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The approximate self-consistent molecular orbital method has been applied to the analysis of the vibrational
spectrum of HCN. The frequencies of the fundamental, overtone, and combination bands in the region from
about 700 to 12000 cm~—! have been calculated, and their absolute infrared absorption intensities have been

estimated, the variational method being used in this calculation.
sities of hot bands, referring to the bending vibration, have been calculated.
mental results, the calculated frequencies were not always appropriate.

Also, the frequencies and absorption inten-
In comparison with the experi-
However, it was found that these results

are effective in the analysis of the molecular vibration if the calculated frequencies are discussed along with their

infrared absorption intensities.

There have been reports in which the force con-
stant and 9x,/0S; have been calculated on the basis
of the results of molecular orbital calculations, where
4, is the component of the molecular dipole moment
and where S, is an appropriate vibrational coordi-
nate.!-1®) However, these results are not always
desirable in comparison with the values from the ex-
perimental results. The main reason for the unde-
sirable results is that the following requirement is
hard to put into practice: the semi-empirical mo-
lecular orbital method adopted in the estimation of
those values has to lead simultaneously to many ap-
propriate values for the molecular constants, such as
the bond length, the bond angle, the force constant, the
dipole moment, and its derivative (9x,/dS,). For
example, the CNDO/2 method? proposed by Pople
et al. can obtain reasonable values for the moleculr
geometry, the dipole moment, and its derivative, but
the calculated stretching force constant tends to be
larger than that generally found. The MINDO/2’
method?” proposed by Dewar e al. leads to appro-
priate values for the molecular geometry and the
stretching force constant, but adequate values for the
bending force constant and the dipole-moment deriva-
tive with the bending coordinate cannot be obtained.

In previous papers,'#1%) the present authors discus-
sed the abnormal infrared absorption intensity of the
C-H stretching vibration band in chloroform on the
basis of the dipole-moment derivative and the potential
function calculated from the CNDO/2 method. In
these calculations, the mechanical and electrical
anharmonicities were considered and the variational
method was used to estimate the energy and wave
function of the vibrating system. At that time, some
substantial modification for the potential function had
to be made, although there was a problem to be solved
in the method of modification.

In this work, the frequencies of the fundamental,
overtone, and combination bands in the vibrational
spectrum of HCN in the region from about 700 to
12000 cm~! have been calculated by the use of the
potential function obtained by the MINDO/2’ method.
Moreover, their absolute infrared absorption intensities
have been estimated from the dipole-moment deriva-
tive calculated by the CNDO/2 method. Also, the
frequencies and absorption intensities of the hot bands,

referring to the bending vibration, have been cal-
culated. In comparison with the experimental results,
the calculated frequencies were not always appropriate.
However, it was found that these results are effective
in the analysis of the molecular vibration if the cal-
culated frequencies are discussed along with their
infrared absorption intensities. Furthermore, the ef-
fect of the different level of approximation for the
bending coordinate on the calculated results was
discussed.

Methods of Calculation

The Potential Energy Function. The total energies
of the molecule required to determine the potential
energy function for the molecular vibration have been
calculated by the MINDO/2’ method. In this cal-
culation, the values of the parameters, B,;, in the
following approximate equation for the resonance
integral, f.., were slightly modified:

B us = Bas(Iu+1,)S, (1

where I, and I, are the valence-state ionization poten-
tials of the atomic orbitals, X, and X,, where S,., is
the corresponding overlap integral, and where B,; is
a parameter characteristic of the A—B atom pair.
The values of By, and Bgy were taken to be 0.3021
and 0.3522 respectively (the original values in the
MINDO/2’ method: By;=0.2823 and By =0.3453).
The calculated bond lengths of HCN, which is a
linear structure, were 1.0445 A and 1.1739 A for g,
and gy respectively (the observed values: rgy=
1.06317 A and r,y=1.15535 A). According to the
method of least-squares, the potential energy function,
V, was obtained by fitting the increase in the total
energy calculated for the distorted molecule to the
Sth-order function with respect to the internal co-
ordinates, R; (the 6th order for the bending coordi-
nate), but the 5th-order terms were omitted in the
succeeding calculations.

