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By the CNDO calculation involving the 34 orbitals, the infrared absorption intensity of the C-H stretching
vibration band in chloroform vapor has been discussed in comparison with those of methyl chloride and methylene

chloride.

using different values of the 34 orbital exponent on methyl chloride.

The value of the 3d orbital exponent of the chlorine atom was estimated on the basis of calculations

The absolute intensities of the fundamental

and the first overtone bands were calculated from the values of the first and the second derivatives of dipole mo-

ments with respect to the normal coordinates.

From the results of these calculations, it follows that the electrical

properties of the vibrating bond are the most effective factors in bringing about the abnormal absorption intensity

of the C—H stretching vibration band in chloroform vapor.

The CNDO method was applied by Segal and Klein?
to the calculation of dipole-moment derivatives u'=
0u/0S;, where p is the molecular dipole moment, and S,
an appropriate symmetry coordinate. They concluded
that the theory was reasonably successful in calculating
both the magnitude and the sign of ux’ for molecules
composed of the first-row elements of the periodic
table and/or hydrogen.

The CNDO method was extended to the treatment
of molecules containing second-row elements by Santry
and Segal.%® In their papers, the importance of the
3d orbitals to the bonding in the molecule containing
the second-row element was discussed and the CNDO
parameters of the 3d orbitals necessary for calculation
on molecules containing these elements were estimated.

The abnormal absorption intensity of the C-H
stretching vibration band in chloroform vapor is par-
ticularly interesting, since the fundamental band inten-
sity is very weak and the first overtone band intensity
is much stronger than that of the former.4~% Robinson
et al. interpreted this experimental result in terms of
the electrical properties of the vibrating bond.

In view of the above situation, it appeared of interest
to investigate the abnormal intensity of the C-H
stretching vibration band in chloroform vapor by the
CNDO calculation involving the 3d orbitals of the
chlorine atom. However, the values of the parameter
for the 3d orbitals of the second-row elements are not
the most desirable.?) Therefore, in the first step of
the treatment in this work, we attempted to estimate
the exponent, as a parameter, for the 3d orbitals of the
chlorine atom by fitting the calculated molecular dipole
moment of methyl chloride to the experimental one.
By use of the appropriate value of the 3d orbital ex-
ponent of the chlorine atom, the dipole-moment deriva-
tives referring to the C~H stretching vibration of chloro-

1) G. A. Segal and M. L. Klein, J. Chem. Phys., 47, 4236 (1967).

2) D.P. Santry and G. A. Segal, tbid., 47, 158 (1967).

3) D. P. Santry, J. Amer. Chem. Soc., 90, 3309 (1968).

4) C. C. Robinson, S. T. Tare, and H. W. Thompson, Proc.
Roy. Soc., A269, 492 (1962).

5) M. M. Chalaye and G. Levi, C.R. Acad. Sci. Paris, t.267,
B-45 (1968).

6) I. Rossi, M. Nguyen-Van-Thanh, and C. Haeusler, Can. J.
Chem., 47, 3319 (1969).

form have been calculated and the abnormal intensity
of this vibration band has been discussed.

Methods of Calculation

The CNDO Calculation Involving the 3d Orbitals. The
molecular orbital calculation used in this work followed
the CNDO method proposed by Santry and Segal®
except for the value of the 3d orbital exponent. To
determine the appropriate value of the 34 orbital ex-
ponent of the chlorine atom, we adopted the approach
of examining the comparative ability of molecular or-
bitals, as calculated by the various values of the 3d
orbital exponent, to predict correctly the observed di-
pole moment of methyl chloride.

The CNDO approximation describes the molecular
orbitals, ¢;, as linear combinations of valence atomic
orbitals, X,:

Py = %‘l"iuxm (1)

where the coefficient, ¢;., are the eigenvectors of the
Hartree-Fock matrix, F,,. Animportant characteristic
of the calculation in this work is that the 3d orbitals are
considered to be members of the valence atomic orbital
when the atom is a second-row element in the periodic
table.

