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CHAPTER I
INTRODUCTION

This study is concerned with the detailed vibrational
and vibration-rotational analysis of methylstannane,
CH3SnH3. The goal of this investigation is to develop a
technique by means of which force constants, that are
related to the structures of the molecules, can be derived
for the series CH3XH3. Further, these force constants
should be transferable to other molecules not in this series

provided that the appropriate structural parameters are Kknown,

The vibration and vibration-rotation spectra of

structurally similar molecules, CH_XH_, where X is C, Si,

and Ge have been studied in some ditazl (5., 26, 27, 54, 61,
63). The infrared spectrum of CH3SnH3 has been reported by
Dillard and May (l16) who made tentative vibrational assign-
ments. However, because of lack of data on isotopically
substituted methylstannanes, Dillard and May were unable

to make a complete vibrational analysis.

The complete vibrational analysis of methylstannane
made in this research extends the knowledge of the spectra
of CH3XH3 type molecules, and provides some insights about
the effect of changing the nature of the central atom, X,
on the observed spectra., By use of empirical and theo-
retical methods to obtain force constants it is now possible
to predict the vibrational frequencies for this series of

molecules.

Ward (62) established empirical relationships of the

frequencies in the series (CH3)nXCI where X is C, Si,

(4-n)
Ge, and Sn and n is an integer 1 to 3. Dillard and May (16)



made similar correlations for the frequencies of the

series (CH3)nXH However, these empirical corre-

(4-n)°
lations can be used only to show trends in the frequencies.
Moreover, the relationships obtained are not applicable

outside the specified series,

Factors which are needed in order to make reliable
and quantitative predictions about the spectra of a series
of related molecules include (1) the knowledge of how the
potential energy is distributed among the respective
vibrational modes; (2) the relationships between the force
constants which will make them transferable between members
of the series; and (3) the knowledge of how the structures
of the molecules affect the force constants and the ro-
tational constants. In this work we have obtained the
potential energy distributions of the entire series of
CH_XH. molecules. Our analysis shows that the force

3 3

constants are related to the bond lengths of the CH3 and

XH3 groups and are transferable among the molecules,

For molecules in the CH3XH3 series it is impossible
to uniquely determine the General Harmonic Force Field
without making simplifying assumptions because (1) there is
usually insufficient data to compute the anharmonicity
corrections to the observed vibrational frequencies and to
calculate unique general harmonic force constants; and (2)

it is necessary to solve a complicated set of equations in
order to calculate the force constants from the ocbserved
data. The anharmonicity effects were determined by empiric-
ally transferring known anharmonicity constants of related
molecules., The complicated set of equations were solved by
choosing a force field with the minimum number of independent

parameters and taking advantage of the symmetry of the

molecule,



The approach used in this study consisted of the
several steps outlined below., First, a complete vibrational
analysis was performed because accurate and correctly
assigned frequencies are necessary to calculate the force
constants, Data on isotopic species and related molecules

were used when available to confirm the assignments,

Second, a vibration-rotation analysis was performed
to obtain accurate frequencies, ground and excited state
rotational constants and Coriolis constants. The Coriolis
constants would be expected to show a dependence upon the
nature of the X atom in the CH3XH3 series of molecules.
However, because of the complicated structure of the
vibration-rotation bands, the experimental error was large
and sufficiently accurate Coriolis constants were not
obtained. On the other hand, the vibration-rotation analysis
did provide the accurate frequencies necessary for the force

constant calculations,

Third, the observed vibrational frequencies were
corrected for anharmonicity effects, A suitable force
field was chosen, Then a normal coordinate analysis was
performed using a computer program which yielded the best
set of force constants, the eigenvectors and the potential
energy distribution, From the force constant computations
a unique solution to the secular equation was obtained. The
eigenvectors were used to calculate the Coriolis constants
and the calculated and experimental values were comparable

within the limits of experimental error.

Finally, "model” force constants were derived which
were transferable between the molecules cf the CH3XH3 series.
Furthermore, these force constants were shown to be trans-

ferable to molecules not in this series.,
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CHAPTER II
EXPERIMENTAL

A, Preparation of Compounds Studied

Methylstannane and methylstannane-d, were prepared by

3
reacting CH_.SnCl,_ with LiAlH4 and LiAlD respectively (22).

3 3 4’
The methyltin chloride was prepared by bubbling methyl
chloride through melted anhydrous tin (II) chloride at

365% (62).

