlation function associated with Equation (2)
may be written [17] as:

Cer(1) 2% wao(ﬂ) cos 3t d)

(6)
where
A=[ fo(€2) dQ,
0
and
. [ Q _47ch
fO(Q)—<4'rch Q )
o8| i (e ) )
4kT\47Bc 4aBc

For non-dipolar symmetric tops [6]:

fi@)= Z [s(, K)erxp(_g(i_i)(ii))

K=y 4B 2/\4B 2
1 2
x[ i?“f(ﬁ,K)], %)
where
Ty =exp (—(A'=B)K*hc/kT);
{=Bhc¢/kT,;
and

Wv—2BRK—-1)(#—-2B(2K+1))
£(5, K) = X(?+2BRK+1))(r+2B2K—-1))

8B(#—2B)(7 +2B)

with }=2#xvc. In these equations, S(I, K) is a
nuclear spin weighting factor [3, 6], A’ and B are
the rotational constants, and K the projection .
quantum number in the molecule-fixed axis of the
total angular momentum quantum number J, the
latter being given [3, 6] by © =2B(2J+3).

Taking Laplace transforms of Equations (3) and
(5) yields:

C(p)=1(p+Ker(p+1/7)) (8)

where p is the Laplace variable and C(w), the
inverse transform of C(p), is a function related to
a{w). We also have

Cer(p+1/7)=1/[Ker(p+1/7)+(p+1/7)] (9)

and thus:

CFR(p+1/T)
- 10
CO =T A+ 1/n (10)
=Y Loy Ay
n=0T
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E from MacLaurin’s theorem. The inverse Laplace
transform of this series gives the perturbed correla-
tion function C,(1) directly as:

1
Cp(t):eﬂhl:cﬂz(t)*';
XI Cer(t—t)Cer(t)) dt
0
1( )
+—2J CFR(I—tl) dtl
T Jo
xj Cen(t -~ 1) Cen(t) iz
o
1 t
o, +—7J Cer(t—1,) dt,
T Jo
X,[ Cer(ti—t) dt, . ..
o

x J " Cor(tai— 1) Con () dtn] (12)
(¢]

which can be computed conveniently on a fast
machine.

_The perturbed spectral profile is proportional to
C(w), which is the Fourier transform of C,(). Its
calculation is greatly simplified because the kernel
Ky(t) has an exponential factor exp (—|t|/7)—the
fraction of molecules not having undergone colli-
sion at time t from an arbitrary initial t=0. The
interval = is real, positive, number such that the
poles of C(p) have a real, negative part, and:

C(w)=Real [C(p)],-iw (13)
=Real [C(iw)] (14)
Therefore, in Equation (11):
; -1
Clio) =T a9
Taking the Laplace transform of Equation (6)
gives:
C<p)=%L ;—fi%’zdn (16)
so that k
Cerlio + 77 ) =T+iA amn
with

T~1(02+w2+1_‘2) ]dn
Q-0+ 1P +40’

N, 0)= lJmf(ﬂ)[

>

e

(@ ~w’~177)

(P -w?+7 +40’7?

Alw, Q)=%J

0

f(ﬂ)[ ] dQ
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Taking the real part of Equation (15) gives:

(-7 'T)—7"'A

Clo) =
@) = T

(18)

The absorption coefficient is then given [16] by:

(80_' Em)wz

alw)= Clw)

19
n(w)c (19)
where n(w) is the frequency dependent refractive
index, and c the velocity of light. For quadrupole-
induced dipole absorption in pair collisions [16]:

16w,
i VO

(g~ €)=

X JmR_" exp (—Uasa(R)/KT)dR  (20)
0

with a, as the mean molecular polarizability and Q
the quadrupole moment. The integrals I' and A
can be evaluated numerically and both vanish as
w—©, The quadrupole in Equation (20) is re-
garded as the apparent value needed to fit the
observed integrated intensity.

DISCUSSION

The broadening of the individual J—J+2 ab-
sorptions is an important effect in the description of
these spectra, since the individual features have
been resolved only for H, [1] and for HCI and HBr
[18] in the compressed gaseous phase. Figure 1
shows how Equation (19) produces a function a(?)

il
50
Fig. 1. The first few J—J+2 transitions broadened by
Equation (19) for cyanogen (B=0.1571cm™') at
350K. (1) #=100ps; (2) v=35ps; (3) v=10 ps. Ordin-

ate Intensity (arbitrary units). Abscissa #cm™'.
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Fig. 2. An individual J—J+2 peak’s behaviour with

varying 7 for nitrogen at 76.4 K. From top to bottom:

7=100ps; 50ps; 20 ps; 10 ps;1 ps; and 0.1 ps. Ordinate
Intensity (arbitrary units). Abscissa ¥cm™'.

which simulates the broadening and eventual fusing
of the proposed J—J+2 lines in, for example,
cyanogen (B =0.1570 cm™"). A broad continuum is
reached at 7= 10 ps, which, according to simple
kinetic theory, corresponds to a mean free path of
about 38 A. Thus, according to this model, a
continuum absorption is reached before triple colli-
sions become significant. As r decreases from
100ps to 10ps the overall integrated intensity,
given by:

Ag= J a(v)dp
band

is conserved. Figure 2 illustrates the broadening of
a single J—J+2 transition in nitrogen (B=
1.993 cm™) at 76.4 K.