V(R) = Z.KiniRj + 2 KtijiRlec
i< i<i<k

+ > KijuRR;jRiR,. (2)
1<i<k<t

For the HCN molecule, the internal coordinates™are
two bond-stretching coordinates, R;=A4r,y; and R,=
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Arey, and two bending coordinates perpendicular to
each other, R;=40;,, and R;=40,,. Generally, doubly
degenerate vibrations, such as the bending coordinates
in HCN, are treated as superpositions of these vibra-
tions by the introduction of the polar coordinates.
In this work, such a general treatment was avoided
- because the treatment was inconvenient in calculating
collectively, by the variational method, the frequencies
of all the vibrations in the molecule in view of the
mechanical anharmonicity. In this calculation, the
superposed system was described by a product of the
wave functions of the doubly degenerate vibrations.

The calculations of the energy-increase arising from
the bending deformation were performed for the dif-
ferent cases by the following methods, I and II. In
these calculations, it was prescribed that we employ
the B matrix, generally used, which is derived from
the approximate linear-relation between the internal
and the Cartesian coordinates. In Method I, the
molecule was distorted according to the rectilinear
bending deformation. The conformation of the dis-
torted HCN molecule required to calculate the cross
terms between bending and stretching vibrations was
decided by the Argy, Argy, and A0 values, which are
related with one another as is shown in Fig. 1. In

---T—-_ N/
A0= A0+ AG"
Fig. 1. Conformation of the distorted HCN referring

to the C-H stretching and the rectilinear bending
coordinates.

Method II, the molecule was distorted according to
the curvilinear bending coordinate indicated in the
potential surface of HCN, illustrated by Suzuki et al.?®
In this treatment, the conformation of the distorted
HCN can be determined without trouble by Method I.
Finally, the potential energy function represented by
the internal coordinates was transformed to a function
with the normal coordinates by the use of the Ly
matrix elements:

1
VQ) = Z?}.“Q_f + igskgqu.tQij
+ 3 haQeQ,Q6Q0- 3
<Ji<k<t

3

The variational Treatment. The variational
method has been used to calculate the energy levels
of vibrations in view of the mechanical anharmonicities.

The total wave function, ¥*t! for the molecular
vibration is described as a linear combination of ¢’s,
each of which is written as a product of the harmonic
oscillator wave functions, ¢’s, of all the vibrations
in the molecule:

Peotal — $ Ci¢b (4)

¢¢ = ¢11¢m2¢n3§004: {,m,n, and 0=0,1,2,3------ (5)

where ¢,* indicates the #-th harmonic oscillator
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wave function, referring to- the normal coordinate,
Q, (here, n is the principal quantum number of the
vibration), and ¢, is decided by the variety of the
combination of the quantum numbers, /,m,n, and o.

The variational treatment of the coefficient, C,,
leads to this equation:

ﬁCI(Hij—Eaij)zo, i:0,1,2’ 3, ...... k, (6)
Jj=0
Hyy = T+ V19, ™
where ¢,; is the Kronecker delta symbol, T is the
h? 092

operator of the kinetic energy, and

A 82 2k] 00,2
Vis the operator referring to the potential function
(3) with the normal coordinates. The energy, E, is
the root of the secular equation:

IH‘-I—E6¢1| = 0.

Generally, the accuracy of the wave function improved
by this treatment is restricted by the maximum values
of the quantum numbers, /;m,n, and o. The upper
limits of the quantum numbers are determined by the
ability of the computer and the other restrictions.
On the other hand, in order to obtain the improved
wave function in the quantum numbers from 0 to 3,
we have to consider the harmonic wave functions in
the quantum numbers from 0 to 10 for each vibration
in Eq. (5) at least. Therefore, we divided the varia-
tional treatment into the following two steps.

The First Step: The wave function of a specified
normal vibration (k) was modified in view of the
principal terms of the mechanical anharmonicity,
without cross terms. In this treatment, the modified
wave function, @*, was described by a linear com-
bination of harmonic oscillator wave functions, ¢*’s,
as follows:

0 = 35 Gl i=0to 1. @)
The operator, )74 (k), used in this calculation was
as follows:
az

A h2 l
H(k) = T8 902 + ?Aka.kg + 2ok Qi® + horeeQis
C)]

The wave function and their energies can be obtained
from the appropriate set of the secular equation and
the equation corresponding to Eq. (6).

