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CF;D was prepared in high purity and its infrared spectrum investigated. The fundamental frequencies

are
V1(¢11) =2257 cm"l,
ve(e) =1210 cm™,

V2((11) =1111 cm“,
vi(e)= 977 cm™,

vy(a) =693 cm™,
ve{€) =502 cm™1,

Thermodynamic functions have been calculated with the usual assumptions.

INTRODUCTION

N relation to an investigation of the absolute in-
tensities of the infrared bands in compounds of the
type CXH and CX3D, the compound CF;D has been
prepared and its infrared spectrum studied.
Approximate values of the fundamental frequencies
have been calculated,' but no reference to the prepara-
tion of this substance in isotopic purity nor to any
experimental work concerning the vibrational spectrum
was found in the literature. Recently the results of a
microwave study have been reported.?

EXPERIMENTAL

To obtain reliable intensity data it is desirable to have
products of high purity. The preparative method de-
scribed below proved to be completely satisfactory in
this respect.

About 4 g of CF;I from a sample used in a previous
investigation® was distilled in vacuum and condensed at
—80°C into a stainless steel bomb containing 3 g of
yellow phosphorus. The bomb was then heated at
250°C for 36 hours.* The reaction products were vacuum
fractionated into a volatile portion consisting of un-
reacted CFl, a middle fraction consisting in the main
of P(CF3;); to be used for other purposes, and a final
portion consisting of a mixture of PI(CF3); and PI,CF;.
The final portion was hydrolyzed with a 50 percent
solution of sodium deuteroxide in heavy water (99.8
percent D;0) to yield CF;D. Traces of unreacted
phosphines were easily separated from the product by
bulb-to-bulb distillation in vacuum.

The purity of the CF;D obtained is believed to be
very high, as deduced from its infrared spectrum. The
strongest band of CF;H, 1152 cm™, did not appear at
pressures low enough for its observation. At high
pressures of CF3D the strong bands of the deutero
compound at 1111 and 1210 cm™* completely obscure the
1150-cm™ region. The second strong band of CF;H

* Research Fellow of the Spanish National Council for Scientific
Research.

I;SIi;,cker, Meister, and Cleveland, J. Chem. Phys. 19, 784
<;§32h'osh, Trambarulo, and Gordy, J. Chem. Phys. 20, 605
(13 S.)R. Polo and M. K. Wilson, J. Chem. Phys. 20, 1183 (1952).

( “s%e)nnet, Brandt, Emeleus, and Haszeldine, Nature 166, 225
1950).

lies at 1372 cm~L. A very weak absorption was observed
at 1380 cm™ in the sample of CF;D, but as the first
overtone of the CF;D fundamental at 693 cm might
also appear in this region, it is difficult to say whether
the sample of CF;D contained any CF;H. However,
because of the low intensity of the absorption near
1380 cm™ and the characterisitcs of the preparative
method, we believe that the ratio of D to H in the prod-
uct must correspond closely to that of the heavy water
used.

Measurements of the infrared spectrum were obtained
by means of a Baird Associates spectrophotometer
equipped with NaCl optics and a Perkin-Elmer 12 C
spectrograph equipped with CaF,;, NaCl, and KBr
prisms. Gas cells 5 and 10 ¢m in length with KBr
windows were used.

EXPERIMENTAL RESULTS

The observed frequencies and band assignments are
listed in Table I. The observed spectrum replotted on a
linear frequency scale is shown in Fig. 1. Since the

TasLE L. Observed frequencies and band assignments
for gaseous CF;D.

v{cm™1) Assignment A(cm™1)=
502 ve(e)
693 vs(a1)
ggf} ve(6), 26+ E) 27
1111 va(ay)
1193 ve+v3(E) 2
1210 vi(e)
1378 (23, CF:H)? 8
1612 Vz-f—va(E) 1
1671 vatvs(E) -1
1896 vstvi(E) 7
1948 2vs(A1+E) 6
383(8) vatvs(E) 4
%igg vitvs(4i1t+E) 36
2257 141 (al)
2311 vatv4(E) 10
gi;g} 2vy(A1+E) 0
3256 vi-+us(E) —23
~3360 V1+V2(A 1) ~10
~3530 va+2v4(41+E) ~
~3620 3v4(4.1+E) ~10

& A =cale frequency-obs frequency.
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Fi16. 1. The infrared spectrum of gaseous CF;D.

spectra were taken at various pressuresand path lengths,
the equivalent pressure for a 10-cm path length is
indicated in the figure.