Descriptions of the reaction chamber and the reaction
train used in the preparation of CHBSnCl3 were given by
ward (62). About 80 grams of pure anhydrous tin (II) chloride
(Matheson Coleman & Bell, Reagent Grade) were introduced into
the reaction chamber. The tin (II) chloride was then melted
and brought to 365°C in an atmosphere of methyl chloride
(Matheson Co.). The methyl chloride was allowed to bubble
through the molten tin (II) chloride at a rate of 20 to 25 ml
per minute. Within an hour, tiny droplets of a clear liquid
were observed in the product receiver. The reaction was
allowed to run for 9 hours, The final product was a clear
solid at room temperature. The CH3SnCl3 was used in the
preparation of CH3SnH3 without purification,

To prepare methylstannane, about 3.4 mmoles of LiAlH4
(Metal Hydrides Co,) were dissolved in anhydrous diglyme
(b.p.: 160-164°c) and placed in a reaction flask. A drop-
ping funnel containing about 1,7 mmoles of CH3SnC13 which
was dissolved in diglyme was placed in the neck of the flask,
The reaction flask was then evacuated. The reaction was

carried out at dry ice temperatures with vigorous stirring.

The solution of methyltin chloride was added very slowly



and the reaction was carried out over a period of four
hours. The gaseous product was passed through a —78.5°C
bath and collected in a liquid nitrogen bath., The vapor
pressure of the impure product was 28mm at -78.5%. Pure
methylstannane has a vapor pressure of 9.5mm at -78.5°¢C (22).
The molecular weight of the sample and its infrared spectrum
were used as the criteria of its purity. The sample was
purified by successively passing it through traps at -950,
-112°, and -150°C. The material in the -95°C trap showed

a vapor pressure of 9.,5mm at -78.5°c. Its molecular weight
was found to be 134 g/mole, which is within experimental
error of the calculated molecular weight of 137 for methyl=-
stannane. The infrared spectrum of the product agreed with
the spectrum reported for methylstannane (16). A yield of

46% was obtained.

Pure methylstannane-~d, was prepared by reacting about

3
0.16 mmoles of CH_SnCl_ with 0,117 moles of L:i.AlD4 (Metal

Hydrides Co., 98.2%). 3The final product had a vapor pressure
of 1lmm at -78.5°C, Repeated distillation of the sample
showed no change in the vapor pressure or in the infrared
spectrum, The infrared spectrum of the product gave the
expected shifts due to isotopic substitution. A very weak
absorption band at about 1880 cm_l indicated the presence

of CH3SnH3 as an impurity. A yield of 37% was obtained.
Because of the small quantity of the rather unstable compound,
the molecular weight and other physical properties were not

determined.

A modification of the procedure reported by Ward (62)

was used to prepare CD Sn013 as described below. The reaction

3
system for the preparation of CD3SnCl3 is shown in Figure 1,



A large excess of tin (II) chloride (about 10,6 mmoles)
was added to the reaction flask through A. After 8.7 mmoles
of CDBCl {(Tracerlab, 99 atom % D) were added through A, the
glass tube was sealed. The reaction was run at a tempera-
ture of 350°C for 4 days. After 16 hours, liquid was noted
in the received. The yield of CD3SnCl3 was 44%. This
material was used in the preparation of CDBSnH3 without
further purification,

Methyl—dB-stannane was prepared by reacting approxi-

mately 3.0 mmoles of CD SnCl3 with 6.6 mmoles of LiAlH

using the method descriged above., Distillation of the4im-
pure methyl-d3-stannane through traps at -80° and -112%
into a liquid nitrogen trap was repeated until a constant
vapor pressure of l4mm at -78.5°C was obtained. Absorption
bands at 2940, 2900 and 1180 cm_l in the infrared spectrum
of the product indicated the presence of dimethylether as
an impurity. The infrared bands due to the impurity were
further identified by obtaining infrared spectra of the
sample at several of the early steps of purification when
there were changes in the measured physical properties of
the product., The molecular weight of the sample was 123
as compared to the calculated molecular weight of 139 for
CD3SnH3. From the molecular weights it was estimated that
the methyl-d3-stannane was about 86% pure. The yield of

CDaan3 was 18%.
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B. Instrumentation

The infrared spectra were obtained using a Perkin-
Elmer Model 521 spectroPhotometerl, and Beckman IR—9l and
IR-12 spectrophotometers. Perkin-Elmer Model 21 and
Model 337 infrared spectrophotometers were used to check

the purity of the methylstannanes during their preparation.