The Second Step: The total wave function,
Protal  was described as a linear combination of ¢’s,
each of which was written as a product the wave
functions, @’s, obtained from the first-step treatment:

Ytotal — g Ct¢i’ (10)

¢i = @11@1”'2@”3@04’

The variety of combinations in ¢, was restricted by
the condition that [4+m+n+0<4. The calculations
in the subsequent treatment were the same as those
described above.

The Dipole Moment and its Expansion. It is
desirable for the dipole moment of molecule to be
calculated according to the method used to determine

l,m,yn, and 0=0 to 4. (11)
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the potential function. However, the values of the
dipole-moment derivative with the bending coordinate
obtained from the MINDO/2’ method which was
used to determine the potential function were not
desirable in calculating the infrared absorption in-
tensity; the detailed reasons why will be indicated
later (see “Discussion”). Therefore, in this work,
the component of the dipole moment was expanded
by the normal coordinates on the basis of the results of
the CNDO/2 calculations for the molecule which was
distorted according to the L_ matrix elements, the
values of equilibrium distances calculated by the
MINDO/2’ method being employed. The function of
the dipolemoment component, u#,, was obtained as
the 5th-order expansion with the normal coordinates,
but the 4th- and 5th-order terms were omitted in
the calculation of the absorption intensities:

He = p + I MQ + I MQ0Q; + 3 MypQiQ Q.
i i<y I<j<k
(12)

The Absolute Infrared Absorption Intensity. The
method of the calculation of the absolute infrared
absorption intensity in [cm?~1 molecule=] units was
described in detail in a previous paper.!® Practical-
ly, though, there is a diflference in the integrals in-
volving the cross terms in comparison with the previous
calculation. The equation required to calculate the
absolute absorption intensity, 4, is as follows:

87 ( N, Nyin orm (2
-3—£h‘ ( N, N, )V')Jr",vi:xz,_}y,z i (#3)o %
(13)

Au+n<‘v -

N, = Nyexp (—(E,—E,))/kT,
N, = Ny 32 oxp(— (By— En) /& T, (15)

(o)t ™ = (ot g | U551, (16)
where N, and N, are the numbers of the molecules

TaBLE 1. COEFFICIENTS OF POTENTIAL FUNCTION,
V(R), For HCN

Units Method I Method II  Ref.22
Ky mdyn/A 3.00985 3.00908 3.1150
K, mdyn/A 9.35171 9.35063 9.3872
K,;, K, mdyn-Ajrad? 0.12100 0.12040 0.1296
K, mdyn/A 0.40217 0.40050 —0.2160
K wdyn/A? —4.39913 —4.39595 —6.0848
Kyoo mdyn/A? —16.34869 —16.28970 —19.2273
Ki1s mdyn/A2 —0.15529 —0.21974 —-0.3215
Koo mdyn/A2 0.16522 —0.36209 —1.3345
K53, Kyyy mdyn/rad? 2.04294 -—0.03181 —0.1341
K43, Kyyy mdyn/rad? —0.18322 —0.49783 —0.2716
K mdyn/A3 4.25730 +4.27731 +8.7854
K99 mdyn/A3 17.43130 17.39006 17.5164
K35, K1444 mdyn-Ajrad* 0.40753 0.00552 0.0029
Koo mdyn/A3 2.93309 2.41937 1.1719
K,y35,K1s mdyn/Arad®  —7.46997 +0.01205 +0.2008
K,p35,K;044 mdyn/Arad? —0.84781 0.16097 —0.1889
Kyoaa mdyn- A/rad* 0.81506 0.01104
Kis mdyn/A3 0.42934 0.61351 1.0544
K950 mdyn/A3 4.56675 2.83037 4.7149
Ki933,K 044 mdyn/Arad? 0.94222 0.93988 0.1962
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per unit volume in the E, and E, states of the total
energies respectively; N, is the total number of mole-
cules, ¢ is the velocity of light, # is Planck:s constant,
k is Boltzmann’s constant, f; is the operator corre-
sponding to the function of the dipole-moment com-
ponent with the normal coordinates (12), and »,,,, ,, is
the transition energy in [s~] units between the E, and
E,,, states of total energies. In this calculation, the
absolute temperature, 7, was taken to be 300K.
The absorption intensities of the hot bands, referring

to the bending vibration, were also calculated.

