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mental values. The calculations are quite sensi-
tive to small variations in #* and to a lesser extent
to Z*. It is quite possible also that the form
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of the Slater functions used are not suited to
intensity calculation of Rydberg series menibers.
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Intensity of Electronic Transitions of Methane and Carbon Tetrafluoride in the Vacuum
Ultraviolet!
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RECEIVED SEPTEMBER 15, 1950

The absolute intensities of somne electronic transitions of methane and carbon tetrafluoride in the vacuum ultraviolet

lave been measured. f-numbers for these transitions were calculated and compared with experimental values.

nature of the transitions is discussed.

Introduction

Methane and carbon tetrafluoride are known
from electron diffraction and infrared and Raman
spectra to have tetrahedral structures.® The
spectrum of methane in the vacuum ultraviolet
region has been reported by Leifson,* Rose® and
Duncan and Howe.® In an absorbing column of
two meters at a pressure of 1.0 mut., the absorption
was reported by Duncan and Howe to be con-
tinuous from about 1450 A. to shorter wave lengths.
Since this problem was begun, Wilkinson and John-
ston’” have reported some measurements of the
absorption coefficients of methane, but their
measurements were limited by the short wave
length transmission of their apparatus and covered
only the region from 1455 to 1370 A. We have
made measurements over the entire region extend-
ing from 1450 to 1100 A. and have calculated an f-
number for this transition using approximate wave
functions.

The electronic spectrum of carbon tetrafluoride
has not been reported previously. In the present
work, we have obtained absorption coefficients
from about 2000 A. down to about 1330 A. A
broad transition with a maximum at 70,000 cm.},
and a weaker transition at 61,850 cm.~! were found.
Additional transitions occur at shorter wave lengths
for which absorption coefficients were not obtained.
No analysis of the spectrum has been made yet,
since the details have not been photographed.
For the present work we are interested primarily
in the broad transition occurring at 70,000 cm.™},
for which we have obtained an integrated absorp-
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tion coefficient and computed a theoretical j-
number.

In the following section, experimental details
for the measurements referred to above are given.
Following this, some calculations which we have
made of the f-numbers associated with the transi-
tions in methane and carbon tetrafluoride are
presented, along with a discussion of theoretical
and experimental values.

Experimental Details and Results '

Tank methane (Matheson Company, 999% pure) was
liquefied with liquid nitrogen. The liquid was fractionated
in vacuum, and only the middle third was retained. Before
each use, a small sample from the storage bulb was frac-
tionated again in the same way. The gas thus obtained
showed no indication of impurities on our spectrograms.

Tank carbon tetrafluoride (Kinetic Chemical Company,
about 959, purity) was treated in the same way as the meth-
ane. The chief impurity in the CF, was probably CF;Cl.
To determine whether the absorption could be partly due to
CF;Cl, spectrograms were taken with the sample cooled with
freezing baths at temperatures of —80, —130 and —189°.
Since CF4Cl has a lower vapor pressure than CFy, the par-
tial pressure of CF;Cl would be greater with increasing tem-
perature if any were present. No difference was observed
in the intensity of the absorption bands obtained at the three
temperatures.

The apparatus and procedure for this study were the
same as those used for the study of acetylene.! For pre-
liminary studies on the absorption of carbon tetrafluoride,
Eastman Kodak Company SWR film was used because of
its high contrast. III-O ultraviolet sensitive plates were
used for all spectrograms from which quantitative measure-
ments were made.

Ten plates of methane covering the pressure
range from 0.100 to 0.0025 mm. were taken. Most
of the measurements were made on plates taken at
the lower pressures. Absorption coefficients at
wave lengths corresponding to more than 100 lines
in the molecular hydrogen spectrum were obtained.
These wave lengths were spaced throughout tlhe
absorption region of methane. Six plates of carbon
tetrafluoride were taken at pressures ranging from
0.300 to 0.016 mm. At the lower pressure, the
absorption is just strong enough to permit photo-
metric measurements. Measurements of at about
100 lines between 1650 and 1330 A. were made.
Figure 1 shows the absorption coefficients plotted
against wave number. The experimental f-num-
bers are reported i1 Table I. In the case of meth-
ane, there is some overlapping with the absorption

(%) Preceding paper, THIS JOURNAL, T4, 3136 (1952).
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at shorter wave lengths and it was necessary to use
an approximate method of resolution.! There was
no appreciable overlapping in the case of CF,.