The Perkin-Elmer Model 521 infrared spectrophotometer
is a double~beam, double grating instrument with a range of
4000~250 cm_l. Both Beckman spectrophotometers are double-
beam instruments. The IR-~9 employs a double monochromator
consisting of a KBr foreprism and two gratings, and has a
range of 4000-400 cm T. The IR-12 employs a single mono-
chromator consisting of four gratings which gives the

instrument a range of 4000-200 cm-l.

All high resolution spectra were obtained at a scanning
speed of 2 - 4 cm-l/min. Each absorption band was examined
at a constant slit width. The slit widths were manually
adjusted for each band so as to obtain optimum resolution

and signal to noise ratio.

The use of the Perkin-Elmer Model 521 infrared spectrometer
was made possible by Professor R. P. Bauman, Professor J.
Steigman and Mr, H. Toltz of Brooklyn Polytechnic Institute,
Brooklyn, New York. The use of the Beckman IR-1l infrared
spectrophotometer at the Beckman Laboratories, Mountainside,
New Jersey was made possible by Mr. L. Clougherty of
Beckman Instruments, Inc. These kindnesses are gratefully
acknowledged.



In order to compare spectra obtained on different
instruments and to transfer spectral absorption data
between instruments, the resolution was expressed in terms
of the spectral slit width., The spectral slit width is the
frequency interval between the two points at which the
energy passing through the exit slit of a monochrometer is
one-half its maximum value, Spectral slit widths of about
1.5 cm-l for the 4000-1600 cm-l region and about 1.0 cm_l
for the 1600-250 cm-l region gave the best high resolution
spectral data for the methylstannanes, The mechanical slit
widths corresponding to these spectral slit widths varied
with the instrument used. The methods for converting from

one to the other are described in the instruction manuals

for the instruments,

The instruments were calibrated against HCl, NH., CO_,

3 2
and H. 0., The frequencies of the vibration-rotation lines

2
of the compounds were taken from the IUPAC tables (34) and
from the papers of Plyler, Blaine, and co-workers (6, 53).
Each band was scanned three times and average values for

the measured frequencies were used. The probable error of
1

1

a spectral line wave number assignment was about 1,0 cm

from 4000-2000 cmml and about 0.6 cm-l from 2000-250 cm

A standard 10 cm gas absorption cell made of pyrex
glass and equipped with KBr and CsBr windows was used for
the high resolution spectra. The methylstannanes were kept
in the gas cell for periods up to six hours without any
significant decomposition., Both the intensity of the band
and the resolution had to be considered in determining
suitable pressures for cbtaining the spectra of the individual
bands. The pressures used ranged from 6mm for the vibration-

rotation lines of the Sn~H stretching vibrations to more than
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100mm for the weak C~H stretching vibrations.

For the very weak overtone and combination bands
involving the torsional vibration, it was necessary to
use a Perkin-Elmer l-meter gas absorption cell (Model

#127-0061) equipped with CsBr windowsz.

2 The kindness of Professor T. D. Goldfarb, of the State
University of New York at Stony Brook, New York in making
available the Perkin-Elmer l-meter gas absorxption cell
and a Perkin-Elmer Model 521 infrared spectrophotometer
is gratefully acknowledged.
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CHAPTER III
ANALYSIS OF THE INFRARED SPECTRA

A, Vibrational Spectra and Assignments of the
Vibrational Bands

Methylstannane is a member of the structurally
similar class of molecules of the type CH3XH3 where X is
C, Si, Ge or Sn, Vibrational studies have been made on

ethane (27, 6l1) and methylgermane (26) where infrared
spectra of several isotopic species were available. For
methylsilane only the CH3SiH3 and CH3SiD3 species have
been studies (5, 63). Dillard and May (16) have reported
on the infrared spectrum of CH_SnH_, however they lacked

3 3
data on the isotopically substituted methylstannanes and

a complete vibrational analysis was not made. In other

works, the vibrational assignments for CH SnCl3 (47, 61)

3
and CH3Ge013 (45) have been reported.

The infrared spectra of CH SnH3, CH_SnD_, and CD_SnH

3 3 3 3
are shown in Figures 2, 3, and 4. These three molecules

have C3v symmetry.

Thus there are 12 fundamental vibrations, of which

5 are of the nondegenerate species, Al'

degenerate E species, while the remaining one is of type A

The Al and E vibrations are infrared active. The Az vi=

bration which is due to the torsional motion is inactive
in the infrared. O©Of the 11 active fundamentals, 5 may be

considered to be vibrations of the CH3 group and 5 arise

from the vibrations of the SnH, group. The remaining band

3
-arises from the Sn-C stretching mode.