Results and Discussion

In this work, trial calculations were performed by
the use of several semi-empirical molecular orbital
methods, such as the CNDO/2’Y) CNDO/BW,1® and
MINDOQO/2:20 methods. We expected that any method
would serve the purpose of determining the frequencies
and intensities for the infrared absorption bands of
HCN. Unfortunately, not every method answered to
our expectations.* Elaborate parametrizations in any
method would be able to satisfy our requirements, but
such treatment is intricate and tedious, for universal
validity is required for the values of parameters. For
this reason, the MINDO/2’ and CNDO/2 methods
were used to calculate the total energy and the dipole
moment of HCN respectively.  However, it should be
emphasized that this treatment 1s an expediency. The
parameters in the MINDO/2’ method were slightly
modified in order to obtain agreement between the
calculated frequencies and observed ones.

The coefficients of the potential function, V(R), as
calculated from Methods I and II, are indicated in
Table 1; the values obtained by others?® are also
included. The large values of the cross terms be-
tween the stretching and the bending vibrations were
obtained by Method I. In view of the level of ap-
proximation of the B matrix used in this work, the

* The force constants, £’s, calculated by means of the
CNDO/2 method were larger than those generally found:

ki =2K,;=12.861 mdyn/A, k;=2K,,=41.434 mdyn/A,

k1, =Ky3=0.42583 mdyn/A, kyy=ky=2K;=2K,,

=0.57394 mdyn- A/radz,

These values of the force constants led to undesirable results
for the calculated frequencies of the absorption bands.

On the other hand, the coefficients, M’s, of the u;(Q)
function calculated from the MINDO/2’ method were as
follows:

ux(Q):
1y (Q), 1:(Q): {

My =My, =68.969x 102 esu/(g-c),
M,=M,=10.020x 10 esu/1/Z

Mgy = Myyy= —117.43 X 100 esu/(1/g%:2) .

These values led to abnormal absorption intensities of the
bending vibration; the intensities of the fundamentals,
A(0001) and A4(0010), are weak, and the intensity of the
first overtone, A((0002)4-(0020)), is much stronger than
that of the former:

A(0001) =A4(0010) =57.379 X 10~10 cm? s~ molecule-1,
A((0002) + (0020)) =504.38 X 10-1° cm? s~ molecule~,
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TasLE 2-a. CoOErrICIENTS OF V(Q) AND u,(Q) For HCN
(V: [ergl, px: [esu-cm], Q: [V g -cm])

Units Coefficients®’ Units Coefficientsb:®
Yodn 1/s2 19.7909 x10%8 Const. esu-cm —2.47862 % 1018
14205 1/s2 8.20873 x 1028 M, esu/1 g —1.42897 x 10
Volssy Yolus 1/s2 0.89465 x 1028 M, esu/y g —3.58430% 10

M, esu/(g-¢) 23.5191 x102%

11 1/(v g -¢c-s?) —2.22583 x 10%® M,, esu/(g-¢c) 0.36093 x 1020
oo 1/(v g -¢c-s?) —0.40414 x 104 My, My, esu/(g-¢) 31.5773 x10%
L2 1/(V/ g -¢c-5?) —0.89214 x 10 M, esu/(g-¢c) —55.4788 x10%°
G120 1/(v g ¢ 5% 0.27610x 10 M, esu/(1/ g% ¢% 0.60743 x 10
L1335 Zasa 1/(v/ g -¢- %) 0.01609 x 104? M,,, esu/(y/ g2 ¢ —11.8450 x 104
o33y a4 1/(v/ g ¢ 5% —0.10941 x 104 M, esu/(y/ g3-¢% —23.5586 X 10%°
Ry 1/(g-c® 5% 1.73513 x 1082 M, esu/(y/ g2%-¢?) 45.0192 X 104
hogas 1/(g-c®-s%) 0.13131x 1082 Myg3, My, esu/(1/ g3-¢?) —81.5843 x 104
hyazss Pasas 1/(g-c?-s%) 0.00305 x 10%9 Mgy, My, esu/(1 g2 c?) —7.93415 x 1040
Fi10s 1/(g-c®-s?) 0.29456 x 10%°
[ 1/(g- ¢ s%) 0.00609 x 1082
1133, Pavas 1/(g-¢c*-s%) —0.04606 x 10
Rossas Magga 1/(g-c?-s%) 0.02798 x 10%°
[ 1/(g-c?-s%) 0.77069 % 109
hyg0e 1/(g-c?s?) —0.07116 x 10°®
Ry93s Braan 1/(g-c-s%) 0.15097 x 10%°