TABLE I
ExXPERIMENTAL f-VALUEs, COEFFICIENTS AND RESULTS OF
COMPUTATIONS OF f BY VARIOUS APPROXIMATIONS®
CHy(¥max. 82000 cm. ™) CFy (vmax. 70000 cm.™1)

f (exptl.) 0.342 0.0247
f(er®) .381(M) .9023(M)
.179(P) .0286(P)
f(3sp . 1561(M) .0127(M)
.1084(P) .0089(P)
f(3s5) .407(M) .0433(M)
.324(P) .0480(P)
Coefficients
az (M) .514 0.387
szzd (M) 35 ' .407
ar* (M) 1.585 .850
bl*Nld (M) —'0638 - 494
a3 (P) 614 567
b2 Nyo (P) .291 .336
a* (P) 1.63 1.055
b Nio (P) —0.619 — .375
Nio = 1/5(1 + 3Saia;)'/? .368 .491
Nio = 1/o(1 — Soia;)'/? .590 .503

¢ The approximations differ only in the upper states con-
cerned in the transitions. The upper states are indicated
in parentheses following f. See text for explanation of (M)
and (P).

A large error in the experimental results may
arise because of unresolved rotational fine struc-
ture.® The highest resolution available at present
" is far from adequate to resolve this structure
especially in carbon tetrafluoride. We conclude
that lower limits of the integrated absorption co-
efficients have been measured, which may be much
lower than the true values. It does not appear
possible, however, to improve these experimental
values significantly, because none of the factors
which would indicate the presence of fine structure
indirectly can be varied sufficiently in the present
case. The path length cannot be varied. The
pressure cannot be varied sufficiently because the
spectrograph itself has to furnish the absorbing
column at the short wave lengths of interest. The
slit width could be varied, but if the absorption
coefficient showed no change when this was done,
the objection could be made that the slit width was
always much wider than the line breadth.

Theoretical Calculations and Discussion

Non-localized molecular orbitals of a type CX,
molecule may be obtained as follows’: Linear
combinations of atomic orbitals, one from each of
the four X atoms, are formed which transform in
tetrahedral symmetry. These combinations are
normalized and combined with atomic orbitals of
carbon which have the same transformation proper-
ties. The bonding molecular orbitals of CXo are

o1(A)) = a2s)c + biNwo (a1 4 o2 + a5 + a0)

e2(Fa) = as2px)c + beNoo (61 — 02 — a3 + 04) M
e3(F2) = ax2py)c + 0oNeo (—01 + o2 — 03 + a4)

ei(F2) = as(2p.)c + beNew (—01 — a2 + o3 + a4)

(9) R, S. Mullikeu, J. Chemn. Phys., 1, 492 (1933).
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Fig. 1.—Absorption curves for CF, (A) and CH, (B).

In the case of CHy, the o; are 1s atomic orbitals of
H. 1In the case of CFy, the a; are 2po of fluorine.
The axes are chosen so that the positive parts of
the 2po orbitals are directed toward the central
carbon atom. The orbitals ¢s, ¢s, ¢4 have the same
energy, which is certainly higher than ¢;.

The longest wave length transition in methane
occurs from one of the former orbitals, or rather
from a threefold degenerate (F:) orbital We
assume that this is the case also in CF,, and ignore
the possibility that excitation occurs from a linear
combination of non-bonding (2pr) electrons of the
fluorines. This point will be considered briefly
near the end of this paper.

The transition will occur to an unoccupied orbital
which must have a symmetry (A;). This orbital
¢©1*(A1) should be constructed to be orthogonal to
¢1. It will necessarily be orthogonal to the (Fe)
orbitals. A proper form will be

er* = a1*(2s)c + biNie (o1 + 02 + 05 + a4)

We treat provisionally the closed shell (s,
o5 ¢1)® with six electrons as three closed shells
(¢2)% (¢3)% (@4)% and consider a transition in which
only one of these closed shells is broken. The
electron is excited to ¢*. We may write then

Q%) = (2)'2 S oexer*dr; Qoy) = 0 = Qu2)
Qu(y) = (2)2 S esyer*dr; Qu(y) = Qu(x); Qs(x) = Qi(3) =0
Qdz) = ()2 f pzer*d7; Quz) = Qa(x); Qu(x) = Qu(y) =0

and
Q=vV&H+ Qi+ 0 =(6)1Sexe*dr  (2)

