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The spectra of chlorotrifluoromethane (CCIF3z) have been taken in the region 2-100 cm~! at
pressures of 1.0-147.7 bar, and in the liquid phase. In all cases, the pure rotational envelope is
dominant, suggesting that, even in the liquid, the molecular dynamics are those of collision-inter-
rupted almost-free rotation. Mean times between collisions have been estimated by comparing
vectorial correlation functions derived from the experimental data with those predicted by McClung’s
extended J-diffusion model. The higher frequency parts of the bands observed have their origin
in collision-induced dipolar absorption, which has been quaatitatively treated using equations for
multipole-induced dipolar absorption in bimolecular collisions derived from Frost’s general theory
for symmetric top molecules. Using these equations, an approximate value for the guadrupole
moment (|Q]) of 11 x10-*° Cm? has been estimated from moderately low pressure data. The
value of |Q| = 6x10-*° C m? obtained in the same way from the liquid and highly compressed
gaseous data reflects inter alia the loss of validity of the bimolecular collision model and of the point
multipole expansion of the molecular field when the mean distance travelled between collisions is
of the order of the molecular van der Waals diameter. This last point is illustrated using a local
charge basis for the field in the near neighbourhood of a molecule.

This work aims to study the contribution of collision-induced dipolar absorp-
tion to the observed far infra-red spectrum (3-100 cm—1) of the symmetric top mole-
cule CCIF; in the compressed gaseous and liquid states. One way of elucidating
molecular rotations, hindered or otherwise, in the fluid is to observe the effect on the
pure rotational envelope of increasing the molecular number density so that two body
and higher order collisions become statistically significant. The envelope then
acquires a high frequency tail, which is the spectral consequence of a collision-induced
dipolar absorption, in addition to that of the permanent dipole. This tail is the result
in the frequency domain of significant collisional damping of the free rotational
motion in the time domain.

The induced dipole can be evaluated using Frost’s theory ! by expanding the field
of the one molecule at a second in terms of its point multipoles assuming the following.
(1) An eigenstate of the interacting pair is taken as the product of the eigenstates
of the isolated molecules. This is adequate only for a purely central intermolecular
potential U(R), which can then be approximated by a Lennard-Jones potential. ‘
{(2) The centre of mass motion of each molecule in a pairwise interaction is treated
classically, with each molecule at rest, so translational absorption is ignored.

* present address : Physical Chemistry Laboratory, South Parks Road, Oxford OX1 3QZ.
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1276 INTERMOLECULAR DYNAMICS OF CCIF,

It is possible to determine an apparent quadrupole moment for the species involved
if the induced dipolar absorption intensity is measured experimentally. For this
particular molecule, the order of magnitude contribution of octopole-induced dipolar
absorption can be estimated, using a literature > value for ©, the octopole moment.

When the molecular number density reaches that value at which the proportion of
three or more body collisions is significant the bimolecular collision model becomes a
poor approximation, a circumstance reflected in the apparent drift in the quadrupole
moment estimates.

This particular molecule is chosen because :

(@) its pseudo-spherical geometry is such that a Lennard-Jones form for U(R) is a
fair approximation ;

(b) a low dipole moment means that the permanent dipolar contribution will not be
overwhelming 3 ;

(¢) its critical properties are such that the gas can be conveniently compressed to
liquid-like densities ;

(d) of its chemical inertness.

EXPERIMENTAL

The spectra have been obtained by Fourier spectrometry 46 with two interferometers.
The region 20-100 cm™—* was covered with a resolution of 4 cm™! using amplitude modulation
of the radiation reaching a Golay SP16 pneumatic detector. A commercially available
interferometer was modified to cover the spectral range 2 to 31 cm~!. The air-cooled
lamp-housing was replaced by a more efficient water-cooled unit and phase modulation was

incorporated.5 7 During the period when the experimental observations were being made -

the apparatus was left permanently switched on to ensure maximum stability, These
measures improved the quality of the results.

For the range 2-31 cm~* a Rollin-InSb, liquid helium-cooled detector ® was employed
together with a 4 mm black-polyethylene filter. Signal-to-noise ratios as great as 10 000
were obtained, while the reproducibility of three consecutive runs was estimated to be of
the order of 0.1 9. The resolution was usually 2 cm~?!, and 0.5 cm™?! for the data at 1 bar.

Three sample cells of different path lengths were used. The high pressure and liquid
spectra were taken in a variable path length, high pressure cell ® with 7 mm Z-cut crystalline
quartz windows. To avoid spurious effects arising from refractive index differences, these
spectra were obtained by taking the ratio of the mean of several long path length interfero-
grams to that of the corresponding short path length ones.