a) The values were obtained from the method II.

|z
—H—C—N—x

TaBLE 2-b. CoErrFICIENTS, M V) AND M'?P, FOR uy(Q) AND p,(Q).

c) Negative dipole corresponds to +(H-C-N)-.

b) Cartesian axis used in this calculation is as follows:

(ﬂy: Hz: [esu'cm]’ Q,: [‘[/?’Cl’fl])

MW M= Units Coefficients MY M@ Units Coefficients
M, M, esu/y g 5.51851x 10 M, My, esu/(1/ g2 c?) 27.5416 x10%°
My, M,, esu/(g-¢) —47.2999 x 1020 Moy, My, esu/(y/ g%-¢?) 7.20507 x 1040
M,, M,, esu/(g-¢) 29.3334 x 1020 M,y M, esu/(y/ g2 ¢?) 22.2784 x 104
M, My, esu/(1/ g3 ¢c?) 16.0836 Xx 104 Mgy, M, esu/(1/ g2 c?) 16.0836 Xx 104

TasLE 3. ENERGY LEVELS AND WAVE FUNCTIONS OF viBRATION witTH C-H
STRETCHING MODE AS THE MAIN CONSTITUENTS.
(e, and 970:?20»:%)
The values were obtained from the method II.
v 0 1 2 3 4
e[erg] x 1013 3.30722 9.84286 16.3074 22.7325 29.1481

Cyo 0.99695 —0.07500 0.00426 —0.01787 0.01014
Cy 0.07518 0.97448 —0.20456 0.02843 —0.03528
Cys 0.00418 0.20544 0.90684 —0.35004 0.07883
Cys 0.02013 0.02676 0.35323 0.77630 —0.47987
Cys 0.00293 0.04099 0.07313 0.48879 0.58106
Cys —0.00006 0.01244 0.06820 0.14252 0.58408
Cye 0.00078 0.00146 0.03063 0.10312 0.22695
Cy; 0.00014 0.00202 0.00670 0.05843 0.14542
Cys —0.00003 0.00074 0.00440 0.01810 0.09488
Cyo 0.00003 0.00003 0.00214 0.00888 0.03717
Cy1o 0.00001 0.00009 0.00037 0.00483 0.01662
Conx —0.00000 0.00004 0.00017 0.00121 0.00815

Aey 1=3291.28 cm™), Aey 3 =6546.75 cm™1, Agy,;=9782.35 cm~?, Ag; 4,=13013.19 cm~1.
The Aegy,, in the harmonic oscillator model was 3339.76 cm~L.
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STRETCHING MODE AS THE MAIN CONSTITUENTS.
(¢p and @v:E_ Cyis)
i

The values were obtained from the method II.

TaBLE 4. ENERGY LEVELS AND WAVE FUNCTIONS OF VIBRATION wiITH C-N
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v 0 1 2 3 4
e[erg] x 1013 2.13383 6.38356 10.6117 14.8199 19.0097

