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INTRODUCTION

Of the activity in infrared spectroscory in recent years a rela-
tively small (although increasing) fraction has been devoted to the in-
vestigation of the intensities of absorption bands. The reasons for
this neglect are manifold, and include the involved nature of the exper—
imental procedures required to obtain absolute infrared absorption in-
tensities, the difficulty of performing normal coordinate analyses of
polyatomic molecules, and even the occasional breakdown of the assump—-
tions used in the theory whereby one derives the polar properties of
chemical bonds from the absolute intensities. These various points
will be discussed in detail in later sections.

In spite of these difficulties, there seems to be a great deal
of information to be learned about the nature of chemical bonds from
studies of absolute intensities of infrared absorption bands.

The research to be described in this thesis is ar investigation
cof the absolute infrared absorption intensities of the vibraticnal
bands principally ascribable to the stretching of the carbon-hydrogen
bonds and the deformation (bernding) of the hydrogen~carbon-hydrogen
angle of some methyl halides. The particular series of compounds was
chosen because a reasonably good potential function was available for
them. This makes it possible to study the polar proverties of the
carbon~hydrogen bonds of these molecules and establish trends with
variation of the halogens. The errors arising from the approximate

nature of the theory appear in only a systematic way.



HISTORICAL BACXGROUND
Since work on intensities of infrared bands has been reviev;edl’z’3

several times in recent years, a complete review of the subject will
not be attempted here. Rather, the recent work pertaining to carbon-
hydrogen intensities and the polar properties of the carbor-hydrogen
bond will be reviewed together with the work on the infrared spectra
of the methylene halides.

| The polar properties of carbon=hydrogen bonds have attracted a
great deal of attention in the way of infrared intensity investigation.
Probably much of this attention arises from interest in the sign of the
C-H bond moment. The results of Coulson'sh quantum mechanical calcula-
tions indicate that in methane the C-H polarity is C+- H- with the
bond moment equal to 0.4 x 10-10 e.s.u;. Gent5 in a review of the

C~H polarity concluded that in acetylene the C-H nolarity is C = H s
This conclusion is compatible with chemical evidence for it is well
known that acetylene is acidic and its hydrogens are quite labile.

The polarity of C-H bonds as a function of the state of hybridization
of the carbon atom has been discussed by Walshé, who has shown that

as the amount of p character decreases the carbon becones more nega-~
tive relative to the hydrogen. Thus, in methane, the state of hybrid-
ization is sp3 and the polarity is C+- H and in acetylene with sp
hybridization the polarity has reversed to C = K . Walsh also brought
forth a corollary which stated that if a substituent on a carben atom
were replaced by a more electronegative substituent (X), more p char-

acter would be evoked in the carbon orbital participating in the C-X



bond. These arguments were used in discussing bond strengths and
polarities and molecular shapes.

The method of Wilson andjﬁélls7 for obtaining the intensities
of infrared bands provided the impetus for the many intensity studies
in recent years. This methocd, which is almost universally employed
now, requires that sufficient non-sbsorbing fereign gas be added vo
the sample to broaden the rotational lines so as to eliminate violent
fluctuations in intensity with frequency. The procecure requires
the extrapolation of the apparent integrated absorption coefficient
divided by the partial pressure to zero partial pressure of the ab-
sorving gas. These two steps allow vibrational band intensities to
be measured to a reasonzble accuracy even with spectrographs of low
resolving power. Ethylenea, nethane and ethane9 were among the first
compounds to be studied by the method of Wilson and Wells. For meth-
ane9 (/“)CH was found to be 0.31 x 10.18 e.S.u. and {é%? CH
was X 0.55 x 10 18 e.s.u. This value of (/u_)CH agrees reasonably
well with the value calculated by Coulson although it sheds no light
on the sign of the dipole. In ethane (}L)CH was estimated to be
0.3 x ld-la e.s.u. from the parallel bending mode while both
stretching modes yielded a value of ¥ 0.75 = 13-10 e.s;u. far(]?{é))cﬁ.
In the case of ethylene it was also found that the value obtained for
(‘fL)CH_ was not a constant but was dependent on the mode of vibration,
being 0.37 x 10-18 e.8.u. and 0.52 x 10 18 €.Sele respectlvely, for the
i> [ and ;D 1nplane bending modes, and 0.77 x 10 15 €.s.u. for
the Y 17 Out-of-plane bending mode, while —3 ~ ) is 0.60 x 1010

CH
e.s.u. As a result of these measurements, the approximation of bord
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1
moment additivity, as it had been introduced by Rollefson and lavens 0 s

was seen to have some failings. Bell, Thompson and 'Jagon and later
1

Cole and Thompson 2 studied the intensities of some bending modes of

a mumber of substituted benzenes ir soclution. Their results suc~ested

18

a mean value of 0.57 x 10 — e.s.u. for ( i ) oy With the hydrogen

atom being at the positive end of the C-H dipole. I«‘re;.nc:is:!'3 studied
the intensities of several bands in twelve aliphatic hydrocarborns and
found that (/1, )CH ranged from 0.2 x ].0'-18 e.S.u. tc Ot x I!.O-:LS €eSelle
and (%) cy b0 be about -0.75 x 10710 e.s.u. (the hydrogen was as-
sumed to be at the positive end of the C~H dipole).

There have been several studies made of the band intensities of

different bands of acetylene. Calloman, ¥cKean and Thompsonl)" studied

10

O-H stretching band intensity and deduced that (gé ) s WS 0.8 x 107

CH
€eSelle

1
Van Alten > studied the intensities of several bands in CZHz’

CZDZ and CZHD using a_ higher pressure of foreign gas than did Calloman,

¥cKean and Thomwso! lh. Wingfield and S"t:ra.’!.ey]'6 have studied the inten-

sity of ) g bending vibration in CoH, and C,9, (also studied by

Van Alten). The results of Van Alten and of Wingfield and Straley

agree guite well, both yielding a value of ( /2 )CH about 0.99 x 10-10

e.s.u. For (%—) cy» Van Alten obtained a value of 0.869 x 10720 e.s.u.
The bond moments of HCN and DCH were obtained from intensities by
18

1 -
Hyde and Hornig 7 who found a value of 1.13 x 10 e.s.u. for ( /u_ )CH

+ - Z
and <« 1.05 x 10 10 e.s.u. for (Z‘,. )CP" They also were able to show that
if C is positive in the C=N dipole, then H is positive in the C-H

dipole.
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18
Barrow and YMcKean studied infrared intensities ir the methyl
Ix
halides and found from the E modes that (ﬁ,. )CH

* 0.23 for methyl iodide.

ranges fronm
+ ~18 R .
~ 0,70 x 10 ee.s.u. for methyl fluoride to
2

The va.luesv of (9,. )CH in the Ay class, hom;-ver, varied from
1.7 x 10“10 e.S.u. for methyl fluoride to about 0.9 x lG-lo €.S.ts fOT
methyl iodide. The values of ( 2 )GH were, in general, around
Ooh X 10-18 EeSele

The intensities of all but cne of the bands of dimethyl acetylene

have been examined by Mills and Thompson19

who found the probatle
value of the C-H dipole in this compcund to be about O.i x 167 s
and that of the C~C dipole to be about 1 x 10728 e.s.u. They find
that if the acetylenic carbon atoms have a residual negative charge
(which is considered most probable), then the hydrogen atoms in the C-H
bonds must carry a residual positive charge.