The coefficients in' the functions ¢; and ¢*
must be known in order to evaluate Q in equation
(2). This should be done by minimizing the total
energy of the ground.state with respect to a1, by,
@z and b.. Then a;* and &* could be found from
a1 and by through orthogonality and normalization
relations. This variational procedure may be
subject to large errors, and it is a difficult problem.
We attempted instead to estimate these coefficients
from empirical electronegativities, following an
approximate method of Mulliken,! using his equa-
tion (41). In our case the functions ¢; and ¢
were renormalized to give

(112 =+ 201[)1(45(25)(0))/2(1 + 3S¢7i¢7j) + blz
a2? + 20:02(4S2px1(0))/2(1 — Soiaj) + ba?

(10) R. S. Mulliken, ibid., 3, 573 (1935).
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The meaning of the overlap integrals S is clear from
their subscripts. The charges (—2¢) in the molec-
ular orbitals were divided between C and H,
(C and Fy) and the absolute values of ai, b1, ao
and b, were obtained through the normalization
conditions. We obtained two sets of coefficients.
Those coefficients distinguished by (M) were ob-
tained from the separate (2s)c and (2p)c electro-
riegativities given by Mulliken.!! The coeflicients
(P) were obtained from Pauling’s!? electronegativ-
ity values. Parallel computations have been made
for both CH4 and CF, using both sets of coefficients,
in order to show in detail how the final f-values
depend on the choice of coefficients.

The integral in equation (2) may now be written

J‘gmxtpl*dT = azal*f(2s)cx(2px)cdr + 4021)1*./‘(2[)\)1;960(11
+ da1*by S (25 joxadr + 40,70 foyxoidr
+ 4b1*by S oi xa; A7

In this expression, the sum of the last two integrals
is r(C — X) cos 6(1 + S, with »(C—H) =
1.093 A.and 7(C — F) = 1.36 A. O is one-half the
tetrahedral angle and .5;; is the overlap integral
between two H (or two F). The first single cen-
tered integral is easily evaluated. The second and
third integrals

S (2px)oxadr = Que S (25)c xodr = (Qye

were treated as follows.

For CH,, in a cobrdinate system with origins
at C and H, with the x-axis making an angle 6’
with the line 7¢ (the electron distance from C) and
an angle 6 with the C-H bond line, then x = r¢
cos ©" and (2ps) = Nyps rc cos 0’ exp (—Zcre/2)
and

Qoo = NapxNism S r*c(cos? §")exp(—(Zero/2) — rn) dr

in atomic units. [V is a normalizing factor. Ex-
pressing (cos? ©') in spherical harmonics, cos? 0’ =
2P3y(cos ©')/3 + /5. If useis made of the addition
theorem of Legendre polynotnials, with (0 — 0') =
Ocg, the angle between r¢ and the C-H line, it follows
that
Pycos ') = Pylcos 8) X Pylcos 0¢) + (other terts which
will disappear on subsequent integration over ¢)

But Ps(cos ©) = zero, because O is one-half the
tetrahedral angle and

Qoe = Nzl (3)71 S 78 exp (—(Zere/2) — ra)dr
By a simnilar treatment
Use = NulVis cos 8.f°7E cos 0¢ exp (—(Zere/2) — ra)dr

The correspouding integrals for CF, contain an
cxtra factor rr and exp (—Zprr/2) instead of exp
(—ru). These integrals were transformed to
ellipsoidal codrdinated and evaluated. Numerical
values of these aud other integrals are shown in
Table II. The Slater values Z¢ = 3.25 and Zr =
5.2 were used.

Computed oscillator strengths based on @ from
equation (2) are shown in Table I, with values of the
coefficients used.

We considered also a possible transition from ¢,
to an atom like orbital involving a change in prin-
cipal quantutn ruunber.  This orbital is required

d11Y RS Mullikew, ibid., 2, 782 (1034).