The data at 4.4 bar, 288 K were collected using a 137.6 mm high pressure gas cell de-
signed and built by Mr. Harold Jolley at the Edward Davies Chemical Laboratories,
Aberystwyth. This cell fits the *“ module H > of the N.P.L./Grubb-Parsons cube interfero-
meter and is itself of modular construction so that different path lengths may be employed.
It consists of a 12 mm o.d. gold-plated copper light pipe embedded in a stainless steel sur-
round, with a similar light cone leading to the detector. Variable thicknesses of quartz,
TPX, or polypropylene windows may be employed as the spectral, pressure, and energy-
throughput characteristics demand. Thermocouple posts are drilled at intervals in the
stainless steel body to within a millimetre or so of the working surface. This section is
linked to a stainless steel sample drying chamber containing pre-baked type-3A zeolite.?

The spectrum at 1 bar, 288 K was taken with a 0.5 cm™! resolution using a 260 mm
length of glass tubing attached to the * H-module ”. No attempt was made to remove
traces of water vapour, because of the relatively weak absorption of the latter in this region.

The nominal purity of the commercial sample (Matheson) of gas used was 99 % w/w min.,
having the following specified '® impurities : moisture 10 p.p.m. w/w ; high boilers 0.05 %
(by vol.); air (vap.) 1.0 % (by vol.); acidity nil. The moisture content of the gas sample
was kept low by several freeze-pump-thaw cycles wherein the gas was frozen onto the zeolite

using a solid CO; or Ny(1) slush bath, any volatiles remaining being pumped off to about
10-2 Torr,
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The noise scatter of the Golay detector between individual runs is the cause of a + (2-5)%,
uncertainty in 4; = J a(¥) dv. Contributions to the uncertainty in the estimated
band

molecular number density (N) are listed.

(i) The necessity of heating the cell to well above the critical temperature (301.9 K) in
the runs where the critical pressure (38.2 bar) was exceeded. This results in a slight tem-
perature gradient between the front and back windows. The mean measured temperature
has uncertainty limits of about + 1.5 % on the Kelvin scale.

(ii) The pressure, as monitored by a Budenberg gauge, was constant to about 4 0.3 bar
once equilibrium of the cell heating systems was obtained (ca. 4 h).

These factors results in a total estimated uncertainty in N of about +3.5 ¥%.

The liquid density was estimated using the molar refraction equation via accurate
refractive index data.!!

RESULTS

The spectra of the compressed gas, from 1.0-147.7 bar, are illustrated in fig. 1 to
3, together with that of the liquid at 288 K. Immediate observations are summarised
in table 1.
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Fic. 1.—Power absorption coefficient of CCIF; at low pressures. ¢ = latm, 288K; 0 =
4.4 atm, 288 K. The vertical lines give the frequencies and relative integrated intensities of some
of the pure rotational (J — J+ 1) transitions up to J = 150.

TABLE 1.-—PRESSURE DEPENDENCE OF THE FAR INFRA-RED ABSORPTION IN: CCIF;

pressure/bar temp. /K comTJ};g;ls.ilbzility 1021 Nfem~3 Vmax/cm~! amax/neper cm~!  Ag/neper cm—2
1.0(0) 288 0.98 0.02(6) 12.5 0.05 0:59:
4.4(2) 288 0.96 0.11(7) 12.9 0.26 3.01
40.4. 323 0.63 1.46 13.3 2.53 53.(7)
67.7 323 0.34(5) 4.46 133 6.23 162.(3)
104.3 323 043 5.51 13.3 6.97 186.(0)
147.7 323 0.56 5.99 13.3 7.40 212.(4)

liquid 288 — 5.28 13.0 7.60 222.(6)
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F16. 2.—Power absorption coefficient of {CCIF; at high pressures. Curve 4, 40.4 bar and 323 K ;

curve 3, 67.7 bar and 323 K; curve 2, 104.3 bar and 323 K; curve 1, 147.7 bar and 323 K.

The vertical solid lines give the frequencies and relative integrated intensities of some of the quad-

rupole-induced (J — J+2) transitions. The vertical dashed lines give the frequencies and relative
integrated intensities of some of the octopole-induced (J — J+3) transitions.
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Fi1G. 3.—Power absorption coefficient of liquid CCIF; at 288 K.

The bar spectra in fig. 2 show the frequencies and relative integrated intensities
of some of the quadrupole induced (J — J+2) and octopole-induced (J — J+3)
transitions at 323 K.

EVALUATION AND DISCUSSION OF RESULTS

As the aim is to extract information on the molecular interactions and dynamics
it is appropriate to describe the response of the gas/liquid system to an external
electromagnetic perturbation in terms of the transition dipole moment and related
features. The response of the system, measured as an absorption coefficient is
directly related by Fourier transformation to the change of the statistical average of
the transition dipole moment with time, so that, according to Gordon '* the complex
dipole correlation function C*(r) is given by :

e o]

CX(f) = (P(0) - P(1)) = j I(%) exp(2nivct) dv RO

—a
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where
3hn(v)a(v)

16n*(1 —exp(— hic/kT))V

Here, P is in general a first order Legendre polynomial, a(v) is the frequency dependent
refractive index, a(v) the absorption coefficient, i the frequency in wavenumbers.