Recently, the work of Hisatsune and Eggers 20 on the intensities
and bond moments of formaldehyde was published. The resulis chosen for

the C~H properties were ( () cg WAl to 0.50 x 10718

e.seue (€= HY)

and (‘g%) . equal to 1.3 x 10710 e.s.u. s although, they did cozment
CH

that the Bl syzmetry block gave an abnormally large ( /L) - of about

1x1078 e.sau.

Flet‘bﬂ measured the intensities of the C-H stretching vibration
bands of a number of toluene derivatives, which had substituents para
to the methyl group, on the methyl group, or both. He was able to
correlate the variation of the intensities of the aliphatic and aromatic

C~H bands with the electron donor or acceptor character of the substituent.

However, he did not attempt to obtain bond moments or bond moment deriva~



tives.

There are still, perhaps, insufficient infrared intensity data
available to properly evaluate its real nosition in molecular spectro-
scopy. However, it is apparent that, although bond moments and bon
moment derivatives derived from intensity studies of different bands
of a given molecule are not always consistent, the further study of
vibrational band intensities will lead to a better insight of the elec~

tronic structure of molecules.



THEORY

Since the theory of infrared intensities and molecular normgl
coordinate analyses are well discussed elsewhere it would serve little
purpose to repeat the development of the theory here. In particular,
the excellent book by Wilson, Decius and (}ross22 provides quite com-
plete derivations and discussions of these theories together with the
references to the original literature of the develovments. That will
be attempted here is to provide a brief survey of the theory hasic to

the work to be described later.
Infrared Band Intensities

If one assumes the validity of the well knowm law for thz absorp—-

1
tion of monochromatic radiation, I = Io emq:p

s Where I o is the inten-
sity of the radiation incident upon a cell of length 1 containing an
absorbing gas at partial pressure p, I is the intensity of the trans-
mitted radiation and e is the mclar absorption coefficient, then the

absorption of a given absorption band may be described by the integrated

absorption coefficient at unit pressure.
A=Ia(\))d») -__1_j m loay . )
71 I

The integration is carried out over the frequency range of the
absorption band. With a spectrometer of irnfinite resolving power
Io/T would be measured directly, however, actual spectrometers dc not

measure I,/I but rather measure the integral of intensities of fre-



quencies over a range of frequencies.

T=j1(»>)g(w),x)') avy . (2)

T is the apparert irtensity detected at an instrument setting ))’

(the central frequency admitted by the finite slit) and g ( 1) 9 )}’ )
is the slit function, j.e. the fraction of the radiatien of actual

freguency )> admitted at the instrument setting 3> I « The inte=-
gration is carried out over the range of the finite slit width (all
\) for which g ( )> s w)’ ) # 0) but since g soon vanishes outside
a narrow range centered at ;)l s the integration can be carried to

Y co . Tms one may measure the apparent integrated absorption coef-

ficiente.

1l
3 = a ay = in To a
j apparent ;i j 7 d )) . (3)

Wilson and We1137 have shown that if Io does not vary rapidly

over a slit width, and if either the resolving power is high compared
to the variation in a or the resclving power does not change mch
over the band that
Lim B = A. (L)
pl—>0
By measuring B at different values of pl (by varying either p or 1)
and extrapolating B to zero pl, one can find A, the true integrated
absorption intensity.
One can expanc 1n T/T for small absorption and keeping the first

term of the expansion get



c = 1 \ T, -1 ay . (5)
p T

This method was used by Bou::‘ginz3 . This method is quite simple tc use

in that the M"absorption areas?® 5 Tg - T d\) can frequently be
T

measured directly on the recorder chart withouit replotting.
The true integrated absorption A may be obtained by extrapolation
of C similar to the extrapolaticn of B. Although lim C is equal to A

P10
and thus lim B , at all finite values of pl, C is less than B and the

extrapolazi;g curve of C has greater curvature than that of B, in prac-
tice, therefore, one may expect the extrapolation of B to yield a more
accurate value for A than the extrapolation of C.

Because of the rotational fine structure of the vibrational band,
exp (-epl) will ordinarily vary with extreme fluctuaticns on passing
through the individual lines of the vibrational-rotational band. The
addition of a sufficient pressure of non—-absarbing foreign gas can
broaden the lines of the rotational fine structure and eliminate the
fluctuation in exp (~apl). Unless the spectrometer has high resolving
power, it is still necessary to obtain A by extrapolating B. Although
extreme fluctuation in exp (-agpl) may be eliminated by pressure broad—
ening of the rotational structure, there remains the variation of the
absorption coefficient over slit width because of the band envelope;

In summary, the true integrated coefficient of a vibrational band
by the Wilson and Wells method may be obtained if (1) the rotational
fine structure is eliminated by pressure broadening, {2) the curves are

extrapolated to zero pl product so that variations in absorption due to
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the envelope are eliminated, and (3) the apparent integrated absorc—

tion coefficient rather than the abscrption is measured in order to

make the extrapolation procedure valid at relatively high absorptions.
Tt is well known that an abscrption intensity is related to the

2l

speciral transition probability™ and thus to the matrix element of the

dipcle moment for thne transition. In the case of the absorption band
"

of the i'th fundamental vibration this relatian‘ is
-3 . 3o 2 ho 19 "o i1z
. > _ gRTNY: | H .

where Ai is the integrated intensity of the i'th band whese central

freguency is '> 59 3 is the number ol molecules per unit concentration,
h is Planck's constant, ¢ is the velocity of light ard ( p.,,:'a) is the
x component of the dipole moment (or transition moment) for the transi-
tion between the ground and first excited states, similarly for-(ﬁl ?:)
wa (p ;).

if the dipole moment is now exparded in a power series in the
normal coordinates, Q, the intensity can be related to the dinole moment

change with vibration.8

T P 2 P ) ?}
L + Gty S ant-3
A - 3e { 2Q: f [ 7@ ’+/9§%/ @

Since the normal coordinates are related to the internal cocrdi-
nates (usually combinations of bond coordinates, i.e. bond stretching

and bond angle deformation} by linear transformation,

4 = ? Lij Rj ) (8)



- 11 -

the % are similarly related to —%gé-—

-?fl = 2 L—\ 7?&‘—— Ps (
< " ’ .
It is now possible to use the above results, together with the assump=-

D

)

tion of bond moment additivity, to caleculate "effective charges"™ for
bond stretchings —ag: and bond dipole moments. The -%"ﬁ s Where Rk

is a bond angle deformation ccordinate yield the dipole moments.