Cyo 0.99906 —0.04184 0.00102 —0.01085 0.00354
Cy 0.04183 0.99190 —0.11729 0.00822 —0.02132
Cye 0.00150 0.11722 0.96923 0.21138 0.02510
Cys 0.01136 0.00939 0.21113 0.92178 —0.31458
(o 0.00101 0.02303 0.02689 0.31405 0.84221
Cys 0.00002 0.00434 0.03760 0.05646 0.41590
Cue 0.00028 0.00041 0.01105 0.05588 0.09900
Cy 0.00003 0.00075 0.00175 0.02219 0.07873
Cys —0.00000 0.00018 0.00162 0.00493 0.03860
Cyo 0.00000 0.00002 0.00056 0.00317 0.01098
Cyio 0.00000 0.00003 0.00010 0.00136 0.00586
Coa —0.00000 0.00001 0.00007 0.00030 0.00267

Agy,=2140.12 cnt, Agy ,=4269.37 cm—t, Aegy ;=6388.55 cm™1, Agy ,=8498.49 cm—,
The Aég,,, in the harmonic oscillator model was 2150.90 cm—1.

TABLE 5. ENERGY LEVELS AND WAVE FUNCTIONS OF VIBRATION WITH BENDING MODE AS THE MAIN CONSTITUENTS.
(ey and Qu:_ECuHDi)
12

The values were obtained from the method II.

v 0 1 2 3 4
e[erg] x 1013 0.70669 2.12287 3.54463 4.97192 6.40467
Cyo 0.99999 0 0.00141 0 0.00041
o1 0 0.99999 0 0.00404 0
Cys —0.00141 0 0.99997 0 0.00796
-~ 0 —0.00406 0 0.99990 0
Cys —0.00040 0 —0.00799 0 0.99977
Cys 0 —0.00088 0 —0.01321 0
Cys 0.00000 0 —0.00148 0 —0.01968
Cyr 0 0.00002 0 —0.00220 0
Cys 0.00000 0 0.00004 0 —0.00299
o 0 0.00000 0 0.00007 0
Coio —0.00000 0 0.00000 0 0.00013
w11 0 —0.00000 0 0.00001 0
Agy,,=T713.17 e, Agy,=1429.15 cm™1, Agy ;=2147.91 cm™1, Ay ,=2869.42 cm~L.
The Aég,,;, in the harmonic oscillator model was 710.08 cm—1.
TABLE 6. WAVE NUMBERS, #, AND ABSORPTION INTENSITIES, A, OF VIBRATIONAL SPECTRUM ofF HCN
(#: [em™], 4: [cm? s~ molecule™!], T=300K)
Method 1 Method II
Ref 21,22
1 1 a) 1 1 a) 3
5 Ax 101 zit)zgt,t:}g,n;]) b1)\/Iodcs 5 Ax 1010 zi‘f)zl}‘za,t;g:n;l) b1)\/[odes 7 (obsd)
738.95 1148.6% (0001) 704.65 1065.79 (0001) 713.74 (001Y)
738.95 1148.6 (0010) 704.65 1065.7 (0010)
1540.73 0 (0011) 1410.23 70.400  (0002) 4 (0020) 1411.42 (0029
1552.64 221.28 (0002) + (0020) 1411.55 0 (0011)
1556.89 0 (0002) — (0020) 1411.58 0 (0002) — (0020)
2147.11 378.48<  (0100) 2113.61 4.537 (0003) + (0027) 2115.00 (003Y)
2340.14 2.511 (0030) — (7030) 2113.61 4.537  (0030) + (0072) :
2340.14 2.511 (0003) — (7003) 2116.54 0.032  (0012) — (0030)
2473.26 5.500  (0021) — (7027) 2116.54 0.032  (0021) — (0003)
2473.26 5.500 (0012) — (7072) 2136.24 485.26°  (0100) 2096.68 (010)
2919.03 19.666  (0110) 2841.83 10.386  (0110)
2919.03 19.666  (0101) 2841.83 10.386  (0101) 2807.06 (011%)
3286.20 76.198% (1000) 2852.85 0.006  (0004) + (0040) + (0022)
3743.36 0 (0111) 2854.24 0 (0004) — (0040)
3756.94 0.023  (0102) + (0120) 2854.30 0 (0013) 4+ (0031)
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Table 6. (Continued)
Method I Method 11
Ref.21.22)
. . . . . o -
5 AX 101 Xil’);‘?,tzg,n;l) b%\/Iodes ) 5 Ax 1010 Xi?;;tt;g?,;l) bI)\/Iodes 7 (obsd)