An expression for the real part of C*(¢), taking account of the *“ dynamic *” Onsager
internal field, has been obtained recently by Gerschel er al.'® (their eqn (11)) and this
has been used to compute normalised dipole correlation functions from our (a(v), ¥)
data (see fig. 5).
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FiG. 4 —Theoretical *® vectorial correlation functions for CCIF; at 288 K. From top to bottom,
the curves are for values of 77, the mean time between collisions, of : 0.2 ps, 0.3 ps, 0.4 ps, 0.9 ps,
3.0 ps and 7y — oo (free rotor), respectively.
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F1G. 5.—Some representative, experimental vectorial correlation functions for CCIF;. From top
to bottom : liquid ; gas at 67.7 bar and 320 K ; gas at 40.4 bar and 320 K.
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The experimental data are now in a form more suitable for direct comparison with
theoretical vectorial correlation functions computed from specific models of the
intermolecular dynamics such as the extended J-diffusion model of McClung !¢ for
the collision-interrupted free rotation of symineiric top molecules. In the J-diffusion
model 17 the angular momentum of a rotator is randomised in both magnitude and
direction at every collision. No assumptions are made about the average duration
of a period of free rotation, whereas the diffusion equation is valid only if the average
duration of a period of free rotation is much shorter than the average time for com-
plete rotation of the molecule. Each period of free rotation is microscopically
studied in the extended ditfusion model ; inertial effects are therefore accounted for.
Eagles and McClung '8 have developed an efficient method of computing free rotor
memory functions and J-diffusion reorientafional correlation functions from the
associated memory functions. From a comparison (fig. 4) of the theoretical and
experimental functions, it is possible to estimate for each set of experimental data a
mean time between collisions (t,) and thence the mean distance travelled by a molecule
between successive collisions, from kinetic theory. The J-diffusion model has been
compared with the experimental function at three representative number densities,
giving mean free paths between collisions from kinetic theory as listed:

N/molecule cm~3 = 528 x 10%!; 4.46x10%*; 1.46 x 10%!
mean free path/nm = 0.1 (1.0A); 0.15(1.54); ~1.8nm (184).

The shorter mean free path in the liquid may be indicative of the greater probability
of triple and higher order collisions in the condensed phase, whereas in the more dilute
gas phase it is valid to use a model of almost exclusively bimolecular encounters.

It is interesting to note that the position of v,,, does not change significantly
between the dilute gas and the liquid, this being in contrast to a shift of 25 cm~! in
CO,,'? 30 cm~! in N,0,% and 60 cm~! in propyne 2° and in accord with a correspond-
ingly small shift ? for fluoroform. One conclusion that can be drawn immediately
from the present results is that the absorption process in the liquid is still dominated
by almost free rotation of the molecule. The barrier to rotation is small, the combina-
tion of molecular isotropy and low liquid density being indicative of a process of
collision-interrupted molecular free rotation rather than collision-interrupted libra-
tion.?! To test this hypothesis further, the short-time motion has been examined
using the rotational velocity correlation function !® defined as the negative of the
second derivative of the real part of C¥*(¢). Gerschel’s ' eqn (13) has been used to
obtain these functions from the experimental («(7), y) data; they are illustrated in
fig. 7 and 8. It is necessary to obtain the corresponding function for the free rotation
of a symmetric top molecule rather precisely in order that the extent of collisional
damping may be estimated by comparison.

In the free rotation of symmetric top molecules, the discrete expression for the
integrated intensity of the J — J+1 (AK = 0) allowed transition is 2°:

J 2 g2
A0 T+ = AL S S K K B Rk ()
K==-1J J+1)
where*
8z 20 o
Al J) = SheZ WAIH L —exp(—hev(N)[kT))

S(I, K) = 321+ D)(4I*+4]1+3) for K = 0,
= 327+ 1)(4I% + 414 3) for K # 0, K = multiple of 3,
= 327+ 1)(@I*+4I) for K # 0, K # multiple of 3;

* unrationalised units.
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E(J, K) = BJI(J+1)+(A—B)K?;
J
Z=73 3 g, Kexp(—E(J, K)/KT);

J K= -7
9(J, K) = QI+ 1S, K);
I = nuclear spin quantum number of the off axis nuclei.

Fromeqn 1, 2 and 3

e 3 s, 0 =K o~ EU, K)helkD).

P ST+
Defining C*(¢) by
C*(t) = R(t)+1iI(r)
we have the rotational velocity correlation function R{(t) as :

d2
R{(t) = ——(R(t
{0 = =33 (RO)
with
R() = 2[ I(¥) cos 2nict d.
0

Using (4), (5) and (6) one finds that :
w J p3 —(JA-B)K?h
RI1) o Y [su, K)<§E —2BvK2> exp (iTTD—C ﬂ x

0 K=-1J
Bhef v v
utied BRGNS PR sef) dv
exp( kT<2B 1) 2B> cos(2nvct) dv

where J in (7) is given by the integer (¥/2B—1).
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Thus we arrive at the ““ semi-discrete ” expression (7) which is that for the rota-
tional velocity correlation function of a Boltzmann weighted system of symmetric

fo()[fo(0)

time/ps

FiG. 6.-—Rotational velocity correlation functions for CCIF;.
288K;...... theoretical using the free rotor expression egn (7).