Normal Coordinate Analysis

25

A brief discussion of Wilson's F G ¥atrix me'bhodzz’ for the
mathematical analysis of molecular vibrations will be given here.

If for a molecule whose vibrations are simple harmonic motion, the
coordinates of the atoms are expressed as generalized displacement
coordinates, then the kinetic erergy of the molecule {for nuclesr dis—

placements only) is
T = 1/2 2 32 a,, 4 4. 3 {10)
i3

where, within the framework of small vibration theory, the aij’s are

constants. Similarly, tie potential energy is

vV = 1/2 2 2 b _ aq q ; (1)
i j o

where, b.. is equal to or the force constants for displacement.

lJ a?/ 9?,/

The lagrangian equations of motion for the molecular vibrations are then

2 oa. d 23 *+ b oq = 0. (12)
5 g 9 PR



For 3N degrees of freedom, there will be 3N such equations corresponding

to i equal to 1, 2, 3, «.es 3N. By means of an orthogonal transformation

Cie 4 2 (13)

one can obtain the normal coordinates @, that allow one to express the

qj- =

Ol ¥

kinetic and potential energy in pure quadratic form (i.e., free frem

cross products)
- ~2
T = 1/2 2 9 (1)

vV o= 1/2 Z N ka . (13)

The Xk are the 3N eigenvalues of the characteristic (or secular) equation
Aoayy - by 5 = 0 ; (16)

and the ¢ ik is the matrix formed from the eigenvectors.

It can be seen from this characteristic eguation that, in general,
A may occur with any element of the deteminant; This can make the
solution of such equations for some polyatemic molecules quite difficult,
where the order of the characteristic equation is large. It is also
frequently difficult to set up the as s in terms' of internal coordinates
so as not to include translations and rotations.

As a means of pircumventing some of the difficulties of older
methods of treating molecular vibrations, :5,'._-.3_50325 devised the F G ¥atrix
methode (An equivalent method was devised indepently and almost simul-
taneously by Eliashevichzé.)
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In this method the elements of the G matrix are defined by the

equation
3N T
le = 2 1 Bld Bli (k1 = 2,2,...(38=6)) ; 1n

i=l my

where X is the number of atoms and my is the mass of the ith atom.
By; is an element of the transformation relating the Cartesian displace-

ment coordinates X5 to the internal coordinates R},.

B = i BR:L X (18)

(In matrix notation this is R = Bx) The kinetic energy in terms of R, is

-6 W6 ., .
2T = pX Z (G) R R = R' G
k=1 1=1 Kl k 1

‘Ue

5 (19)

where G"?' is the inverse matrix of G, R is the column matrix whose elements

are the ﬁk and R! is the transpose of R. The potential energy is then

expressed by .
=6 3=
2V = b Z F R, = R* F R; (20)
R .

in which Fkl is one of the force constants.

The secular equation is then

)F-G-ll =0 , (21)

which is comparable in form to that obtained earlier. However, if one

multiplies through this secular equation by G, one obtains

}GF-GG’lll=O, (22)



which is equivalent to
G F - E = 0. (23)

Here E is the identity or unit matrix.

In this secular equation the X occur only on the principal dia=-
gonal and with unit coefficients. This form is convenient for expan—
sion as an algebraic equation in A as well as for many mumerical
methods of soluticn of determinants. Perhaps one of the most objec—
tiocnable qualities of this form is that it is not symmetrical about
its principal diagonal.

In the case of a symmetrical molecule, one can construct internal
symnetry coordinates, chosen sc as to agree with the transformation vro-
verties of one of the symmetry species appropriate to the pecint group
symretry of the molecule. Since the symetry species appropriate to the
roint group are orthogonal to one another, the use of symmetry coordi-
nates factors the secular equation into block diagonal form, so that
instead of having to solve a (3W~6) x (3N=6) determinant one may solve
several of lesser order. The extent of reduction possible, of ccurse,
is dependent on the number of symmetry elements that the molecule pos-
sesses.

The a priori knowledge of how the symmetry of a molecule may affect
the description of its spectra and eigenfuncivions may be gained through
the application of the techniques of group theom.22’27’28

The normal coordinates Q are related to R by the transformation

R = L Q3 (2h)
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in which L is chosen so that the energies in terms of Q are of the form

2V = Q' L' P L @ = QTA Q, (25)

]

27 = & L' ¢ 1L & =QE &, (26)

in which A is a diagonal matrix of the A's.

Thus
L' P L =/, (27
' 61 1 = = (28)
or L 1' = ¢, {2%)
and G FL =LA (30)
-1 -1
or L G F = A Ll R (31)

Thus the elements in the rows of the secular equation supply the ccef-
ficients of the forward transformation (L) while the colurns serve for
the reverse transformation (I.-l) « The solution of the secular equation
vields eigenfunctions L which are related to the normal eigenfunctions

L by a trivial constant. The expression
' F L=/, (32)

provides a convenient normalizing condition.29 The relationship between

T and L is

T =L D3 (33)

where D is a diagonal matrix of trivial constants. D may be found
from the relation
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2 xr & rs. (3k)

IFL = DI'FLD = DA D ~ Dr
The relation

L L' = G (35)

serves as a convenient check.



-17 -

EXPERTXENTAL YETHOD
Haterials

The compounds investigated were of the highest purity available.
Since these compounds have simple infrared spectra which have been

well analyzed and assigned,30 s31

it was possible to use the spectra as
2 check for impurities. ost of the compounds were used as received.
CH2012 was purchased from the lathesor Company. CH28r2 and 03212 were
purchased from fastman Kodak Company. CH23rC1 was given by Dow Chemical
Conmpany » C‘ri2F2 and CHZCIF were given by the Jackson Laboratory of the
E. I du Pont de ¥emowrs and Company.

It was necessary to purify the C'r1233:t'2 by fractional distillation
through a center rod column using about L0 theoretical plates in order
to remove a trace (ca. 0.05%) of CH,BrCl. Another sample of CHy3r,,
which had been furnished by the Dow Chemical Company, contained in addi-
tion to the CHpBrCl some CHCl,Br which apparently formed an azeotrope
with the CH281'2. Since the CHClZBr could not be separated from the
GHZB::‘2 by fractional distillation using 80 theoretical plates, the sam-

ple was not used.
Solution easurements

The intensities of the two fundamental vibrations Vi and Vg
(CH stretching vibrations? were measured in CCl) solution for CHxCl,,
CHpBrCl, CHoBr, and CHZIZ' These intensities were measured on a
Perkin-Elmer dodel 13 infrared spectrophotometer equipped with a lithium

fluoride prism and a slit servo mechanism that regulated the slit to
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provide constant Io. Sodium chloride cells of 0.8 mm path length
were used.
X e . . 32 .