The coeflicient of the molecular orbital and the energy
can be obtained by solving the appropriate set of secular
equations and corresponding secular matrix. The ele-
ments of the SCF energy matrix are given in this method
by:

FaS9) = = 0t A + {[Pan®) -2,

= 5 Pu= D }704(8:8) + Pus (D)1 (S.D)

+ SHTPws(8) ~ Zal7aalS5),

+ Pan(D)74a(SD)), @)
FuDD) = = 50+ 4) + {[Paa9)- (2= ) |

X 7as(D8)} + [ PasD) =g Pon 1 @D)

+ 2 {[P5s(8) ~ Zs]745(DS)

+ P (D)745(DD), ®)
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Fuv(s,b) = A(\)BSMV - 'Q‘PuyyAB(S’S)’ (4)
1

FMV(S’D) = ﬁ.ng;Lv - ? MVYAB(S?D) (ﬂ * V), (5)
1

FFV(D’D) = XBSIMI - ‘2V p.vyAB(D’D)> (6)

where the suffix S refers to s and p orbitals, where D
refers to the 4 orbital, and where p,p is the electron-
repulsion integral calculated as a Coulomb integral in-
volving valence s functions, which are divided into two
sets, such as S (involving s and p orbitals) for those
with exponents defined by Slater’s rules and D (in-
volving d orbital) for those with smaller exponents. In
this calculation, the values of the orbital exponent were
taken to be 6.1 and 5.5 for the S and D of the chlorine
atom respectively. The —15(I,+A,) term is the core
integral, where I, and A, are the ionization potential
and the affinity of the X, orbital. The P, (S) term
is the total charge density of the A atom in s- or p-
type orbitals:

Pra(S) = 31Pons )

and P,, (D) is the analogous charge density in 3d
orbitals. The f3; term is the resonance integral pro-
portionality constant and is approximated as:

B = KB+ a0, ®

where £,° depends only on the A atom and where K
is 0.75 if the A atom and/or the B atom is a second-
row element, and 1 otherwise. The Z, term is the
core charge on the A atom. The S, term is the
overlap integral between the X, and %, orbitals. The
numerical values used in this calculation are listed in
Table 1. The necessary overlap integrals were eval-
uated from the master formulas of Lofthus.”? The
electron-repulsion integrals involving s functions were
theoretically evaluated from the master formulas, which
were provided in the same way as in the derivation of
Roothaan.®)

TaBLE 1. PARAMETER VALUES (eV)
Atom H G Cl
—— —
Orbital Is 2s 2p 3s 3p 3d
1/2(I+4) 7.176 14.051 5.572 21.591 8.708 0.977
R
—B,° 9 21 22.33

The Dipole Moments and their Derivatives. The
molecular dipole moments were calculated as a sum
of three terms, uq, usp, and ups, whree uq is the con-
tribution from net charge densities and where u;, and
Upa are terms which arise from atomic polarization due
to the mixing of s and p orbitals and that of p and d
orbitals respectively. They can be calculated by means
of the following equations:®?)

7) A. Lofthus, Mol. Phys., 5, 105 (1962).

8) C. C. Roothaan, J. Chem. Phys., 19, 1445 (1951).

9) In this calculation, we made a few corrections in Equations
(2-32) of the original paper?; the revised coefficients are marked
by small stars.
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Ho(2) = 25416 510,42, (debyes), ©)

Qs =Zy— Py,
where z, is the appropriate Cartesian coordinate of the
A atom.

atoms| 10
Usp(z) = — 2.5416 3] [:/T?T_Z—/(A_)st(A),zpz(A)
3

A

21
+ mp 3s(A),3pz(A)] (debyes), (10)
s

where Z’ is the appropriate orbital exponent as defined
by Slater’s rules.

atoms
pal2) = =25416 ST M) Py, 20200

FPsq,, ), 80,80 T Padyy ), 3,0

1%
—W—‘Pm,,m), 3pw(A)] (debyes), (11)

atoms
oaly) = =25416 ST MW Py, 30000
P30, 39,8 — *Psdy_yia), 3py )

1%
—:/——?;szz(m, 3P”(A)J (debyes), (12)
atoms 2%
tpale) = 2516 ST T Prtr,smecw

+Psa,, 1), 3050 T Pagy, ), 3py(A)]

(debyes), (13)

5376[Z; (A)Zy' (A)]"/*
S12[Z/(A)+ 2y (M)

M) = (14)

The numerical values required to discuss the inten-
sities of the fundamental and the first overtone bands
related to the C-H stretching vibration bands were
obtained by fitting the calculated dipole moments to
a cubic function with respect to the G-H distance and
by taking the first and the second derivatives at the
equilibrium distance. The dipole moments were cal-
culated for the molecule distorted in the manner dic-
tated by the symmetry coordinate including the C-H
stretching modes.  All the C—H bond stretching motions
were calculated at intervals of +0.02 A.