3

6 are of the doubly

2.
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The vibrational assignments reported here were made
by (1) comparison with assignments reported for similar
molecules, (2) consideration of the relationships with
isotopic species, and (3) considerations of the contours
of the bands. By comparison with the assignments for the
other members of the series CH3XH3, where X is C, Si and
Ge (26, 27, 63) it is seen that the carbon-hydrogen vi-
brations occur at approximately the same frequencies
throughout the series., The frequencies associated with the
tin-hydrogen motions were readily identified by the observed
shifts upon isotopic substitution. Band contours of these
C,, type molecules were used to identify the nondegenerate
and degenerate vibrations. Nondegenerate vibrations showed
two broad absorption bands of medium intensity (P and R
branches) on either side of a strong, sharp band (Q branch}.

Degenerate vibrations showed a single broad absorption band.

The frequencies and vibrational assignments of CH_SnH_,

3 3
Ch.SnD., and CD_SnH_ are listed in Tables I -~ III. The

fuidamzntal vibiatigns and their descriptions for the methyl-
stannanes are summarized in Table IV where the notation is
adapted from that used by Herzberg (32). Assignments of

the fundamental frequencies to normal modes are done in an
analogous manner for all three isotopic gpecies. Therefore,
the discussion will center on methylstannane and comments on
the isotopic molecules will be made only to support the

assignments.
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TABLE 1

Infrared Spectrum of Methylstannane (cm ")

Frequency Intensity Assignment

3710 w vl + vlo (E)
3005.4 W v7 (E)
2932.5 \" vy (Al)
2827.6 w 2v9 (Al + E)
1755.8 m v3 + Ve (Al)
1417.0 \ v9 (E)
1209.3 w Vi (Al)
1168,.2 W vio + v12 (Al + A2 + E)
910 W vy 2y @,)
774.1 m VlO (E)
741.3 m vll (E)
694.5 s Vy (a,)

570 vw

526,9 m VS (Al)
416.3 m vl2 (E)

340 vw

320 vw Ve = 2v6 (Al)

298 vw v - V6 (E)
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TABLE

II

3

(cm™

1

)

Freguency

3000
2930
1756.4
1550
1400

1352.0
1204.5
1182
1170
1055

1012

208
765
612
509.1
502,.5
493.0
390

3l6.6

Intensity

w

m

£ 8 3

£

Assignment

1)

12

(E)
(A
(A
(Al + E)

(E)

(A

(A1+A +E)

2

+ V

1l
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TABLE III

Infrared Spectrum of Methyl—d3-stannane (cm 7)

Frequency Intensity Assignment

2254.5 m v, (E)

2144.3 m vl (Al)
1889,0 s Vg (E), vz(Al)

1759,0 m Vg + Vlo (A1 + A2 + E)
1606 \ Va + V4 (Al)
1462.9 m Vit Vi (E)
1117.5 m Vio + Vi (Al + A2 + E)
1017.1 w Vg (E)

920.2 m Vs, (Al)

738.1 m Vio (E)

703.5 s vy (Al)

628.4 S Vi1 (E)

478.0 m \JS (Al)

392.4 w v (E)
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TABLE IV
Fundamental Vibrations of the Methylstannanes (cm—l)
Vibn. Vibn. Vibn,

Description No. CH3SnH3 No. CHBSnD3 No. CD3SnH

Al Species
CH sym, str, 1 2932.5 1l 2930b 1 2144.3
SnH sym. str. 2 1874.5 2 1352.0 2 1889,0
CH3 sym., deform. 3 1209.3 3 1204.5 3 920.2
SnH3 sym. deform. 4 694.5 5 493.0 4 703.5
SnC str. 5 526.9 4 509.1 5 478,0

A2 Species
Torsion® 6 109 6 101 6 88

E Species
CH asym. str. 7 3005.4 7 3000b 7 2254.5
SnH asym. str. 8 1874.5 9 1352.0 8 1889.0
CH3 asym. deform. 9 1417.0 8 l400b 9 1017.1
SnH3 asym., deform, 11 741.3 11 502.5 10 738.1
Ch3 rock 10 774.1 10 765b 11 628.4
SnH3 rock 12 416.3 12 316.6 12 392.4

a Calculated from the barrier to internal rotation (9)