experimental at 4.4 bar an
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top molecules. This equation has been evaluated using numerical integration by
Simpson’s rule with integration intervals of 2B. (In this way it is ensured that the
summation over X is made with the correct values of J given by #/2B—1. Because
of the exponential weighting, the limits 0 to 2B (4x+1) where x is a positive integer
have been found to give stable values of Ri(r).)
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o.mi‘
ﬂ,lﬂﬂwi
ﬂ,SNE
2400 , \
8 Il.lﬂﬂ»::'
§ u,za:_ '._.‘..
é::f a:mi 3 o;. L 7.0/7\,7 N z.»a‘zi\a 1]!1::'1\:’:_;5‘:‘:__’:1:
-2.200 |
-0 |
J.l‘ll’—
-0.%00 |
-0.008 b
~0.7M L~
time/ps
Fic. 7.—Rotational velocity correlation function for CCIFs. —— liquid at 288K ; - ~ - - - free
rotor model; . ... .. Brot model with 7; = 1.5ps, r = 0.13ps and 75 = 0.25 ps.

The rotational velocity correlation function calculated from the experimental
data at 4.4 bar, 288 K, is shown in fig. 6 together with this free rotor function. Where-
as the overall profiles are very similar, the experimental data, which are accurate to
within 0.5 ¢, show slight collisional damping. The higher density data yield rota-

~ nm

(=)

=

;: 0,200,

b

’: 9.100} ,_.\_\

—~

s 1.8 -

‘2. 2010, e T e e Lo T o i Lt b
010 0.7 0.4 W27 2.4 2.8 28 30 32 a4 e 1. 40
et} TN ’

\ e
0.3} \ ~

time/ps
Fic. 8.—Experimental rotational velocity correlation functions for CClIF;. —— gas at 147.7 bar
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theoretical free rotor expression.
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tional velocity correlation functions (fig. 8) which show considerable damping. The
curve derived from the liquid data has been compared (fig. 7) with a corresponding
theoretical expression derived from a model of collision perturbed librators 24 22
using a mean time between collisions of 0.5 ps, with a mean time of residence within
a given librational well 2* of 1.5 ps.  The rather poor line-shape agreement obtained
seems to be further evidence of quasi-free collision interrupted rotation of the CCIF;
(1) just above the critical pressure, rather than libration.

MULTIPOLE ANALYSIS

The data can be treated in terms of multipolar induced dipole absorption using

the following equation :
A = J (¥) dv = AN +(A4*+ A2+ AYN>. )
band

Eqn (8) implies that triple and higher order collisions are completely neglected in our
analysis. The integrated absorption intensity A, is assumed to arise from a pure
rotational contribution of the permanent dipole proportional to N; and from an
induced component (A*+ A9+ AHN? arising from bimolecular collisions. The
proportionality constant 4 can be calculated by summing (3) over positive integral J,
which yields a value of 4/N = 2.317x 10-2° cm at 288 K, and 2.316 x 10-2° c¢m at
330 K. Alternatively, A/N, is given by the sum rule of Gordon 22 as:

A 2mu?

N 3¢,
where I, is the moment of inertia about either axis perpendicular to the one con-
taining the permanent dipole p,. Thus 4A/N is well defined.

The constant (4*+ A2+ 4%) is composed of the terms A*, A2 and 4? which
represent the absorption intensity of the dipole induced in one molecule by the dipole,
quadrupole, and octopole fields, respectively, of the other in a bimolecular collision.
The multipole expansion of the molecular electrostatic potential has been terminated
at the octopole in eqn (8), so that hexadecapole and higher multipoles are neglected.

The general theory of pressure-induced absorption by symmetric top molecules
has been given recently by Frost.! The basic equation* for the intensity (I,,) of
the bimolecular collision induced dipolar absorption is as follows :

47352 FMOF\(™
=" 2 (d;\r@‘ f  4nR* exp( = Una(R)/KT) x
(Ey~E;zhv)

= 2.32x1072° cm,

Y KimluR)fmH2dR  (9)
mi,my

where n(R) is the induced dipole moment of a pair of molecules separated by
R, and where |im;), |fm,) denote in general rotation-vibration eigenstates for
the pair, with m;, m, as degenerate magnetic quantum numbers. The summations
over the quantum numbers i, f are restricted to those transitions i — f for which the
absorbed frequency A~ (E,— E;)lies in the absorption band of (approximate) frequency
v. The quantities &;, d, are the degeneracies of the quantum numbers 7, frespectively.
Uaa(R) is the intermolecular potential energy. F, is given by the Maxwell-Boltzmann
expression :

F, = d, exp(—E,JkT)/Z (10)

* unrationalised units.
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where the partition function
Z = Z d; exp(—E,/kT). (11)

The summation is carried out over all allowed energy levels and it can be shown
that 3- 3 :

FAAOFPY 1
I v dM) — exp(— EfkT)(1 —exp(— hev;,/kTHS(, K (12)

(Es —lif{: hv) '

The matrix elements EI(z’m-l HA(R)| fm;)|* are expanded by Frost (his eqn (24)) as;
+1) s
Z [(Z [Fm /s )Cka/'-p 1> K1, K1—Kj, Ki)™
11,22
(2J,+1)

(%H)C(Jz, A2, lz;KzaKlz-Kz,Ké)z} (13)

where Z|Fm|? is listed in table 2 for various 4, and 4,. The C coefficients are the
relevant Clebsch—-Gordan factors.