3759.21 0 (0102) — (0120) 2858.52 0 (0022) — (0004) — (0040)

3892.25 3.470  (0022) 2858.55 0 (0013) — (0031)

3968.86 0 (0013) + (0031) — (7077) 3278.82 144.58%  (1000) 3311.47 (100)

3994.55 0 (0004) — (0040) 3545.09 0.827  (0120) -+ (0102) 3504.07 (0129

4011.60 2.446  (0004) + (0040) 3545.36 0 (0102) — (0120)

4037.60 7.671 (1010) 3545.37 0 (0111)

4037.60 7.671 (1001) 3981.36 31.087  (1001) 1

4041.92 0 (0013) — (0031) 3981.36 31.087 (1010) 4005.64 (101%)

4299.03 1.061 (0200) 4265.53 0.816  (0200) 4173.02 (020)

4963.09 0 (1002) — (1020) 4280.37 0.080  (0103) + (0727) 4202.77 (013Y)

4979.27 0.080 (0112) — (0270) + (0730) 4280.37 0.080  (0130) + (0772) )

4979.27 0.080  (0121) — (0207) + (0703) 4288.03 0 (0112) — (0730)

5026.02 0.051  (0130) — (0112) 4288.03 0 (0121) — (0703)

5026.02 0.051 (0103) — (0121) 4682.12 22.461  (1002) + (1020) 4684.61 (1029

5077.55 0 (1011) 4+ (0073) + (0037) 4682.95 0 (1011) 4705.25 (102%)

5090.37 4.573  (1002) + (1020) + (0022) 4683.06 0 (1002) — (1020)

5104.86 0.029  (0210) + (0730) 4968.20 0.030 (0210) 4879.73 (021%)

5104.86 0.029  (0201) + (0703) 4968.20 0.030  (0201)

5442.91 16.746  (1100) 5419.36 17.333  (1100) 5393.70 (110)

6136.38 0 (0202) — (0220) 5426.37 0.005  (1003) 4 (7027) 5368.62 (103Y)

6142.34 0.011 (0202) + (0220) 5426.37 0.005 (1030) + (7072) ’

6144.94 0 (0211) 5428.52 0 (1012) — (7030)

6161.04 0.120  (1021) 4 (0027) 5428.52 0 (1021) — (7003)

6161.04 0.120  (1012) + (0072) 5695.67 0.078  (0202) + (0220) 5572.17 (0229

6256.26 0.013  (1101) — (7003) 5701.50 0 (0202) — (0220)

6256 .26 0.013  (1110) — (7030) 5701.54 0 (0211)

6286.34 1.294  (1003) + (7707) + (0003) 6119.67 0.478  (1110) 6084.81 (111)

6286.34 1.294  (1030) + (7770) + (0030) 6119.67 0.478  (1101) ’

6428.36 0.227  (0300) 6393.20 0.360  (0300)

6475.71 8.920  (2000) 6521.45 13.911 (2000) 6519.61 (200)

7245.87 0 (1102) — (1120) 6874.74 0.147  (1102) + (1120) 6761.30 (1129

7260.38 0 (1111) 6877.89 0 (1102) — (1120)

7261.11 0.032  (1102) + (1120) 6877.92 0 (1111) 6781.74 (112%)

7265.98 0.330  (2001) + (7003) 7112.88 0.001 (0301)

7265.98 0.330  (2010) + (7030) 7112.88 0.001 (0310)

g o @ map Lo 2 o

7590.84 0.773  (1200) 7551 .44 0.312  (1200)

8181.18 0 (2002) — (2020) 7966.51 0.143  (2002) + (2020)

8192.38 0 (2011) 4 (7077) 7967.18 0 (2011)

8212.82 0.004  (2002) + (2020) 7967.21 0 (2002) — (2020)

8437.54 0 (1201) 8308.91 0.001 (1210)

8437.54 0 (1210) 8308.91 0.001  (1201)

8602.53 0.056  (0400) 8651.19 0.063  (0400)

8637.94 0.252  (2100) 8666.64 0.015  (2100) 8585.57 (210)