1127 L. Pauling, “Nature of the Cliemical Boud,” Corncl! University
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TaBLE 11
NUMERICAL VALUES OF INTEGRALS
S(2)c  (38s)c = 0.08954 A.
S (@pdc (2s)c = .47006 A.
S (Is)e = .02124 A,
S(Bs)c  (ls)g = .16435A. (at r(C-H) = 1.093 4.
S  (Is)r = .22822 A,
JS(1s) (1s)s = .00228 A.
S (Is)r = .33173A.
S(Bs)e  (2o)r = .038626 A. (at r(C-F) = 1.364.)
S(2s)c  (2po)r = .034885 A.
SAs)e  (2pe)r = .00100 A.
S@p)e (2pa)r = .01042 A.

to have a symmetry (4,) and in addition it should
be orthogonal to ¢; and to ¢1* as well. This latter
condition is very difficult to satisfy, if at the same
time ¢,* is kept orthogonal to ¢;. After a number
of trials with different forms of functions, it was
found that a (3s) carbon function with radial nodes,
constructed from ordinary (3s), (2s) and (ls)
Slater functions with the requirement that they
should be mutually orthogonal, was also very closely
orthogonal to ¢; (but not to ¢f). This function
gave fair agreement with experiment for both
molecules, as is shown in Table I.
The normalized function (3s5)° used was

(3s) = 1.006(3s) — 0.188(2s) + 0.024(1s)

where (3s), (2s5), (1s) are normalized Slater functions
with Z = 1.45, 3.25 and 5.7 and » = 3, 2 and 1,
respectively. These Z values were obtained by a
direct application of Slater’s rules and no variation
of Z nor of n was studied. If a more general func-
tion, such as

¢ = ¢(3s)c + d(2s)c + f(ls)o + glog + o2+ a3 + au)

is tried, the coefficients cannot be determined by
orthogonality with ¢; and ¢1* and normalization.
If it is required mercly that these component orbi-
tals be mutually orthogonal, then the resulting /-
values agreed very poorly with experiment, and
are not listed in Table I.

Strangely enough, a Slater function (3s) with Z =
1.45 and n = 3 gave the best numerical agreement
with experiment of any function of this type.

Finally we considered the possibility that the
electron excited in CF, did not come from a bonding
(C-F) orbital but froin one of the molecular orbitals
formed from the sixteen 2pm electrons of the four
fluorines. We found only the orbitals which
transformed like F. (and not those which trans-
formed like F, and like E), and computed a dipole
moment integral between one of the F. functions
and an orthogonal F, function. The resulting /-
number was of the order of 10~% There are ob-
viously many other possibilities for excitation from
orbitals of this nature. The energies of these
orbitals relative to the bonding orbitals are com-
pletely unknown as well as their relative energy to
each other, aud it did not appear profitable to per-
sue the matter further.

It is evident that the numerical results are sensi-
tive to the choice of coefficients (for example the

fler*) (M) value for CFy in Table I) and to this

extent agreement with experiment is partly for-
tuitous.  We do not believe that the agreemcent is
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completely accidental, particularly when results
for the two molecules are compared. At the same
time the moderately good agreement can be taken
as an indication that the method of estimating
coefficients in wave functions from electronegativi-
ties may be useful in crude intensity calculations,
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The ionization constant of NOFeCl in liquid NOCI was determined from conductance data by the Shedlovsky method:
Kion = 0.00373 and Ag = 401.2, at —10°, Its solubility is 93 g. FeCl; per 100 g. NOCl at 0°, and it forms the solid solvate
NOFeCli: NOCI (dissoc. pressure 224 mm, at 0°). The highly conducting NOAICI, has a solubility of 61.2 g. AICl; per 100
g. of NOClat —25°, 68.6!g./100 at 0°, or 93 g./100 at 18°, and forms solid NOAICL-NOCI (dissoc. pressure 180 mm. at 0°).
On the other hand, the nearly insoluble NOBF, and (NO).SnCls are not recognizably solvated. Nitrosyl salts react with the
slightly soluble (CH;xNCl in the sense of the acid-base neutralization NO+ 4 Cl~ — NOCI, as demonstrated by a conducto-
metric titration of NOFeCl by (CH,;)NCl and by the partial neutralization equilibria of NOBF,, NOCIO, and (NO)S;0y,
each with (CH;)NCI. The idea that NO™ represents acid, and Cl~ base, is further justified by the electrolysis of NOFeCl,
in NOC]I, forming NO at the cathodeand Cl; at the anode. The transference ratio of NO* to FeCl,~ is about 7:1, suggesting
a solvo-chain mechanism of transporting NO*. In relation to this work, the vapor tensions of very pure NOCI were re-
determined, with results near to the average of the most acceptable literature values. The dielectric constant was measured
as 19.7 at —10°, 21.4 at -19.5° and 22.5 at —27°—a trend indicating a mild association, negatively correlated with tem-

perature,

It was indicated earlier that certain nitrosyl
salts of complex anions are very soluble strong
electrolytes in liquid nitrosyl chloride, while others
are relatively insoluble or poorly conducting.?
The study now has been extended to establish a
more definitely quantitative understanding of
NOCI as an ionizing solvent, and to develop the
increased variety of chemical knowledge implied
by solvation, the phenomena accompanying elec-
trolysis, and reactions of the neutralization type.