. -1
Frequencies were measured to + 10 cm ~,
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The asymmetric and symmetric stretching motions of
the C-H bonds are assigned to the bands at 3005.4 and
2932.,5 cm-l, respectively. The analogous modes for the

CD3SnH3 molecule are shifted to 2254.5 and 2144.3 cm-l,

respectively. The asymmetric and symmetric CH3 deformation
vibrations are observed at 1417.0 and 1209.3 cm-l,

respectively while the same modes for the CD_, group in

3

CD3SnH3 occur 1017.1 and 920.2 cm“l. Dillard and May (16)

have reported a value of 1143 crn-1 for the CH3 symmetric
deformation vibration of methylstannane, In reports on
other methyltin compounds (16, 48, 62) the assigned
frequency for this vibration was between 1200 and 1220 cm-l.
In this work the frequency at 1209.3 cm-l is assigned to
the CH3 symmetric deformation vibration. The product rule
ratios for the A. species substantiates this assignment

1l
(Table V).

The strong band at 1874.5 cm-l which appears only in

the spectra of CH_SnH, and CD_SnH_, must arise from the Sn=-H

asymmetric and SniH simmetricastrgtch vibrations., As will
be pointed out in the section on the high resolution
analysis of the methylstannanes, this band shows the
rotational structure of the Q branch arising from the
asymmetric stretching motion. The data on CH_SiH_ (63)

3 3
and CH_GeH. (26) indicate that both stretching modes would

be expzcteg to appear close together and there are no
other bands in this region that could be assigned to the
symmetric stretching motion. Hence the symmetric stretch-
ing vibration must be buried in this strong absorption
band., Also, it can be seen that for CH3SnD3 only one band
appears at 1352.0 cm_1 which can be assigned to the two

Sn~D stretching modes. The parallel band between 1750 and
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1760 cm-l in the spectrum of CH3SnH3 can not be assigned

to the SnH3 symmetric stretch because the band also appears

in the spectra of the other two isotopic species. This
absorption band has been assigned to a combination band.

Three bands are observed in the region 690-780 cm_l

for CH3SnH3. One parallel band due to the SnH3

deformation vibration and two perpendicular bands due to

symmetric

the SnH3 asymmetric deformation and CH3

would be expected to appear in this region. Unambiguous

rocking vibrations

assignments for these bands are possible if the band contours
and data on the isotopic species are considered. Consideration
of the moments of inertia for methylstannane indicates that

the parallel band of species A, should show a definite PQR

branch structure with a stronglsharp Q branch while the

perpendicular band of species E should show a single broad
bell-shaped absorption curve (23). The band at 694.5 Cm_l
is observed to be a parallel band and thus can be assigned

to the SnH_ symmetric deformation vibration. This band has

3
a frequency of 703.5 cm-l in CD3SnH3 but is seen to shift
to 493 cmm1 in CH3SnD3. The other two bands of CH3SnH3 in

the 690-780 cm region have the contour of perpendicular
pands with frequencies of 741.3 and 774.1 cm Y. In the
CH.SnD. molecule only one band remains at 765 cm_1 while

3 3

for CDBSnH3 a band at 739.8 cm-l is observed. Thus, the

band at 774.1 cm-l can be assigned as the CH. rocking mode

3
and the absorption peak at 741.3 cm 1 must arise from the
SnH3 asymmetric deformation vibration. In CD3SnH3, the

CD3 rocking vibration can be observed at 628.4 c:m“1 while

the SnD3 asymmetric deformation vibration in CHBSnD3 appears

at 502.5 cm-l.
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The Sn—~C stretching mode and the SnH, rocking mode

remain to be assigned. The absorptions ai 526.9 cm-'l in
CH3SnH3 and 509.1 cru-l in CH3SnD3 have the contours of

parallel bands and thus can be assigned to the stretching
vibration of the Sn—-C bond. In the case of CDBSnH3' this

band is displaced to 478.0 cm-l. The SnH3 rocking mode

can be correlated with the perpendicular bands appearing

at 416.3 c:m“1 in CH,SnH,, and 392.4 cm-1 in CD3SnH3.
Substitution of D for H on tin causes the appearance of

the SnD3 rocking mode at 316.6 cm—l.