The intensities were determined using Ramsay's  extension of
the method of absorpiion areas. Since the change in dispersion across
the bands was small, it was possible to measure the absorption areas
directly from the recorder chart. The area of each band was measured
at least twice with a planimeter.

Several solutions of different concentration were measured for

each molecule. The solutions were used immediately after preparation.
Vapor Phase Measurements

The intensities of the ¥, ; Y, and V3 bands of CHyFps CH,CLF,
CH,Cly, CH,BrCl and CHpBrp were measured in the vapor phase.

A Perkin-Elmer lodel 112 infrared spectrophotometer (a single-beam

-l

instrument with a double~pass monochromator) was used for the vaper
phase studies. A lithium fluoride prism was used to study the 300C cm'l

region { ¥, and ¥V, ) with a resolution of abcut & em L. For the study

1

of the 1400 to 1500 cm — region ( Yy ) a CaF, prism was used with a

resolution of 2 to 2.5 cm L,

The cell used for this work was a multiple reflection cell of the -

White type33’3h

Perkin=-Elmer Model 112 spectrbmeter. The 3 1/2 inch diameter mirrors

designed by the author tc match the aperature of the

in the brass cell have a 40 cm radiuvs of curvature. The path lengths
in the cell are multiples of L times the distance beiween the mirrors
(L x 4O) or 160 ecm. The path length of the cell is changed by rotation

of one of the half mirrors about a vertical axis; the motion which
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rotates the mirror is transmitted into the cell by the action of a
differential screw compressing a sylphon bellows tc which a conrecting
rod is mounted. The external focussing optics used with the cell were

35 for the

essentially the same as those used by Pilston and Thite
Perkin-Elmer 10 meter celld

A small zlass vacuun manifold connected to the cell by heavy walled
teflon tubing provided a filling sy;tem for the cell. Vapor nressure
measurements .were nade with a larze bore {9 mm I. D.) open end monometer
and barcmetric readings by expansion from the manifold to the cell using
the known ratio. of these volumes to calculate the final pressure.

Sarples of CHyF, and CH,CLF (both gases) were measured into the
manifold directly from the cylinders containing them. Liquid samples
were first allowed to degas by pumping on them, then the manifold was
evacuated and the vapor pressure measured into the marifoid.

After a sample had teen measured into the cell, 2bout one atmosphere
of pressurizing gas was added. Nitrogen was used as the vressurizing gas
for work in the 300C em™L region and helium for work in the 1400 to
1500 cmfl region, Helium was used here because interfering water vapor
was detected in the cylinder of nitrogen at the time of these measure—
ments.

For the measurements in the 1400 to 1500 cm-l region, the optical
path connecting the scurce housing, cell and mcnochromator was enclosed
in a large plastic bag and the whole optical path (except that within
the cell) was flushed dry with helium in order to lower the water vapor
background as much as possible. It was not possible to eliminate the

water vapor spectrum completely, but in most cases the interference was



negligible.

The absorption bands of a sample were measured at several path
lengths (usually four or five); the different path lengths were ob~
tained by changing the path length within the multirle reilecticn
cell. Background measurements were made with the cell evacuated and
at the correspending cell path lencths.

.
The bands were replotted or semi-logarithmic paper (In "° 7S ¥ )
T

s

and then the areas were measured at least twice with a planimeter. These
areas ( f in _IQ dy ) were then plotted against the pl product and the

I
true integrated absorption coefficients were obtained from the slope of

these plots.



RESULTS
Lo
The measured integrated avrarent band areas In ~ d¥ for
I

a given gas were plotted against the pl product. The itrue intensify

4 of a band was cbtained from the limiting slorme of this plot. In
several cases where other bands slightly cverlapped the band of irterest,
it was possible to separate them graphically. In the vapor phase, the

\) 1 and ¥ ¢ bands of all the compounds studied overlap one arother

to such an extent that graphical separation was not pcssible. However,
since the peak intensities of these two bands were nearly egual in all
cases, the individual band intensities of % 1 axd Y 6 have beern tak-
en as being equal to one half the true intensity sum obtained from the

l:m.tmg slope of the intensity sum rlots for “> and > 6 (figures

1
1 through 5).
With the exception of CH2F2 all the ccmpounds studied exhibited

quite simple structure for the and V¥ 5 bands. Since Cd.F_ is

1 22
a mch lighter molecule than the other molecules cf the series, the P
and R branches of the ») 6 perpendicular band are more proncunced.
This fact is the main explanation of the different appearance of the
3000 ot region of CH,F,. However, Stewart and :‘»IielsenBé have found
from the high resolution spectra that a third band overlaps this region
also. This third band is most likely the binary combination band of

3) 3 and b g* It was not possible to make allowance for the inten-
sity contribution of this third dand, but since the { 3+ )) 8 )
band is very weak it is not believed to cause appreciable error.

The b 3 bands of these compounds lie in the regior 1370 to



to 1520 cm.'1 3 this region is usually obscured by the absorption of
atmospheric water vapor. Although the spectrometer was flushed with

dry gas, this procedure ¢id nct completely eliminate the preserce of
water vapor lines from the background. Since the water vapor lines

are quite sharp, it is conceivable that they might not be canceled out
in the replotting of the absorption band of the sample gas and thus
contribute to the experimental error. In particular, the » 3 band re-
gion of CH,BrCl and had rather strong water vapor lines oresent that pro-
bably caused considerable error in the measured band intensity. It mayr

be seen in Table 1, where the band intensities are summarized that the

CHZBrCl v 3 band intensity is somewhat out of line. Only in the re-

Table 1. 2bsorption Band Intensities
in Vapor Phase (cu™L / atm.—cm)

CHF,  CE,CIF  CHxCl, CHBrCl  CHBr,

Y, 20k 39.6 20 5 2.17
v 10h 3946 20 5 2.17
Y3 2,11 5.95 5.52 0.391  0.839

zion of the ~73 band of CHzBrz were the water vapor lines eliminated

from the background.
The ¥ 3 band of CH2F2 has not been reported before as having been
observed in the infrared. The Raman-effect data on CH2F2 show V¥V 3

w0 te at 1508 cm.l. The ¥ 3 band of CHoFy was observed in the infrared



in this research at 1508 ¥ 5 cm.l. Probably the interference of the
water vapor spectrur has prevented the earlier detection of 3* The
¥y 3 band was slightly overlapped by the teil of the quite strong

U35 ent Vg band of CHpT,. The band area of the CH,F, 5 s
separated graphically froz the P ¢ tail. However, this procedure is
subject to appreciable error.