TABLE 2.—THE ELEMENTS X|Fm]|? OF EQN (13) FOR VARIOUS A;

A 2 Z| Fm| 2

0 1 6a3u>R—S

0 2 1503 Q?R~¢

2 1 20/3(52u>R-5)

2 2 40/3(62Q*R~%)

0 3 A2+ 1242+ DadQ2R-1°

2 3 10/9(A 2+ 1)(24,+ 1)§2Q2R-10

In table 2, Q is the quadrupole moment, o, = (20, +o) is the mean molecular

polarisability, 6 = (x; —ay) is the anistropy of polarisability, and u is the permanent

dipole moment.

TABLE 3.—ALLOWED TRANSITIONS UP TO THE OCTOPOLE MOMENT TERM IN SYMMETRIC TOPS { /)

(44, 12)
1,2y 1,0 2,3 @2
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=

Alz  AK, AK2
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o
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faed
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o
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SELECTION RULES IN THE SUMMATION (13)
(i) One of 4, or A, must be 0 or 2.
(i) Any AJ,, AJ, is allowed provided one of |AJy|, |[AJ,}1<2. AK, = tmyn,,

AK, = +-my,n,, provided one of my, m, =0; m; =0 if |AJ,|>2, m, =0 if
|AJ;}>2. Here, m, or m, is a positive integer or zero, while 1, or n, denotes the
rotational symmetry class of molecule 1 or molecule 2 respectively.

Here ny = n, = 3.

(iii) If K, = K{ =0; K, = K = 0, then A, +AJ, and 1,+AJ, must be even for
contribution.

TABLE 4.-—GLEBSCH-GORDAN COEFFICIENTS TO BE USED UP TO THE OCTOPOLE TERM IN EQN (13)

(4, 42) no. of times Clebsch-Gordan coefficients term
(1,0 0r (0, 1) 2 Cc(J,1,J; K,0,K)C(J,0,J; K, 0, K')* dipole
(2,0) or (0, 2) 4 Cc(J,2,J ;K0 K)YC(U,0,J"; K, 0,K)? quadrupole

2,2) 8 C(J,2,J; K,0,K)C(J,2,J ; K,0,K)? quadrupole
2,)or(,2) 10 C(J,2,J ;K 0,K)C(J,1,J : K, 0, K')? dipole
3,0 o0r (0, 3) 6 C(J,3,J; K,0,K)*C(J,0,J"; K, 0,K")? octopole

2 C(J,3,J°;K,3,K)*C(J,0,J; K,0,K')?
B, 2or2,3) 22 C(J,3,J; K, 0,K)C(J,2,J ; K0, K')? octopole
6 C(J,3,J;:K,3,K)C(J,2,J; K0, K)?

The allowed transitions, neglecting multipole terms greater than the octopole,
are ticked in table 3, together with the corresponding (4,, 4,) factors allowed by the
selection rules, and by general limitations on Clebsch~Gordan coefficients.?* Sum-
ming the different (1,, 4,) factors gives the relevant Clebsch-Gordan coefficients to
be used in eqn (13), and these are shown in table 4. For convenience, the summation
(13) can be split into the dipole-induced dipole (R~°), quadrupole-induced dipole
(R~®) and octopole induced dipole (R—1°) terms.

DIPOLE-INDUCED DIPOLE INTENSITY

The intensity of a single dipole-induced (J — J+ 1) transition resulting from the
bimolecular collision of symmetric top molecules is given from equation (13) and
table 4 as:

4zR ™% exp(— U ,A(R)/KT) dR %

u =
Ajoye =

47 3/12N2 o
3hcZ

0
J

> [(1 —exp(— hev (J)/kT)) exp(— E jghe/kT)v (J) x

K=-J
062f3(J, K)K?
(40:3]"1(.], K)+%% )]S(I, K), (14)

where v,(J) = 2B(J+1), E;x = BJ(J + 1)+(4—B)K? where A and B are the rota-
tional constants,

fi = (J—=—K+1D)({J+K+1)/(J+1).
Thus

At = (; Al y1)IN% (15)
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QUADRUPOLE-INDUCED DIPOLE INTENSITY
Similarly, from (13) and table 4:

INA2n2 o
A, ., = 4”3}%_ zN J. 4R ™6 exp(— U (R)/AT) dR %
) 0
J
K=z— ,[(l —exp(—hev,(N)/ET)) exp(— E jxhe/kT)v,(J) %
(18ug f(J, K)+2857 13(J, K)]SU, K) (16)
where v,(J) = 2B(2J+3)
=K+ —K+DI+K+2)J +K +1)
10, K) = (J+ D +2)(2J +3)
Thus
A% = (; A%, 2)IN™ (17)

OCTOPOLE-INDUCED DIPOLE INTENSITY
Similarly, from (13) and table 4 :

473Q32N? [ B
AS s = TV f 4mR ™% exp(— U a(R)/ET) dR x
Q
J
Y [(1 —exp(— kevy(NYET)) exp(—E ;che/kT)v4(J) x
K=—J
i 176x" 16
(24 +8y )a3+(—9-1 +—31>w52)]5(1, K) (18)
where

o SUAKAYI KLU+ DI~ K+ ~K+2)J ~K+1)
(U +2)(J +3)(2J +2)(2J +3)2J +5)
U+ K+)U K+ +K+ DI ~K+3)(J—K+2)(J—K+1)
v = (20 +2) (2T +3)(2J +4) (2T +5)(2J +6)
KA —K+DI+K+ DI+ K+2)
QI+ +3) T +2)

¥3(J) = 6B(J +2).
Thus

A% = (; A?—»J+3)/N2- (19)

THE INTERMOLECULAR POTENTIAL Uga(R)

A recent review 2° emphasised that the Lennard-Jones 12-6 potential is an
inadequate representation of even inert gas interactions, although it is only in recent
years that advances in theoretical and experimental techniques have allowed of the

definition of significantly more accurate intermolecular potential energy functions
in these simplest cases.
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It seems, therefore, that one has the alternatives of :

{(a) calculating a value of |Q| assuming a tractable functional form for U,,(R); (b)
determining the integrals in eqn (14), (16) and (18) by numerical integration of a more
complicated form of U,,(R) involving, for instance, quadrupole-quadrupole inter-
action potentials 2® and other non-central modifications to U,4(R).

For simplicity, the first alternative has been chosen, using a Lennard-Jones
potential for U, ,(R) with the parameters ¢/k and ¢ obtained by Barnes and Sutton 27
from fitting dielectric and pressure second virial coefficient data. The parameters
A*, A2 and A may also be assessed using Auer’s original 2% values of ¢/k and o.
The integrals may then be evaluated using the tables of Buckingham and Pople.?®

The anisotropy of polarisability factor, 6 = aj—a«, has been estimated using
anisotropic bond polarisabilities *° in the absence of experimental anisotropy data.
The values used are :

ao = 4.58x 10724 cm?; o) =43x1072*cm?®; o, = 4.7x10-2*cm3. Calculated
values of A#, 42 and A are shown in table 5.

TABLE 5.—THE EFFECT OF VARYING LENNARD-JONES PARAMETERS ON A4, 42 AND A%

partition AR/ 49/ A%y
a/nm ek~1/K T/K function(Z) cm—2 cm~2 cm—2

0.43227 32827 288 274442 734x107*3 N2 8.19x10° Q2 N? 1.38x 10743 N2
043227 32827 323 321421 6.92x107*3 N2  7.66x10° Q> N? 1.17x10~** N2
0.402 28 2862% 288 274442 4.63x107** N2  394x10° Q> N* 0.48x 107+ N?
0.49228 28628 323 321421 4.36x107*3 N2  3.67x10° Q* N* 043x 107+ N?

* calculated using a value 2 of Q of 3.3x 10-5° C m*§

It can be seen from table 5 that the uncertainty in U, ,(R) will be the limiting factor
in {Q]|, followed by the uncertainty in Q. The values ¢ = 0.432 nm, ¢/k = 328K
lead to a reasonable agreement between calculated and experimental second dielectric
virial coefficients,?” whereas ¢ = 0.492 nm, ¢/k = 286 K fail to give even a qualitative
account of their virial data. Therefore values of {Q} calculated with the former pair
would secem to be the most satisfactory that the 12-6 potential can supply. Defining

A= %(Land V) dV—A),

the data at 323 K and 40.4 bar can be used to estimate a rough value of {Q] using
the value of about 3.3 x 10~3° Cm?3 for Q. The coefficients of eqn (8) are listed in
table 6 below for this particular set of data, using ¢/k = 328 K, ¢ = 0.432 nm.

TABLE 6.—CALCULATION OF |Q| FROM LOW AND HIGHER DENSITY DATA

number density/ quadrupole/
temp. /K pressure/bar 1021 ¢m~3 1040 C m2
323 404 1.46 11
323 67.7 4.46 6
288 liquid 5.28 6

It is found that the octopole-induced dipole intensity is quite important even at
molecular number densities as low as 1.5x10?! cm—3, where the McClung model
demands an average distance travelled between collisions of about 1.5 nm.