The existence of the three infrared bands of CHasnD3

in the region of 490 to 510 cm—l have already been cited

as evidence supporting the assignments of the CH. rocking

3
SnH3 symmetric deformation and SnH3 asymmetric deformation
vibrations of CH.SnH_.,. However, due to the complexity of

3 3
the spectrum in this region, some further comments should

be made on the assignments of the three bands. One per-

pendicular band due to the SnD,_, asymmetric deformation

3

vibration and two parallel bands due to the SnD, symmetric

deformation and Sn~C stretching vibrations woulg be expected
to appear in this region. Examination of the contour of the
bands indicates a weak absorption peak on the high frequency
side of the band at 509.1 c:m—l probably due to the R branch
of a parallel band, and a weak absorption maximum on the

low frequency side of the band at 493.0 cm-l probably due

to the P branch of a parallel band. Thus the bands at

509.1 and 493.0 cm-1 can be attributed to Q branches of
parallel-type bands. The latter can be assigned to the

SnD_. symmetric deformation mode since this vibration would

3
be expected to occur at approximately 694.5/(2)]'/2 = 490 cm-l.
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The other parallel band at 509.1 cm-l must be due to the
Sn-C stretching mode. The remaining band at 502.5 en Y,
which is a perpendiculi *ype, must arise from the SnD3
asymmetric deformation vibration.

The assignments of the fundamental vibration frequencies
of the Al and E species for the three isotopic molecules
are substantiated by Teller-Redlich product rule calculations
which appear in Table V. Good agreement is obtained for
the observed and calculated product rule ratios. Molecular
constants from microwave studies (38) were used in the cal-
culations. The constants are listed in Table VIII of
Chapter IV. The observed product rule ratios for anharmonic
frequencies listed in Table V, should be greater than the

calculated ratios., In the case of the CH SnD3/CH SnH_ ratio

3 3 3
for the Al species the observed value is less than the cal-
culated value. This reversal of the Al species product

ratio was observed for the methylgermanes (6).

Since all the combination bands except binary combi-
nations of torsional vibrations with A1 type vibrations
are infrared active, 400 binary and ternary overtones and
combination bands could exist for each of these isotopic

species. Only 10 such bands for CH_SnH_,, 9 such bands for

3 3
CH.SnD_ and 4 such bands for CD_SnH. were actually observed.

Thz aszignments of combination znd gvertone bands were made
using the method suggested by Glass and Pullin (13)., 1In
this procedure frequencies of all possible binary and
ternary combination bands and overtones were calculated.
Additivity of all fundamental frequencies were assumed.
Combinations and overtones were assigned to those bands
which were observed in the range 1,01 to 0.98 times the

calculated frequency. Where several combinations and
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overtones could be assigned to an observed band, other
evidence, such as band contours (i.e., the parallel or
perpendicular character of the band) and comparison with
related compounds, were used to select the appropriate
assignment, The assignments for the methylstannanes are

shown in Tables I - III.

The rotation of a methyl group relative to the

SnH3 group work is opposed by a threefold potential barrier,
If the barrier to the internal rotation is sufficiently
high the rotation reduces to a torsional oscillation,
Although the frequency of the torsional motion cannot be
directly observed in the infrared, it can be determined
from overtones and combination bands which are infrared
active, or from the barrier to internal rotation by the

method described by Fateley and Miller (21).

Methylstannane may be considered as a molecule in
which a rigid symmetric top (i.e., the methyl group) is
attached to a rigid framework (i.e., the stanyl group},
and in which there are three identical potential minima,
Since the top has a threefold symmetry axis, the potential
energy hindering rotation Vv (a) is expressed in a Fourier

series as
vV (o) = V3(l-c033a) / 2 + V6(l—cos6a) /S 2+ eee {1)

where V3 is the height of the threefold potential barrier,

V6 is that of the sixfold one, and a is the angle of

internal rotation, i.e., the angle between the two parts

of the molecule. Fateley and Miller (21) have taken V6 to

be much smaller than V3. Thus, all terms after the first
were neglected., The height of the potential barrier has
been determined from the microwave spectrum of methyl-

stannane to be 650 cal/mole (227 cm—l) (9).
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TABLE V

Teller-Redlich Product=Rule Ratios

Species Type CDBSnH3/CHBSnH3 CH3SnD3/CH3SnH3
(obs.) {(calc.) (cbs.) (calc.)
Ay 0.5152 0.5055 0.4923  0.5055

E 0.4136 0.3980 0.3622 0.3740
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Using equation 1, the potential energy for hindered
rotation was calculated and plotted in Figure 5., The graph
shows the assumed threefold potential barrier and the
torsional energy levels each of which are split into two
sublevels, one of which is non-degenerate (symmetry species
A), and the other doubly degenerate (species E). It can be
seen that the A-sublevel is alternately lower and higher
than the corresponding E-sublevel and the splitting becomes
greater as the levels approach the top of the barrier. The

torsional energy, Evcr . is given by:

EVG = 2.25FbvCI (2)

where v is the principal torsional quantum number, ¢ is an
index designating either the A- or E- levels, bvc is an eigen-
value of the solution obtained when the potential function is
put in the Schrodinger equation for the torsional motion, and
F is related to the reduced moments of inertia for internal

rotation. F is given by the equation:
2
F = (h/8mc) (1/Ia+l/1b) (3)

In this equation Ia and Ib are the moments of inertia of

the internal top (i.e. CH3) and of the rigid framework (i.e.,
SnH3). respectively about their symmetry axes., Energies of
the first four torsional levels are given in Table VI. The

difference between two of the energy levels gives Vi the
infrared frequency of the transition between the two levels.

Thus _ -
v o= AEVC = 2.25F(Abvc) (4)
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where AEVO is in cm-l. The barrier height, V3, is related

to F by the equation

V3 = 2.25Fs (5)

where s is a dimensionless parameter,

The torsional frequency can be calculated using
equations 4 and 5 and the value of the barrier height which
has been determined by microwave measurements (9). F is
determined from the moments of inertia using equation 3,

Using the values of F and V s can be calculated by equation

3'
5. Tables of bvc versus s are available (31) hence Abvo can
be evaluated. Thus, using equation 4 and the barrier height
of 650 cal./mcle (227 cm_l), a value of 109 cm-l is obtained

for the torsional frequency of CH3SnH3. Assuming the same

barrier to internal rotation for CH3SnD3 and CD3SnH3, the

torsional frequencies for the two isotopic species are 101

and 88 cm-l. respectively,

Several combination bands of CHBSnH3 involving the

torsional mode and listed in Table I can now be assigned.

The following combinations, (v4 + 2v6) at 910 cm_l, (v

at 320 cm_l; and (v

5 = 2Vg)

12 ~ v6) at 298 cm vield frequencies of
108, 104, and 118 cm~l, respectively, for the torsional
vibration. These results are in good agreement with the

frequency calculated from the rotational barrier.
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TABLE VI

Torsional Energy Levels for Methylstannanes

v Sublevel Enerqy jgm-l)
0 A 57.0
E 57.6
1 E 157.5
A 166.3
2 A 220.9
(Barrier) 227.0
E 249.6
3 E 31z.,2

A 391.6
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B. Calculation of Thermodynamic Properties

The complete vibrational assignment makes possible
the calculation of the thermodynamic properties of the
methylstannanes. In making the thermodynamic calculations
of the heat content, free energy, entropy, and heat capacity,
four different contributions to the partition functions are
considered: translation, vibration, rotation, and internal
rotation, Standard methods of statistical mechanics were
used for the calculations (37). The determination of the
vibrational contributions to the thermodynamic functions
were carried out with the aid of a 1620 computer. The
program is listed in Appendix III. The calculated properties,
based on a rigid-rotor harmonic-oscillator approximation,
and assuming an ideal gas at 1 atmosphere pressure in the
temperature range from 273.16° to lOOOOK, are listed in

Appendix I.



- 31 -

CHAPTER IV

VIBRATION~-ROTATION ANALYSIS

High resolution studies yielding P-R branch sepa-
rations of parallel bands, excited state rotational
constants and Coriolis constants have been made for
ethane (27), methylsilane (54, 63), and methylgermane (26).
The vibration-rotation analysis of methylstannane further

eXxtends the data on CH3XH3 type molecules,

For the purposes of the vibration-rotation analysis
methylstannane is classified as a symmetric top molecule,
that is, a molecule having two identical moments of inertia,
the third moment being different but not equal to zero. The
axis of this third moment of inertia is the symmetry axis.
Two types of vibration-rotation bands are observed in the
infrared spectra of symmetric top molecules, namely, parallel
bands which are due to transitions in which the change of
dipole moment is in the direction of the symmetry axis, and
perpendicular bands where the change of dipole moment is
perpendicular to the symmetry axis. Egquations have been
derived from the application of quantum mechanics to the
problem of vibration-rotation energies of symmetric top
molecules by Dennison (13), Nielsen {49, 50), and Allen
and Cross (3). The total energy of vibration and rotation,
E, of a symmetric top molecule, which is assumed to be a
rigid rotor and whose vibrations are strictly harmonic, may

be expressed as the sum of two factors;

iVoseee) + PF(J, K) (6)

E = (‘:’(vl,v2 3
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where the vibrational energy is

G(vl'V2|V3'o.o) = izwi(vil + di/z): (7)

F (J,K) gives the rotational energy levels associated with
each vibrational state; and Vir Vpreeer Vv, are the vibrational
guantum numbers of the fundamental modes., J is a quantum
number associated with the total momentum of the molecule

and K is the quantum number associated with the component

of the angular momentum about the symmetry axis, J can take
on values of 0, 1, 2, 3, ... and K can take on (2J + 1)

Value‘s of 0' il] iz' i3, [ W W) :J for eaCh Value Of J.