DISCUSSION

The assignment of the fundamentals has been made
on the basis of the structures and intensities of the
bands and by comparison with the assignments pre-
viously given for CF;H,5:¢ which the present investiga-
tion supports. There is also good agreement with the
predicted frequencies.!

The three @; fundamental bands have the PQR
structure characteristic of parallel bands of a symmetric
top. The e-type fundamental »g, at 502 cm™, also has a
PQR structure similar to that of a parallel band, indi-
cating that the ¢ value is close to 1—17,/I,. The corre-
sponding band in several other symmetric top molecules,
for example, CF;H,® NF; and PF;7 and BF;,® has this
same shape.

The structures of the other two e-type bands »s and
vy are somewhat more particular. The first, »;, shows

TaBLE II. The fundamental frequencies of gaseous

CF;H and CF;D.
Assignment »(cm™1)
CF:H CF;D
vi(ar) 3031 2257
va(a1) (1152)» 1111
va(a1) 700 693
va(e) 1372 1210
vs{e) (1152)» 977
ve(e) 507 502

s The frequencies » and »z of CF3H are somewhat uncertain as these two
bands are unresolved.

5 Rank, Shull, and Pace, J. Chem. Phys. 18, 885 (1950).

¢ E. K. Plyler and W. S. Benedict, J. Research Natl. Bur. Stand-
ards 47, 202 (1951).

7M. K. Wilson and S. R. Polo, J. Chem. Phys. 20, 1716, (1952).

8 D. M. Gage and E. F. Barker, J. Chem. Phys. 7, 455 (1939).

two clearly resolved peaks of almost the same intensity
at 973 and 981 cm™. Its shape clearly does not corre-
spond to any of the normal band shapes expected for
symmetric top molecules.t It is suggested that the
observed band shape is the result of Fermi resonance of
vs with 2yg(4 .+ E) whose calculated frequency is 1004
cm~L. Because of the nearly equal intensity of the two
peaks of the observed doublet, the two unperturbed
levels must be almost coincident. This leads to an
anharmonicity for the overtone of about 25 cn™?, which
is unexpected in view of the fact that the 2vg in CF;H
occurs at exactly twice the frequency of the funda-
mental.® It should be noted that for other overtones and
combination bands there is not always correspondence
between the two isotopic molecules.

The strong absorption in the 1200-cm™ region may be
interpreted as the superposition of »s(e), to which
the strong peak at 1210 cm™ may be assigned, and the
combination band v3+v¢(E). In CF;H this combination
appears as a strong band with a well-defined PQR
structure. Accordingly, in CF;D the peak at 1193 cm™
may be ascribed to the Q branch of »;+ws; the calcu-
lated value is 1195 cm™. This combination band is
rather intense in both molecules, perhaps caused in
part by Fermi resonance with the neighboring funda-
mentals.

In agreement with what has been said about », and

t A similar structure has been observed in the e-type funda-
mental at 970 cm™ of CF3;CHj as well as in a number of combina-
tion bands involving this fundamental, [Cowan, Herzberg, and
Sinha, J. Chem. Phys. 18, 1538 (1950) ; Smith, Brown, Nielsen,
Smith, and Liang, J. Chem. Phys. 20, 473 (1952); Nielsen,
Claasen, and Smith, J. Chem. Phys. 18, 1471 (1950)]. The ex-
planation suggested by Cowan, Herzberg, and Sinha is that the
doubling results from a splitting of the degeneracy associated
with the three potential minima of the torsional mode.