The apparent decrease in the calculated moment |Q| at liquid-like densities
compared with the corresponding value at the lower gas density is a consequence of
the invalidation of the bimolecular model. At the high gaseous and at the liquid
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densities, the central molecule is always within range of the rather symmetrically
arranged multipole fields of its nearest neighbours. Indeed, the octopolar con-
tribution to A is the most important at these densities in CCIF 5, making the estimation
of Q uncertain by as least as much as the uncertainty in Q for a chosen value of e/k
and o.

However, there remains an indication from table 6 that | Q| is apparently halved
on going from N = 1.5x10%! cm=3 to 4.46 x 102! cm=3. This decrease has been
observed in carbon dioxide,'® cyanogen 2° and nitrous oxide.®> In the first two
cases, the quadrupole moment is the major dipole inducing field, since CO, and
(CN), have no octopole, the Q values obtained from the liquid data being 5 times and
2 times less, respectively, than those obtained from the corresponding gaseous data
using the bimolecular collision model.

So the present analysis would be most significant for gas data below 40 bar or so,
and above 10 bar or so, where the bimolecular collision model would be appropriate.
Also, some induced birefringence 32 data on CCIF; might make possible the deter-
mination of an accurate quadrupole moment @, which in turn would enable the
determination of a more accurate octopole moment Q from high precision pressure
data over 3-100 cm~! in the range 1040 bar.

In the meantime, it might be of some interest to compare our rough value of
ca. 17 x 10-*° C m? for | Q| with a value derived from a point charge model with centre
of mass coordinates using net charges derived from an extended Hiickel molecular
orbital theory calculation.®® This suggests that |Q] is of the order of 3-6x
10-4° C m?. There is every reason to believe 19> 20: 26 that the value of ca. 11 x

10-4° C m? given here for |Q| would be about halved if it were recalculated using a
non-central potential :

Uaa(R)+Uoga(R, 6, $)

instead of Uaa(R), where Ugo(R, 0, @) is the quadrupole-quadrupole interaction
potential. However, this exercise would at the same time contradict assumption (1)
of the introduction.

The one thing that is quite certain is that for the pseudo-spherical CCIF; molecule,
the barrier to rotation even in the closely packed liquid phase, is small enough to
allow a process of collision-interrupted free rotation, rather than libration. The far
infra-red absorption of the dense gas and liquid is the ‘ collapsed >’ equivalent of the
free rotor line spectrum of the dilute gas phase.

MODEL CALCULATIONS

It has been shown by Davies et al.>* in an earlier paper that it is inappropriate to
retain the point multipole model in liquid phase studies. It is preferable to consider
the local charges on the individual atoms as producing the field in the near neighbour-
hood of the molecule. Using a formulation evaluated by Buckingham 3° for the
components of radial flux density induced at a point by an axially symmetric charge
distribution they were able to compare the field at certain distances from the molecule
with that produced by a corresponding point multipole. The two representations were
found to be very different at distances close to the inducing molecule. Their calcula-
tions were carried out on non-dipolar molecules where only one of the higher moments
was assumed to be important. We have repeated this calculation for CCIF, for the
first three moments.

For a point P a distance R from the centre of the axially symmetric charge distribu-
tion the components of the field are given by
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q | 2ucos 9+3Q(3 cos2 —1) 29(5 cos® 0—3 cos 0)+ o

Fe=pt—x 2R* R®

. . ' 30cos0 3Q(5cos* 0--1)

F, = sin 9[;{—_,}-]— ;4 + RS + - (20)
F,=0

where F, is the radial component and the components at right angles to R are F, and
F;, g is the point charge, u is the point dipole moment, Q is the point quadrupole
moment, Q2 the point octopole moment and 0 is the angle of the radius vector from the
point P to the axis of symmetry. For points P at relatively large distances from the
centre of symmetry of the molecule along the {C—Cl) bond (about 10/ and 15/, where
lis the van der Waals radius of the chlorine atom) the field due to both point charges
and their point multipole representation would be expected to be in close agreement.
Using the following values for the point multipoles: u = 1.7x10*°Cm; Q =
17 x 1074 C m? (this work) and 2 € = 33 x 10-°° C m?: The point charges on each
of the atoms can be deduced via two simultancous equations (i.c., at 10/ and 15/).
Using the charges so obtained and those in the literature the electric field at distances
51, 3] and / can be found. 1In a similar manner, using eqn (20), the field due to the
point multipoles can be evaluated at the same distances.

S5Q0O - e —
|
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2 400\ i
b i
= i
5 i
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- .
5 !
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= |
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2 100k [
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F16. 9.—Variation of the radial electric field of CCIF3 along the (C—Cl) bond for alternative models
of representation. —-— point charges ; - - - - point multipoles ; (i.e., point dipole and quadrupole
and octupole). The line - - — . — represents the van der Waals radius of the Cl atom.

For CCIF3, the charge on each F atom = 0.26e; charge on each Cl atom = 0.10¢;
where e = electronic charge. These can be compared with values obtained from
m.o. theory 32 : charge on each F atom = 0.37e¢; charge on each Cl atom = 0.17e.
The agreement of theory and experiment in this evaluation appears to justify the initial
assumption of the equivalence of the two representations at large separations of the
molecules (i.e., dilute gas densities). The variation of the calculated field at discrete
distances from the centre of symmetry of the molecule is shown in fig. 9.