In liquid phase the Y 1 ard VY 6 bands of the methylene halides
are separated ccnsiderably and were almost completely resclved. The
intensities of the ¥ 1 and -~y é bands of several methylene halides

2
were measured in CClh sclution using Ramsay'!s method IIT .3 It is to

Table 2. 2bsorption Band Intensities
in CCl) Solution (erL / atm.—cm)

CHpCl,  CHpBrClL  CHBr,  CHI

2 22
v, 29 8.70 740 6.69
'?6 i0.1 19 oh 28 05 hO ol

be noticed that the solution intensities are greatly different from the

vapor vhase intensities even if one considers only the intensity sums.
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INTERPRETATICON OF DATA

The intensity of a vibration band is related to the dipole mo-
ment change with vibratiorn (7). If the intensity is measured in
cm-.l / atm.~cm and §€ in e.s.u. then the relaticnship is
op = * %
24 = 1 5653 (4%, (36)
oQ

Table 3 contains the values of 2M  that were determined for the

29
methylene halides studied based from the vapor phase intensities.

Table 3. [%% 's Derived from Vapor

Phase Intensities (e.s.u.)

CHoF,  CHnCIF  CH)Cl,  CH,BrCl  CHJBr

2772

(%%‘,) 5'8;-‘8 35:.6 25:.3 12;7 8.32

(%‘é{) 58.8 3546 25.3 12.7 8.32

(Eti ) 820 138 13.3 3.5 5,18
Yok

In oréer to interpret the —g% in terms of bond moment parameters,

the normal coordinate transformation matrices were needed. HNormal coor-

dinate calculations were made for CHyF,, CH,CL,, CH,ZBrz, CH,C1F and

CHzBrCl. The force constants necessary for these calculations were ob-

tained from several sources. The force constants for CH2012 and CH23r2

were those determined by Deciu33 7 and the force constants for CH2F2

8
were those determined by Pace3 « Pace's work was an extension of Decius!
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type of analysis to fluoromethanes but he found it was necessary to
employ more interaction terms in his potential function. Plyler and
Benech‘.ct30 also extended Decius' type of analysis to fluoromethanes,
and without introducing any more interaction terms. However, their
calculated frequencies are in much poorer agreement with experiment than
Pace's. The force constanis used for CHyErCl and CH2C3.F were those of
Dec:i.us3 [ and Plyler and Benedict3o o The additional constants required
for the CHZII molecules were taken as the geometiric mean of the corres-
ponding constants involving a single constant after the methed of FPlyler
and Benedic‘t:3 0. The normal coordinate calculations were carried out by
the methods of ’Hilsonzh.
The solution of the secular determinants arising in these calcula-
ticns was accamplished by a iterative processaa’” which yields the
largest root (or eigenvalue) A, and at the same time the corresponding
eigenvector T.I . The eigenvector .ir is related to the normal coordinate
Ly by a trivial constant.
To obtain the sub~dominant roots and their vectors, a matrix was
reduced by the method deseribed in Duncan, Frazer and Collar39 o This
requires the inverse function I;l which may be obtained by use of the

relation,
L, F = A L, . (37

Most of the calculations were carried out using a desk calculator,
however, the A' vibrations of the CHoXY molecules yield secular deter-
ninants of order 6 and their solution was too slow and tedicus for that.

These two sixth order secular determinants were solved using an
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I; B, ¥. 602=A. The same type of iterative procedure wes used but
Aitken'sho fdeflation® procedure was used to reduce the matrices, since
the other procedure tends to cause loss of significant figures if re—
peated nany times.

The symreetry coordinates, G and F matrix elements, and force cor-
stants used in these calculations are vresented in the appendix to-
gether with the L and L.l transformation matrices.

The calculated frequencies are summarized in Table L. The agree-
ment of the calculated with observed frequencies is quite satisfac—
tory for the most part. However, the agreement in the case of CHQClF
is pcorer than one would like and the calculated ¥ L of cazsrcl is
distressingly high.

It is very likely that approximating the additional force con~
stants required for the ChpiY molecules as the gecmetric mean of the
force corresponding to that of the molecules containing a single
halogen, is a poor cne. Since calculated frequencies are less sensi-~
tive to inexact sigenfunctions than are other parameters, it was rot
believed that the normal coordinates calculated for CEzch and CHzBrCI
are sufficiently reliable for calculating bond moment parameters.

Also the CE;BrCl <V 3 intensity was obtained urder working conditions

which were very likely to cause error.
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Table L. Calculated and Observed Frequencies in om

Calc.

Obs.

Yolecule Vi A%
CH,F, V4 (44) 3005 29k9 1.9
V3 (&) 1503 1508 0.3
7 o(47) 1127 116 1.0
¥}, (41) 553 529 h;S
VB X8 302 2
Y4(37) 1218 1176 3.6
CH,C1, Y ;(47) 2999 2985 0;5
vy WS WA 0.8
v, (4) 715 706 1.3
V), (Ay) 297 286 3:.8
vg(By) 3077 3048 1.0
V(B 899 898 0.1
CH Br,, Y, (27) 2999 2988 0.l
Vsl  Wos 138 L
ALY 576 519 ~0.5
V), (47) 173 17k -o:.é
V4(37) 3076 3065 0.3
v B) B0 813 ol
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Table 4. (contd.)

tolecule v/ Cale.  Obs. A%

CH,BrCL RALLY 2999 2987 o;h
V(&) 1h21 1402 1:,3
Yg(an) 12h5 1225 1.6
Yola") 723 728 -o:.7
172(A') 599 606 -1.11
yh(ﬁ.') 303 226 3&,1
Vg lam 3077 3060 046
Fn o 1m0 oo
v, (am) 8h7 852 0.6

CEL, 017 7LA0 %05 293 o
Yy 183 w50
Va&) W wsL 5.
779 (a") 95k 1068 -10:.?
V,(4Y) 09 760 -l
7)(an 388 385 o:.8
Y lam) 3080 3048 1.
Vs(m) 1281 123} 3:.6
PACY 989 o0k -1.5
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The relationships between the s and bond moment parameters

were obtained by considering the geometry of the molecule.

Table 5. Dipole Yoment Change Transformation

Coefficients for CH2X2 Al Vibrations

(5=).. (3)  ~. ey
5= /3
%ﬁ 2/3
Zee N/ N1/3
=2

“hen a symmetry species such as the B:,_ of Ch2X2 contains a rota=~
tion, one must be careful that the condition of no resultant angular
momentunm be inposed upon the vibraticn, when obtaining the transfor—
mations from %f’- to bond moment parameters. The transformations

[ 3
then will be several sirultaneous equations.

Table 6. Coefficients of the Equations for CH,X, By Vibrations
J""‘ = a/“" b +

()SJ a (;:’)CH PO m T K
(3

Kolecule ( i/-_'_-,) ( éu-)c .

s - Aeu A ex
[}
s7 ~0.607 0.210
CHCL, S 15 =0.0675 x0°  -0.0675 x 10°
Sq _ -0.665 0.148 .
" 8
272 s6 -0.686 0.131
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The coefficients from Table S and Table 6 together with appropriate
L matrix transformations were used in deriving equations relating the
o ) . . .
>@; to the bond moments and bond momernt derivatives. The coefficients

of these equations are presented in Table 7.