An alternative explanation that can be given is that of a Fermi
resonance interaction with the combination of the two low
frequency bands, 3674603=970 cm™. This combination band
possesses the required symmetry.



SPECTRUM

s the combination bands involving these fundamentals
also show a splitting as can be observed in Fig. 1.

A check on the consistency of the assignments is
given by the fulfillment of the isotopic relations among
the frequencies of CF;H and CFsD. From the observed
frequencies one obtains

(vavsve)n

=1.407, and ———=1.350.

(V4V5V6)D

(V1V2V3)H
(V1V2V3)D

The calculated values are 1.404 and 1.375, respectively.
The values of the frequencies used in these calculations
are those listed in Table II. The moments of inertia I
are those obtained from microwave data.?

Calculation of potential constants are in progress and
will be reported in connection with further work on
related molecules.

THERMODYNAMIC FUNCTIONS

Thermodynamic functions for CFsD within a con-
venient temperature range are listed in Table III.
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TastE III. Thermodynamic functions for CF;D.»

' H—Ho —~ (F —Hy)

T(°K) Cp° s° T T
200 10.04 57.82 8.45 49.37
273.15 12.06 61.24 9.14 52.10
298.15 12.76 62.33 9.42 52.91
400 15.40 66.46 10.61 55.84
600 19.08 73.46 12.88 60.59
800 21.25 79.28 14.72 64.56
1000 22.56 84.17 16.17 68.00
1200 23.41 88.37 17.31 71.06
1500 24.18 93.68 18.61 75.06

* The units are cal/deg mole.

These values have been calculated for an ideal gas at
1-atmos pressure with a rigid-rotor, harmonic oscillator
approximation.

We wish to thank Professor Geoffrey Wilkinson for
help with the phosphine preparation and Professor
Richard C. Lord, Jr., for helpful discussions. It is also a
pleasure to acknowledge a grant-in-aid from the
American Academy of Arts and Sciences.
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The F and G matrix form of the secular equation for molecular vibrations may be split into two approxi-
mate equations, of which one has as its roots the high frequencies (corresponding to relatively rigid bonds,
etc.), the other the low frequencies (corresponding to relatively weak bonds, etc.). With the aid of the
eigenvectors of these two equations, the exact equation is transformed into a form which yields the correc-
tions to the approximate frequencies by a straightforward application of perturbation theory. The use of
the correction terms so derived and the convergence of the perturbation series are illustrated by a discussion

of the totally symmtetric modes of ethylene.

INTRODUCTION

HE F and G matrix method introduced by
Wilson!? is often useful in the calculation of the
vibration frequencies of polyatomic molecules: its chief
virtue is that it reduces the order of the secular equation
for a molecule containing N atoms from 3N to 3N-6 by
eliminating the zero roots which correspond to transla-
tion and rotation. In this method the frequencies are
obtained from the matrix equation,

GFY;=)\1'Y1‘- (1)
In this equation

Ni=4nlc*d,
where 7; is a vibration frequency measured in wave
numbers, y; is the column vector of internal displace-

1E. B. Wilson, Jr., J. Chem. Phys. 7, 1047 (1939).
3 E. B. Wilson, Jr., J. Chem. Phys. 9, 76 (1941).

ments (extensions of bonds, angular deformations, etc.)
in the corresponding normal mode, and F and G are
known symmetric matrices. F is the potential energy
matrix defined by

V=3y'Fy,

where y is a general internal displacement; G is the
inverse kinetic-energy matrix, such that the kinetic
energy of vibration is

T=3y'Gy .
A; is then the ith root of the determinantal equation,
|GF—AL} =0, (2)
where I is the unit matrix of order 3N-6.
(In matrix equations boldface lettering is used to de-

note matrices, square and rectangular matrices being
printed in capitals and row and column vectors in