Experiments, Results and Interpretations
I. Properties of Nitrosyl Chloride

Purification.—Nitrosyl chloride, prepared by the action of
hydrogen chloride upon nitrosyl acid sulfate,?® was purified
first by a rough fractional condensation and then by a helix-
packed fractionating column, attached to the high-vacuum
apparatus and operating with a reflux temperature of —42°
(boiling propane), in a fairly dark room. In the final re-
fractionation, one-third of the product was rejected as first
and last fractions, which still showed vapor tension agree-
ment. The samples were preserved in sealed tubes at —78°,
in a dark cupboard to minimize photodecomposition, and
usually were repurified between experiments.

Vapor Tensions.—The vapor tensions of several different
samples of purified nitrosyl chloride were measured over the
range —48 to —6°, in a black painted apparatus employing
a quartz Jackson-type gage! as a null-instrument. The
ammonia and sulfur dioxide vapor tension thermometers,®

(1) This paper represents a dissertation presented by Donald E.
McKenzie to the Graduate Faculty of the University of Southern
California, in partial fulfillment of the requirements for the degree of
Doctor of Philosophy, August, 1950, The support of a considerable
part of this work through a research fellowship granted by the
Standard Qil Company of California is gratefully acknowledged.
The present address of Dr. McKenzie is Canadian National Research
Council, Chalk River, Ontario, Canada.

(2) A, B, Burg and G. W. Campbell, Jr., THIS JourNaL, 70, 1964
(1948).

(8) A. F. Scott and C. R. Johnson, J. Phys. Chem., 83, 1975 (1929).

(4) T. B. Phipps, M. L. Spealman and T. G, Cooke, J, Chem. Ed.,
12, 318 (1935).

(5) A. Stock, Z. Elektrochem., 39, 357 (1923).

and a standardized mercury thermometer graduated to 0.1°,
were used in their appropriate ranges. The results, pre-
sented in Table I, determine the equation logi pPmm, =
—(1373.82/T) + 1.75 logie T — 0.0036716 T + 4.74582,
from which the check values were calculated (average de-
viation 0.05 mm.). This implies the normal boiling point
to be —5.38°, or near the average of previous determina-
tions.8~? Taking the critical pressure as 92 atm.,! the heat
of vaporization is calculated as 5953 cal./mole. at the boil-
ing point, and the Trouton constant is 22.23 cal./deg. mole.

TaBLE 1
VaPoR TENSIONS OF PURE N1TROSYL CHLORIDE

¢, °C. —47.59 —46.39 —44.37 —41.97 —31.77 —29.38
pmm. (obsd.) 88.11 04,97 107.29 123.36 217.79 246.82
pam, (caled.) 88.19 04.90 107.18 123.47 217.77 246.90
! —-25.63 —22.27 —17.52 —15.03 —0.23 =7.79
$ (obsd.) 209.05 353,10 443.13 407.28 644.34 685.85
 (caled.) 200.03 353.14 443.11 407.27 644.37 685.85

The Dielectric Constant.—The only previous value of the
dielectric constant of nitrosyl chloride, 18.2 at 12°, was
obtained by extrapolation from solutions of NOCI in CCl,.1!
Direct determinations now have been made at three lower
temperatures, using an 18-ml. cell in which the pure liquid
covered two parallel platinum plates 6 cm. in diameter,
rigidly held 1 mm. apart. Capacitances were measured by
a Schering bridge circuit (Capacitance Bridge Type 716-C,
General Radio Co.), employing a Hewlett-Packard Model
200A variable oscillator as a source. The detector circuit
coasisted of a one-stage amplifier and oscilloscope, connected
to the bridge in the manner recommended by Jones, Mysels
and Juda.!? The cell and connecting wires were surrounded
by grounded shields. The temperature of the bath (tri-
chloroethylene contained in an unsilvered dewar vessel sur-
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Prentice-Hall, Inc.,, New York, N, Y., 1944, p. 486. -
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63, 500 (1949).
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