Table 7. Coefficients of the Equations

dw ()/" b J,u c -+~ J

'75/- = 4 Ir )cH * (_a—t—-)cx N /aa“ /J'ck

a b c d
CHF,  ; (3) 0.8h x10™2 -0.05 x10'2  0.11 510 -0.07 x20%°
3 (8 0.02 3100  0.02 x10% -1.21 3110 0.0l 0™
¢ (%) 1.20 xa0™2 0 0.0k x10%0 -0.12 x1020
CH,Cl, 5 (9 0.8k x107% 0,05 x10%% 0.1 x10%° -0.0% x10%°
¢ (Q) 1.21 xi0™ 0 0.03 x10° -0.09 x10%°
Gijpr, 1 (Q) 0.8 %1012 -0.05 x10¥2  0.11 x10%° -0.0Y x10%°
3 () 0.02 x10%°  0.05 x10%0 -1.22 x1012  0.06 x10%2
g (9 .21 xol? 0 0.03 x10%° ~0.09 x10%°

If the assumption is made that the bond dipole moment does not

change when the bond angles are deformed and also that the molecular

divole moment is the vecter sum of the bend dipole moments, then it

is possible to solve the eguations of Table 7 and

(38)



simaltaneously for the bond moment parameters.

atoms is too slight ir these vibrations to obtain ( g{—

The motion of halogen

with sig-
cx

nificance. The results are summarized in Table 8 together with the

IR
values of the molecular dipole moments . The values of( %)CX were

Table 8. Bond Polar Properties (in e.s.u.)

CE,CL,

CH,Br,

CHaf2
Mg ¥ 10710 *1.66 to 1.55
prgg <1070 20,01 to 022
(2 ~10 |
o x 10 008,.]. to 0‘3,4
pop x 20710 1.93
foog X 10 O(assumed) 1.3
K x W0 Dassmed)  ~0.1

2 1.39 to 1.25
¥ 0.06 to 0.15

0.10 to 0.11
1.62

1.3

0.1

¥ 1.26 to 1.23

¥ 0.04 to 0.13

0.16 to 0.02
1.5
1.2

=-0.1

calculated using the assumed values

of foox ™ oy



- L2 -

CONCLUSION:

The infrared intensities and bond pclar properties of the
methylene halides show the pronounced effect of the different ha-
logens on the effective charge (%)oi the C~H bonds. The effect
on the MUy is apparently rather uniform. The /aCH of the methy-
lere halide molecvles, however, is smaller than in most other car-
bon-hydrogen compounds.

The observation and intensity study of the CHZFZ 5> 3 barnd conr~
firms the assigmment of this band, previously detected only in the
Raman effect.

The great difference in the intensities of the D 1 and y) 6
bands in sclution compared to their intensities in vapor phase in-
dicates strong solvent perturbations and suggest that one should be
extremely cautious when attempting to interpret solution intensity

data in terms of poclar parameters of the isolated molecule.
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APFEIDIX

The several matrices used in the normal coordinate calculations
and the calculated normal coordinate transformation matrices are
tabulated in this appendix. Included here are the general symmetry
coordinates, G (kinetic erergy) matrix and F (force constant) matrix
elements for CHpX, (&7 and B, symmetries) and CH XY molecules.

Table 23 contains the values of the force constants that were
used in the calculations.

The calculated normal coordinate transformation matrices for
CEgFy, CHyCl, and CH_Br, are contained in Table 2, and those for

22

0}5261F and CH,BrCl are contained in Teble 25.
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Table 9. CH212 Internal Coordinates

= A(CZ) o = A(X=t-H )
= A(Cr;) ap = A Z-CE)
= A(X-CX) e3 = A X~C-E, )
= A{ B=C~H ) g = A(ZyC-H )

Table 10. CI{2X2 Syrmetry Coordinates

4y Species
U Ry Ro Ty Ty ay ao a3 a.)_L 131 Y
s, 0 0 142 42 o 0 0 0 0 0
S, 2 /W2 o 0 0 0 0 0 0 0
53 0 0 0 0 0 0 0 0 /2 =247
§ 0 0 0o o -T2 -T <1412 1412 2/NIZ 2HT1Z
Ss 0 0o ¢ o N6 16 1MWE 1B 1 M6

Table 11. CH,X, Symmetry Coordinates

B, Species
U B Ry 1 Ty @ c, a 3 ah 531 ¥
S, O 0O 1WZ =12 o 0 0 0 0 0
S, O 0 0 0 /2 -1/2 -1/ 1/2 0 0
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Table 12. CH2XI Internal Coordinates

R, = A(CX) ay = A(XCH; )
R, = A(GT) oy = A(T-C-E )
r; = AlC=H; ) B = A(XGT)
¥ = A(EB-CH )
Table 13. Symmetry Coordinates

Species

U Rx Ry 1 ro 1 Cyo Ly PN B ¥

5 1 *
S, 1
S 142 W2
5, -1/W8 <146 IWE 1B 4B 1M
5 WE 1M -2/HE
S¢ V€ 14E -2
St & IWE W6 6 K6 1E IHE
* Blank spaces in U matrices are O.
® st = 0. (redundant coordinate)
Table 1. GCH Symmetry Coordinates
% Species
U By By 1) Tp Gy G Gy %G P Y
Sp * 2 =142
Sg 2 <142
So 142 -W/2

% Blank spaces in U matrices are O.
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Table 15. G Matrix Elements of CHoX,

AISpecies
G1p = En+.§;;
G12= -_g_m_;
as LG3)
G22— %—x+_23ic—
w= (1
s (33
B bk (33
= f b)) L3
%= 3G i) i (300)°




Table 16. G Matrix Elements of CH2X2

By Species
Ggg = L1 4L
By ¥ 38,
G -2 3 1

67~ = g'}'a

2
= 1 3 1 3 .1
n* ity (53




A' Species

G Matrix Elements of CH,XY (% >my)
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Table 17, (contd.)

uw

G5 = 3d*l +33§my %(l y+§n—)

o4

ue .3d‘m 31)3,19y °mc( "6= ‘Eis‘ﬁ;)

3

5 (&2
Ger= 1 1 1 59 3 W
%57 St E T T \3 TIE T dDy)
Geg = 1 1 1 6 19
%7 3nymy+1smc(d=+‘n;_r' @;)

1 _ 37

+ Tom, Dny &y,

G,, = 1 3 1 1 27
66 3d°my +'§§3,my+ﬁ m_ +I8m <E§+-;=—)

-

<Df +de Dny ‘my)