The Absolute Absorption Intensities of the Vibration Bands.
The absolute infrared absorption intensity of the fun-
damental band, (4f%’), related to the normal coor-
dinate, Qx, was calculated from the following equation
(15), which was derived, by Wilson et al.,)? from a
consideration of the 0—1, 152, efc. transitions, in the
harmonic oscillator approximation:

Aik-o = Al«o + 4y + A3<—2 + o

Axo = T 5 o) [cm?-sec™!-molecule™], (15)
o 3Ct=‘tﬂ/)5 an ’

where C is the velocity of light and where y; is the
i-component of the dipole moment of a system.

About the absolute intensity of the overtone band,
(43%), in relating to the normal coordinate, Qy, the

10) E. B. Wilson, J. C. Decious, and P. C. Cross, “Molecular
Vibrations,” McGraw-Hill Book Company, New York (1955).
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equation to be used in the calculation was obtained
according to the approximation employed for the cal-
culation of the fundamental band intensity by Wilson
et al:

Ak — 6*(1—e’%) h o%u, >2
a0 Vi 24'7tCt=x,y,z anz

[cm2-sec™-molecule™], (16)

where 0 is the partition function for the @, vibration:
O=(1—emu/kT)-1, Up=hv[kT, y; is the normal fre-
quency associated with the normal coordinate Q, k is
Boltzmann’s constant, & is Planck’s constant, and 7T is
the absolute temperature.

Generally, the dipole-moment derivatives related to
the normal coordinates can be written as follows:

Ops _ SILs® 0p,
[

00, 0S;’
u, _ EJ o 9y,
ang —i’zjl«% sz dS,@Sj’ (17)

where @ is the kth normal coordinate and where the
Ls’s are the elements of the L matrix which relate the
symmetry cooridnates to the normal coordinates.

As for the normal coordinates considered in this work,
all the Ls values are negligibly small except for the
Ls(CH) related to the CG-H symmetric stretching coor-
dinate, Scu. In other words, it can be assumed that
the normal modes considered in this work are approxi-
mately equal to the pure C-H symmetric stretching
modes. Therefore, (Ls(CH))? is equal to Gs(CH),
where Gs(CH) is the diagonal element of the G matrix
related to the C-H symmetric stretching coordinate.
Since the molecules lie along the z—axis, as is indicated
in Fig. 2, the components of the dipole moments are
all equal to zero except for the z-component; also,
the derivatives of the x— and y-components of the
dipole moments related to the C-H symmetric vibra-
tion are equal to zero.

For this reason, the absolute intensities of the fun-
damental and the first overtone bands of the C-H
symmetric stretching vibrations in CHCl, CH,Cl,, and
CHCI; can be calculated approximately by the follow-
ing equations:

2
AFB = 3.49307 x 1071 (Ls (CH) )2 (_a_,£_>
Sen
[cm2?.sec™-molecule™], (18)
—e~2U 2 2
A% = 2.93118 % 10'43M(M(CH))4(3—”’—)
Vi aSgH

[cm?-sec™t-molecule™], (19)

where 04,/0Scu and 024,/08%y are the numerical values
calculated in [Debye/A] and [Debye/A?] respectively.
In this calculation, the Ls(CH)’s were taken to be
1.00797 x A/ Ny, 1.02183 x4/ N,, and1.03698 x+/N, in
[gr=Y/?] units for CH;Cl, CH,Cl,, and CHCI, respective-
ly, where N, is Avogadro’s number. The value of
02(1 —e~2Ux) is practically equal to unity. The observed
frequencies of the fundamental bands were used for the
values of »’s: CH,CI'W 2967.8 x C'sec™, CH,Cl,»

11) G. Herzberg, “Electronic Spectra of Polyatomic Molecules,”
D. Van Nostrand Company, New York (1966).
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2989 x C'sec~1, and CHCI;® 3033 x C sec~1, where C is
the velocity of light.