9435.06 0.055 2101 9435.47 0.013 2101

9435.06 0.055 E2110g 9435.47 0.013 §2110§ 9257.56 (2117

9624.93 0.175  (3000) 9734.39 0.001 (1300)

9738.53 0.030 (1300) 9747.54 0.390  (3000) 9627.02 (300)
1034430 1429  (3010) 10486.30 0,037  (3000) 10282.03 (301%)
10814.66 0.004  (2200) 10884 .85 0 (2200)

11807.75 0.046  (3100) 11948.97 0.003  (3100) 11674.46 (310)
12236.33 0.025  (4000) 12969.68 0.013  (4000) 12635.90 (400)

a) The italics indicate the additional modes.

molecular vibration &.

b) The o* indicates the quantum number of energy level for the
¢) The observed values are as follows:?®) 4(0001)=1140X 10-°, 4(0100)=7.2x 1010,

A(1000) =2700x 10-1° in unit [cm?s~! molecule1].
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treatment in Method I may be considered to be more
reasonable than that in Method II. However, the
final result from Method I was undesirable in com-
parison with the observed values. Therefore, we are
especially interested in the treatment of Method II,
which brings better results. The results calculated by
Method II are mainly indicated in Tables 2 to 5.

The variational treatment was divided into two
steps because of the technical counterplan. However,
this treatment was effective in obtaining additional
information. For example, we thus learned that the
wave functions of molecular vibration can be specified
in view of the principal terms of anharmonicity, with-
out cross terms, as is indicated in Tables 3,4, and 5.*%*
It is recognized that the mechanical anharmonicity of
the C-H vibration is as large as that generally found.
Moreover, the effects of cross terms in anharmonicity
on the frequencies of the absorption bands can be
confirmed. The coefficients of the function of the
dipole-moment component with the normal coordinates
are indicated in Table 2. In Table 6, the final results
involving the frequencies and the absorption intensities
of the vibrational spectrum of HCN are indicated,
and the principal and additional modes of vibration
are clarified. It should be noted that the representa-
tion of the vibrational mode is indicated by the quan-
tum number of the energy level of vibration, consider-
ing the principal terms of anharmonicity without
cross terms. The frequencies and the absorption in-
tensities of the hot bands, referring to the bending
vibration, are listed in Table 7. In Tables 6 and
7, the calculated frequencies and the intensities of the
absorption bands are not always appropriate. How-

**% There remains a further question as to the number
of harmonic wave-functions used in Eq. (8). Therefore,
the wave numbers, 7, and the absorption intensities, 4, were
calculated under different restrictions. The results calcu-
lated on the basis of the condition (¢==0 to 13) are as follows:

5 AX 1010
704.92 (0001) 1065.7
1410.76 (0002) + (0020) 70.400
92114.40 (0003) 4.537
2137.04 (0100) 485.26
9853.91 (0004) + (0040) 0.006
3280.05 (1000) 144.58
4267.12 (0200) 0.816
6395.59 (0300) 0.360
6523.88 (2000) 13.911
8654.41 (0400) 0.063
9751.18 (3000) 0.390
12974.26 (4000) 0.013

(#: cm™, A: cm?s~! molecule?)

In comparison with the values shown in Table 6, there is
no difference in the absorption intensity and the difference
in the wave numbers is not a serious problem in this work.
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ever, it was found that the calculated intensities are
effective in clarifying the assignment of the observed
absorption bands. In comparison with the results
in the references,?22 we can make the following
statements: the absorption intensities of (1011),
(1002)—(1020), (1111), and (1102)—(1120) are equal
to zero, and the order of intensities of (0300), (1200),
and (2002)4-(2020) is 10~ degree in [cm? s~! mole-
cule~!] units. The absorption intensity of the de-
generate hot band {(0111), (0102)—(0120)} is larger
than the intensity of (0102)+ (0120), and also {(0211),
(0202)—(0220)} is larger than (0202)-(0220).

The results presented above show that the mole-
cular orbital calculations are effective in the analysis
of the vibrational specturm if the absorption intensities
are slso calculated.

The authors would like to acknowledge the con-
tinuing encouragement of Professor K. Higasi. In
their calculation, they were helped by the “University
Contribution” of UNIVAC Japan, Ltd.
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