Table 18. G Matrix Flements of CHoXY

A" Species

T e e (145
= E(a %)

b9 = -Zd“m 15,)(35 EE;
Ggg = .&4.&

Ggo = (

= 1 3 1 1. 3\2
P @ ““"’zﬁ“’ﬁ:(&*“‘)
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Table 19. F Hatrix Elements of CH2X2

A1$pecies
o
Flp= Fi3= Fy = 0
Fop = i%—)- ff,
F23: f;.{i fIJ;Y
Foy, = ;5% (i';fa—kf;a)a-é (i‘RB—M‘;Y)
Fi3 = f‘;‘ + f}r
= (f:;a—f;)»fz (£ -1)
Ry, = % (fi f§+fz+f )- L (féa-\—fl
+3 (£5+11)

Table 20. F ¥airix Elements of 032X2

Bl Species
Fgg = fi
1 2
Fop = (g v5) —( fi+fﬁ)
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Tzble 21. ¥ Matrix Flemenis of CHZXY
A' Species
Ry > oy
1
Fll = fo
- 2
Fio = fR”
- G £
157 '3 "R,
B, = N £
16 -3- R‘a:
F i‘l
22 T "Ry
1 1 2
F, = 1 (2f £ - )
2 ,f'g" Byay RyB Rya,
1
F,o = Ab
25 - A’;, fRyGy
F _ = A6 -
26 g ( Ryax %yﬁ )
Faqa = .fl
3~ “r
2 1l
Fy, = 1 (2et 4 280 4 £ - 2 _ et oo
'6 Qy Ax Y Qxy a Qx
+2f3 + i‘l )
Gx B
2 2 1 3
F. - 1 f- - -7 - - -
b5 = 3 (a, c «(“'fi, fiy fh—}-2i‘a’
2
Flg = 1 (£ + & _ -
46 3 a a fay fix-‘-f:é
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Table 21. (contd.)

1
F55=% (fa+2fi+fi)
2 o
Fsé = _]3-_ (fCI + 10.)
1 1
Fgg = % (£, +1§+2f?)
Table 22. F Matrix Elements of CHZXI
AR Species
Ty> oy
P = fa—f);
-
F79 = fa fa
- 1
88 = fr
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Tabtle 23. Force Constants

. 11 2
The following constants are assumed to be zero: er ’fRY ,fr s
1 2 2 2
R o ol i e i S R
Ta"ra " ry ry T ep e Py v ¥
S

The numerical units are 10~ dyne et for two stretching coordi~
nates, 153 dyre for bending and streiching, and 1611 dyne co for two
bending coordinates.

roC~F = 1.35 4, r,0~Cl = 1.75 4, T, C~Br = 1.86 4, all gy, =B, =

v, = 109° 28'.

Constant Terms involved X=F X=C1 = Pﬁ:g)
£ 0-X; + O=X; 6.26  3.383 280 6.2U6
fz ) ) .

1 | . _ .
£ C-H; : C=Ej 5.0k 5.0k 5.0k 5.04
fl

Ra c—xj : H-O-XJ. 0.40 0.340 0.305 0.659
2
fEa c-xj : B=C-X -e21 -.16l -.152 0.000
fl

2

fRﬁ c-x3 : % ~C-Xy =34 -.2L9 -.190 0.00
ol

£, Hj-G-X_ : Hj-c-xj 0.875  0.687 ©.589 0.952
2

n“‘)
]
al

*

(2o
e

.

ot

o
o)
8

0 -009 - 0005 0 0179
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Table 23. (contd.)

o o - - X=F
Constant Terms involved X=F X=C1 X=3Br (Pace)
fl‘ H.~C~X. : H,~C-X, -;11;5 ~.065 -.060 -.
a 3 3 k X
1
.-G- : X "'C" 10 1- 6 11061 20
i‘B XJ >4 3 Xy 75 23 1h3
2
fs X j-c-xk : X3~0-X; 0.7 0.052 0.134 0.L78
£t Ho-C-H, : Ho-C-#  0.530  0.530  0.530  0.530
v J 3 k
£2 G-X : H~C~ - 5
Ry * °
1 .
£ H=C~X : H~C~H 0.017
cy
1 ~ e I C,_ h
I=Cl ; Y=F X=Br ; Y=Cl
f§ C-X & C=Y 0.565 0.2485
f:é I~C~Y : X~C-Y 1.471 1.1L3
£2 Hi=C=X : H.=C-Y 0.21 0.002
a J 3
£2 C-X : H-C-Y ~.186 -.157 (=52
R c o L™= - . (-J_R a )
1
TR g C~X : X=~C-Y 0.339 0340 (=fp 5)
f’; Hy=C~X : Hy=G~Y -.0861 -.062
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Table 2h. Iiormal Coordinate Transformations
L and I} ( in units of g /2 )
CH X,

CHoFp
S;  1.023 x012 0.03035 x102  -0.002527 x102°  0.01986 x10%C
S,  =0.06399 A0t?  0.3165 x0%  0.05702 x10%°  0.02489 x102°
55 0.1566 a0 ¢.3213 w0 0.1213 xaot?  -1.010  xaol?
5,  =0.03337 %102 -0.1008 x10%°  0.3459 x10%%  1.079 xiotl
L (47) S S S S

1 1 2 3 L
& 0.9697 X102 -0.06272 x1072  0.02720 x10”°  0.009039 x10~0
Q  0.20Ll0 x10712 2,729 A0 2 5.2970 x0°P -0.3u51  x0~20
Q  -0.08186 x107%  2.561 10°0  1.962 x1071?% 1.780 0712

- - -12 -
Q, 0.07521 x10-° ~0.5699 10" -0.6560 10 0.3243 a0 2
L (B]_) Q6 Q7

S¢  1.046 x0%°  0.03841 x1012

S, =0.1959 102 0.5325 x10%°

L (8) s 57

% 0.9480 x10™12 -0.0Lk0o x10~2C

Q;  -0.2217 1072 31391 07
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Table 24. {contd.)
CHCL,
L (&) Q & ) S,
S, 1023 x10'? -0.01382 x1012  -0.0002753 x10%®  0.02131 x10°°
20

S,  =0.05879 012  0.272h x10%2  0.0383¢ x10®  0.06778 x10
5, 0.137 0L -0.168¢ x109°  0.1418 x0T -1.009  x10%2
5,  =0.053Lk 100 0.1839 x10°  0.1265  x0%2 1307 x02
—l “
L (Al) Sl So 53 SLL
Q  0.9730 =072 -0.03325 10712 0.01620 x16°° ~0.00191 x10™0
% 0.1976 x10°*%  3.088 A2 —0.3625 x10-° -0.521l a0~
3 -0.02670 100 sk x0m0 3.37% x0T 2832 xcR
g, 0.0885k x167%0 0.0kl x1067F -0.4526 107 0.u868 x10712

L(3) % %

S¢  1.0%0 x0'2  0.01770 x10%?