Results and Discussion

Figure 1 indicates the variation in the dipole moment
of CH,CI in the observed geometry when the 3d orbital
exponent of the chlorine atom is continuously changed
from O to 6.1; here, the calculation with the zero 3d
orbital exponent is equivalent to that without 3d or-
bitals, as has been referred to by Santry and Segal.?)
In this figure, it is obvious that the 3d orbitals of the
chlorine atom play an important role in the molecular
properties.

[<2)
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Fig. 1. The variation of dipole moment of CH;Cl as a func-
tion of the 3d orbital exponent of chlorine atom.

The study of the results obtained from these cal-
culations suggests that an optimum value of the 3d
orbital exponent of the chlorine atom is 5.5. Table 2
records the calculated dipole moments of CH,Cl, and
CHCI; obtained by the use of this value. The theoreti-
cal dipole moments are in reasonable agreement with
the experimental values.

From the results of the preliminary calculations, it
is considered that the intensity of the vibration band
in chloroform vapor can be discussed in comparison

TABLE 2. THE DIPOLE MOMENTS AND THEIR DERIVATIVES
M 1 1 ﬂz[DbeC] z/b) ”z//c)
olecuie Caled  Obsqw [Debye/A] [Debye/A?]
CH,Cl 1.857 1.86 —0.324 —0.325
CH,Cl, 2.004 1.57 —0.157 —0.473
CHCl, 1.710 1.01 0.037, —0.650
a) G. A. Barclay and R. J. W. Le Févre, J. Chem. Soc.,
1950, 556.
b) ., _(0u:
Hz= (3S CH)°
C ) " __ ag”z
He —(atvg)o
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TasBLE 3.
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THE INTENsITIES OF THE C-H viBrATION BANDS IN CH,Cl, CH,CI,, anp CHCI,

Absolute intensity [cm? sec™ molecule™]

Molecule Fundamental band® Overtone band
Calcd (x 10%9) Obsd (x 10'%) Calcd (x 101  Obsd (x 10t)
CH,Cl 225  (70.5) 1006>  (88) , 1010% 1.30
CH,Cl, 54.1 (17.0) 334" (29) , 178, 1769 2.89
CH(l, 3.19(1 ) 11.4» (1), 22 8% 15 5.71 509, 802

a) Values in parentheses are relative intensities.
b) From Ref. 5.

c¢) L. A. Gribov and V. N. Smirnov, Soviet Prysics Uspekhi, 4, 919 (1962).

d) From Ref. 6.
e) From Ref. 4.
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Fig. 2. Calculated variations of the dipole moments as a func-
tion of the C-H symmetric stretching coordinate Scr®).
a) Sca(CHL,Cl) = (1//F) (dry+Ar,+4r,)

Sca(CH,Cly) =(1/4/2) (dry+4ry)

Scu(CHCl,) =4r
where A4r’s are displacements from the C-H equilibrium
distance.

with those of methyl chloride and methylene chloride.
Figure 2 indicates the variations in the dipole moments
of these compounds as a function of the C-H symmetric
stretching coordinate. A cursory glance at this figure
will show that the fundamental band intensity of the
C-H stretching vibration in chloroform is weaker than
those of other compounds. The numerical values of the
01,/08cn are indicated in Table 2.  As for the molecules
considered in this work, the absolute intensities of the
fundamental bands can be calculated approximately
from these numerical values, 04,/0Scy, as has been stated
above. The calculated absolute intensities of the fun-
damental bands are summarized in Table 3. The cal-
culated values indicate that the intensity of the funda-
mental band of the C—H vibration in chloroform vapor
is much lower than those of methyl chloride and meth-
ylene chloride. As for these vibration bands, the inten-
sity ratio of other compounds to chloroform are in fair
agreement with those obtained experimentally, although

there are some questions about the experimental ab-
solute intensities because the absorption band of the
symmetric C-H vibration is difficult to distinguish from
that of the antisymmetric C-H vibration, efc.