The calculated a(¥) of Equation (19) is matched
with experimental data for nitrogen in Figs. 3 and
4. Figure 3 illustrates the far i.r. band observed in
compressed gaseous nitrogen at 300 K by Bosom-
worTH and GusH [1], and superimposed is a(¥)
from Equation (19) with an angular momentum
correlation time of 0.4 ps [19). An effective quad-
rupole moment of |Q|=5x 107**Cm? was extracted
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Fig. 3. Absorption [1] of compressed gaseous nit-
rogen in the far ir. at 300 K. ———— Equation (19) with
7=04ps, |Q=5%10"*°Cm?  Ordinate Intensity

(10° cm ™! amagat™?). Abscissa p/cm ™.

from this curve fitting procedure using Equation
(20) for the effective total dispersion g,— &,. De-
spite the neglect of effects such as three body
collisions, higher multipole-induced dipolar absorp-
tions (involving J—J+4 absorptions), transla-
tional, and electronic overlap absorption [20], this
estimate of |Q| compares favourably with
KieLicu’s [7] collection of |[Q]=4.5-6.9x107*°
Cm’ taken from the results of techniques unrelated
to far ir. pressure-induced absorption. Therefore
this model is capable of giving a reasonably effec-
tive quantitative account of the absorption intensity
and bandshape in N,(g). Previous descriptions
[1-5, 17, 18, 20] have not included a mechanism of
broadening for the assumed quantized absorptions,
which have been left as a setof J=>J+n(n=1,2)
lines.

Equation (19) is less successful with N,(1) at
76.4K (Fig. 4). The calculated curve is for t=
0.1 ps and normalized to the a., of the observed
[21] band. The |Q] estimated from this normaliza-
tion is 3x 107*° C m?, a value significantly less than
that deduced from the gas phase curve fitting. This

0o orayg—
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Fig. 4.-Q- Absorption [21] of liquid nitrogen at 76.4K
—— Equation (19) with +=0.1ps, |Q|=3x10"*Cm’

Ordinate afneper cm™'. Abscissa Plem™?,
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apparent decrease in Q on going from compressed
gas to liquid is characteristic [2-4,6] when a
bimolecular model of induced absorption such as
this is used in a condensed phase. Therefore neglect
of line broadening in the previous studies is not the
cause of an effect which would be physically
meaningless if a pair of molecules were considered
in isolation. An explanation which has been offered
[3, 41 is the reduced efficacy of multi-molecular
coilisions in generating dipoles since the effective
electrostatic field on a central molecule would be
the resultant of the coordination number of sur-
rounding oncs, and not just the one as in the
bimolecular model. In liquid CO, [2] that part of
the induced dipole moment due to quadrupoiar in-
duction is effectively cancelled in the liquid, leaving
essentially the contribution from shorter-range in-
teractions.

Equation (19) is least successful with (CN),(1) at
301 K (Fig. 5) [4). There is a considerable dis-
crepancy in the observed and calculated frequen-
cies of the maximum absorption (7.,). This shift in
the observed 7,,, can reasonably be interpreted in
terms of the increased amount of shorter range
interactions in the liquid phase, where the torque
forces on a rod-like molecule such as (CN), will, a
priori, be substantially greater than those on N(1).
This is merely saying that collision interrupted free
rotation is not the case in the liquid phase of the
great majority of both non-dipolar and dipolar
molecules. Thus shifts between the gaseous and
liquid 7., (of rotational type far i.r. absorptions)
have been observed of 25cm™ in [2] CO,, 30 cm™
in [3] N,O, and 60cm™" in [22] propyne. The
present J-diffusion type model cannot move the
position of ¥, vecause the reorientation of the
molecular angular momentum is assumed to take
place during an infinitely short time, and it is thus
impossible to get any information about, or to take
any account of, the intermolecular mean square
torque (N?).

However, the continued fraction representation
of Equation (3) produces a hierarchy which im-
plicitly contains equilibrium averages, directly re-
lated to (N®) and its time derivatives. Therefore,
assuming [23] that in this representation the nth
order random force of the molecular interaction
process is governed by a Poisson distribution, a new
expression for C(t) and thus for a(d) can, in princi-
ple, be obtained which takes account of (N?) in
these non-dipolar liquids.

The problem of the resultant absorption intensity
would still remain, since there seems to be no easy
way of predicting the resultant field on the central
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Fig. 5.<O- Absorption of (CN),(1) at [4] 301 K.

Equation (19) with =0.1 ps; JQ| =9.7x10"%%¢.s.u. Or-
dinate a(v)/neper cm™ ', Abscissa 5/cm™*.

molecule. Hopefully the problem of bandshape can
be separated from that of the overall absolute
intensity of absorption, as in the theory above.
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