S,  =0.1513 202  0.7748 =10

(3 s 5,

Q  0.9491 x0T 0.02958 x107

Gy

-12
-0.1368 x10

1.295 x10~ 20
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Table 2h. (contd.)

CHp3r,

L) 9 % % ,

5, 1.023 x0%2  0.008207 x10™% -0.0002623 x10%°0  0.02030 x20%7
S,  =0.05752 xet?  o.2hlh ka0t o.2k20 0% 0.08673 0%

!
s; 0.3 x0® 0.a6% x0®  0.08712 x0T -1.008 <0l
5, -0.056%6 x0% 0721 xw0®  o.08192 xw0® 107 xo’?
-1
2 (a) & S, 5 5,

12

Q  0.973 x10T° -0.02596 x10712  0.0138h x10720 -0.003657 x10%

3,  0.2119 A6 3,363 02 -0.378 x0X -0.6045  x107%0

3 =0.08071 A0 6.563 x0~P  S08  x0712  p.51s x1072
Q,  0.08766 X520 0.02489 A0™P 04599 MG 0.827 x0TZ
L (3y) QU e,

S¢  1.050 x01%  0.01369 x1012
S,  =0.1426 x10%°  0.7584 x10%°

Lo (3) s So

G 0.9u95 x107Y2 —0.01715 x10720

-12

Q,  0.1787 X102 1.315 x10™%0




- 61 -

Table 25. Normal Coordinate Transformations

Land I} ( in units of g~%/2)
CH, XY

CH,CLF

L (a) & Q 3

S, 0.3197 x10%° ~0.02031 x10%2 -0.0L296 x10%2
Sy ~0.1128  x10%2 0.3027 x10%2 ~0.04820 xi0%°
53 0.008181 x10%2 0.01338 x10%2 1.022  x10%¢
S}, 0.2972 x1020 -0.6000 x10%° -0.1030 x50
Sy 0.05565 %100 0.08037 x10%° 0.1223 x10%°
S 0.08235 x10%° 0.4801 x10%° -0.04762 %102
L (4") @, % %

5, 0.02178 x10%° ~0.0582} x1020 -0.0570L  x10%°
s, 0.0llh2 x1020 -0.1599 x10%° -0.03518 x10%°
s, 0.003739 x10°° -0.0l157 x10%° 0.001219 %102

12

i 0.5822 x10%° ~0.7682 x10 0.1135  xlo*2
Sg 1.008  xiot? 1.099 X102 -=0.001602 1032

~0.2588 x10%2

0.2045 x10%2

0.1933 x10%?
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Table 25. (contd.)

oy

Lt (a) Sy S, Sy

3 2,654 x0T —0.5287 x107L2 0.12h7 x10712
% 0.6459 x10 1 2.051 x10712 0.1259 x10712
Q -0.02808 1102 5.07332 x0~22 0.9690 x1072
3, —.2189 K0P 112 xo P 6.01575 x10™%°
% ~0.09631 x10~2° .47 a0 ® 0.5l x10"2
% 291 a0® 2029 a0 P 0406939 x10™2°
2 (ar) s, S S6

& 0.1282 x0™°  0.02865 x10°®° .08k x5
% -0.125 x10”% 0.1233 <10~ C.636L x10 20
% ~0.02385 x10~2° 0.01055 x16™20  -¢.01359 x10~2°
g, 0.5253 x10712 0.60L W02 —0.1698 xio 2
% ~0.4768 x107+2 0.3903 x10 2 0.05112 x107+2
% 1.523 w0712 0.06030 w0 3.043 x072
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Table 25. (contd.)

CHoCLF

L (am) Q.? Qa 99

Sq 6.7875 0% -0.1058 x10%2 ~0.5556 x1020
Sq 0.02096 x10%° 1.050 x10%2 0.015k1 x10%
g 0.2749 x10°° —0.1368 x1012 0.9571 x10%°
1 (an) S, Sg S

& 1.053 x10”20 0.1853 x10 20 0.6079 x10~20
% ~0.01655 x10 2 0.9575 =072 -5.02485 x107 -2
Q -0.3048 x10~%0 0.08229 x10~2° 0.8666 x10~2
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Table 25. (contd.)

CEipBrGl

e g Q, Q,

8, 0.2366 x02  —0.637 x1012 ~0.040k7 x10%2
S, 0.0953  x10%2 0.2836 x10%° -0.0L1k6 x10°?
55 0.01324  x10%2 0.003963x10"2 1.023  x10%2
5,  0.2028 x07°  -0.03931 x10% -0.07500 x10°
S 0.06406 x102°  -0.01627 x10% 0117 x10%
5¢ 0.7  x0%°  0.04836 x10®¥  —0.03991 x10®
L (&%) G, % %

S, 0.07475 x10%°  -0.03857 x20%° -0.05003 x10%°
s, =0.2085 x0%  -0.06263 x10%° -0.0133k  x10%°
S3  -0.001587 20%°  -0.02115 x20% 0.002537 x10%°
s, .06 a0’ 0387 x0® 0.05273 %1072
sy 0.1 x0T 1421 A0C -0.01237 x0%2
S,  =0.5380  x10% 0.40k x10%2 0.15k9 X107
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Table 25. (conid.)
CH/BrCL
-1
LA 5 5, s,
o 2.737 012 1.565 x0-12 0.3161 10 2
&%  -l.215 x10™+2 2.908 x107%2 0.06495 x10™2
& 0.01897 :022  —0.01932 x10 22 0.5738 0 2
G, 0297 x10-20  0.01298 1070 5.008758 x10~
~20 | ~20 ~20
Q5 -0.07133 x10 0.09364 x10 -0.08957 x10
Qg =~3.263 1070 20 x0™® 0.2739  x107%°
1 (ar) S s s
(! 5 6
¢ 0.852 x07®  0a970 k0P 0.7338  xa0®
%, 0.2160 x10~20 0.2832 x10°°  -0.2307 x10~2
~0.006361 x10~20 0.01075 x10~% ~0.006677 x10™20

0.7216 xio 12
-0.1575  x10712
1.76  x0712

0.2536 =x10~12

0.6466 x10~H2

~0.09052 x10 12

-0.3207 x10~+2

0.09420 x107L2

3.826 x10 22
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Table 25. (contd.)

Cl,BrCl

L (am) Y % %

s, 0.6502 x162° 0.01516 x1012 0195 x10%°
Sg -6.09999 x10°° 1.050  x1ot? -0.1083  x10%°
s, =0.7002 x102° 0.004791 x10%2 0.86Th  x10%°
-l .

L s, S5 S

< 1.009 0™  0.1806 10720 0.8135 x10~20
G -0.01227 ::10-12 0.9492 012 ~0.01515 x:Lo'12
G 04895 ° x10™®  0.03152 x10~%0 0.7577 x0~20

9
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