The second derivatives, 0%u,/05%cq, necessary for the
estimation of the first overtone band intensities are indi-
cated in Table 2. The intensities of the fundamental
and the overtone bands cannot be discussed in terms of
a direct comparison of 0u,/0Scx and 0%4,/05%cx. In order
to compare the intensity of the first overtone band with
that of the fundamental band, the absolute intensity
of the first overtone band should be calculated. The
absolute intensities of the first overtone bands, as cal-
culated from Eq. 5, are summarized in Table 3. The
values show that the intensity of the first overtone band
is stronger than that of the fundamental band in chloro-
form vapor, although the calculated first overtone band
intensity is much weaker than the observed one. The

TABLE 4. THE RELATIVE INTENSITY BETWEEN
FUNDAMENTAL AND OVERTONE BANDS

Relative Intensity (4;.*/4,.,*)

Molecule
Calcd Obsd
CH,Cl 173
CH,CI, 18.7
CH(l, 0.558 0.16,9 0.29

d) and e) References to footnotes are the same as those in
Table 3.

A*1.9]/A*3. ratio in chloroform is indicated in Table
4, in which the ratios for other compounds are also
predicted. From the results of these calculations, it
was recognized that the electrical properties of the
vibrating bond are the most effective factors in bring-
ing about the abnormal absorption intensity of the
C-H stretching vibration band in chloroform vapor.
Since the calculated absolute intensity of the first over-
tone band in this work was much weaker than the
observed one, the contribution of the mechanical an-
harmonicity to this abnormal absorption intensity should
be examined, for it is a factor which cannot be over-
looked.

Tables 5—7 indicated the constituent terms of the
dipole moments and their derivatives. From these table,
it is obvious that the relative intensity between these
compounds and the abnormal intensity of the C-H
stretching vibration band in chloroform cannot be ex-
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TaBLE 5. CONSTITUENT TERMS OF DIPOLE MOMENT
(Unit in Debye)

Molecule  pq usp USp UEa uv
CH,Cl 1.498 —0.091 1.398 —0.949 1.857
CH,Cl, 1.451 —0.063 1.537 —0.921 2.004
CHCI, 1.108 —0.025 1.235 —0.608 1.710

a) p=po+uSp-ush+ufy

TaBLE 6. CONSTITUENT TERMS OF DIPOLE-MOMENT
DERIVATIVE (941,/0S¢r), (UnNiT 1N Debye/A)

Molecule  uo"  (up)’ (k)" (upa)’ u
CH,C1 —0.027, —0.024, —0.009, —0.262 —0.324
CH,Cl, 0.225 —0.105  0.032, —0.309 —0.157
CHCl,  0.449 —0.212  0.109 —0.309  0.037,

a) u'=po'+(u§p) +(usk) + (g’

TABLE 7. CONSTITUENT TERMS OF DIPOLE-MOMENT
DERIVATIVE (0%11,/08%;), (Untt 1N Debye/A?)

Molecule  wo” ()" (4S9 ()" W™

CH,CI  —0.038, —0.140 —0.021, —0.125 —0.325
CH,Cl, —0.005 —0.353 —0.017, —0.097, —0.473
CHCI, 0.091, —0.725 —0.109  0.092, —0.650

a) W'=pe" + (ue)” + (uSp)" + (u%e)”

plained by the values, such as 0u/0Scu and 0244[05%ck,
which are contributed by net charge densities alone.
Atomic polarizations and their variations with the
vibrating bonds are appreciably effective in determin-
ing the molecular dipole moment and the intensity of
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the vibration band. This is especially the case with
the mixing terms of p and d orbitals.

Conclusion

The CNDO calculation involving the 3d orbitals of
the chlorine atom was used in discussing the abnormal
absorption intensity of the C-H stretching vibration
band in chloroform vapor. The results of the cal-
culations have suggested that the 3d orbitals play an
important role in determining the molecular properties.
The appropriate value of the 3d orbital exponent of the
chlorine atom was 5.5. The absolute absorption inten-
sities of the fundamental and the first overtone bands
of the C-H symmetric stretching vibration in methyl
chloride, methylene chloride, and chloroform were cal-
culated from the dipole-moment derivatives. From
the results of the calculations, it was recognized that
the electrical properties of the vibrating bond are the
effective factors in bringing about the abnormal ab-
sorption intensity of the C—H stretching vibration band
in chloroform vapor. The contribution of the mechani-
cal anharmonicity to this abnormal intensity will be the
subject of future study.
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