The discrepancy between the two representations is enhanced at distances close to
the molecule (i.e., liquid and dense gas phases) and, as the local charge model is thought
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to be the better representation of the true situation, then the point multipole represent-
ation must be quantitatively seriously in error. This verifies the earlier findings of
Davies et al. for non-dipolar liguids.

The molecular orbital data lead to an effective permanent dipole value of 1.02 D,
compared with 0.88 D from a multipole expansion, from which the first local charges
are deduced. These differences are such as to suggest that the first charge model
probably approximates to the molecular condition almost as well as present data allow.

APPENDIX |

For linear molecules, up to the quadrupole term, there are the further restrictions
that :
(i) the allowed transitions are any AJ;, AJ,, provided one of AJ, or AJ, is 0, or 2.
i) 4, > [AJy|, 4, +|AJ;| = even,

Ay = |AJL], A2 +]AT,] = even.
(i) Ky = K, = 0.
So the allowed (44, A,) are ticked below:

ATy Al ©,1) 1,00 2,00 0,2 (1.2 @D 22
1 0 X V4 X X V4 X X
0 1 V4 X X X X v X
2 i X X X X X V4 X
1 2 X X X X V4 X X
2 2 X X X X e X v
2 0 X X Iv4 X X X V4
0 2 X X X 4 X X V4
0 0 translational absorption-important at low frequencies

DIPOLE-INDUCED DIPOLE ABSORPTION
Using the table above, the full equation for a single J — J+1 dipole induced
dipole transition is given by :
47'53[12N2 © _ ’ '
Aiass = — 5 4nR™* exp(— Upa(R)/KT) x
3hLZ o
(1 —exp(—hev (J)/kT)) exp(—E ;hc/kT)V,(J) x
(J+D*J+2)
(S + 1)+ 8P —
[ Gy ok

where V,(J) = 2B(J+1), 6 = ay—ay, E(J) = BJ(J+1), Z = rotational partition
function.

QUADRUPOLE-INDUCED DIPOLE ABSORPTION

Using the table above, the full equation (including anisotropy of polarisability)
for the quadrupole-induced dipolar absorption in a bimolecular encounter of linear
molecules is

4nR ™S exp(— U A(R)/kT) dR x

o 4n3Q2N2 ©
lAJ—vJ+2 = T35

3hcZ |,
(L —exp(— hev ()/KT)) exp(—E jhe/kT)v,(J) %
LIHDU D) o T+ DI +2))
[9“" a7+3) T ( (27 +3) ) ]
where 7,(J) = 2B(2J+3).
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APPENDIX 2

The Clebsch-Gordan coefficients C(j;3j;'m,0m) and C(j,3/; m,3m) needed in the
octopole-induced term for symmetric tops, were evaluated using the general defini-
tion 24

. v =G+ =i G+ =)+ D) |
Clj1jajs mymam) = 6(m, ml+n12)[(j1 J27J) (H._h. j_). Ut/a i) ):l X
(J+ji+j2+D!

(= DU +m ) —m )W+ m) (o — m) I+ m)I(j—m))F
TR =i =) —my~ )W+ my— )N —jy + )N —f —my +k)!

with i =

i
10 g

S+ my =0,j, =3;and j =j +3, my, = 3, j, = 3 respectively. Thus:
C(j3j; mOm)
_ [5G +m+ 30 +m+2)(; +m+ 1Dy —m+3)0, —m+2)(j1—m+1)]*

(J1+2)G1+3)(2j + D2 +2)(2f, +3)(2), +5)
and :
C(j13j; my3m)
G Em 3G +m+2) G +m A+ DG —m 43, —m+2)(j, —m+ 1)}
- [ (21 + )21 +202)1 +3)2 s + (21 +5)(2j; +6) ]

APPENDIX 3

In deriving eqn (8) we have neglected the effects of cross-relaxation between sets
of overlapping J — J+nlines (n = 1, 2, 3), as was pointed out by a referee. The cross
relaxation between the permanent and induced dipoles would be the major term not
explicitly treated here. However, we feel that this omission is justifiable on the
following grounds.

(i) Analogous studies™ with the highly dipolar molecules HF, HCI and HBr have
established acceptable values of the respective quadrupole moments with complete
neglect of overlap relaxation. The dipole of CF;Cl is much smaller.

(ii) In a preliminary, unpublished study, van Kranendonk (personal communica-
tion) has found that assuming isotropic intermolecular forces, hence a spherically sym-
metric pair distribution function, and further assuming only a “ pya, ” effect, a
dipole induced dipole, the cross-terms disappear. Cohen (G. Birnbaum, personal
communication) is at present engaged in a detailed theoretical study of the whole
problem.

(iii) As mentioned earlier, the limiting uncertainty in our values of Q| comes from
that in the Lennard-Jones parameters we have used. That due to cross-relaxation
effects is almost certainly negligible in comparison.
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