All allowed infrared transitions between two nondegenerate

vibrational states (parallel type, A fundamentals) have for

ll
the rotational selection rules:
AK = 0, AT = il, if K=0 (8)
AK = 0, AT = 0,7t 1, ifK#O0

For the perpendicular type (E) bands the rotatioconal

selection rules are

a7 = o, 11, pk = 1 (9)

Corresponding to every value of K and AK, there are

sub-bands consisting of three branches where for

AJ -1, a P=-branch arises {low frequency side},
AT = 0, a Q=branch arises

AJ = +1, an R-~branch arises (high frequency side)

The rotational energy levels are given by the expression

F(J,K) =BJ (7 +1) + (a-B)K° (10)
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where the rotational constants A and B are expressed in

wavenumbers and are defined by the relations

2
A = h/Bn CIA
2
h/8m cIB

and

. (1)
A, refers to the symmetry axis and B, refers to the axes
perpendicular to the symmetry axis. 1In equation 10 (A-B)

is greater than zero for a prolate top (IA<I = Ic) and

the level having K = 0 is the level of lowesi energy in a
given J. Since K enters into the energy expressions as a
square, each level, except for K = 0, is doubly degenerate.
The influence of the vibration-rotation interaction is
reflected in the dependence of A and B upon the vibrational

quantum number, v,

The structure of the methylstannane molecule has been
reported by Lide (38). The molecular parameters are listed
in Table VII. The atomic weights given in Table VII are
based on the carbon-12 scale {(10). Using these parameters
the ground state rotational constants were calculated for

the three isctopic species and are listed in Table VIII.

The results of the high resolution study are best
discussed by considering the analyses of parallel bands and

perpendicular bands separately.
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TABLE

Structural Constants

VIl

of Methylstannane

Sn=C distance
C -H distance
Sn-H distance
Angle H-C-H

Angle H=-Sn-H

2.
1.

1.

143 *
o83 *

700 *

108°25¢

109°28?

TABLE

0.002A

0.005A

0.015A

VIII

h

i

118.69
12,011
1.0080

2.0147

Ground State Rotational Constants of the Methylstannanes

1.539

0.898

1.197

0.027

0.016

0.021

B

0.2286

0.2095

0.1849

I+

0.0055

0.0050

0.0044
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A. Parallel Bands

The contours of the infrared bands of symmetric
top molecules should depend mainly on the moments of
inertia and the type of band involved (23). For the
cagse of methylstannane, the parallel bands show a
definite P, Q, R structure such as is shown in Figure 8

for the CH3 symmetric deformation vibration.,

The distance between the fine structure lines in
the P or R branches of a parallel band is calculated
from equation 10. Let the ground state guantities be
labelled with double primes and the excited states with
a single prime. Since K' = K'' and J' = J'' + 1, then
the position of the rotational lines are given by the

expression
v =F(J', K'Y) - F(J'', K'') = 2BJ' (12)

The distance between the fine structure lines in the
P or R branches should be approximately 2B. From Table VIII
it is seen that for methylstannane 2B is equal to 0.46 cm-l
which is less than the resolution of the instrument. There-
fore the roational fine structure of the parallel bands
could not be resolved. On the other hand, useful information

may be obtained from the contours of the bands.

Gerhard and Dennison (23) have derived approximate
formulas (equations 13, 14, and 15) which relate the sepa-
rations, Av, of P and R branch maxima in parallel bands to
the moments of inertia, I, of the molecules

AV = S!E! ( kT \1/2

ne I

B (13)
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where k is the Boltzmann constant, and

i
- N
P (= (14)

S (8) is defined by

log, S(8) = 0.721/ (8 + qyte13 (15)

In this study, applying equation 13, P-R separations
of the parallel bands were obtained for each of the
isotopic species of methylstannane. The results are shown
in Table IX. The observed separation was taken as theaverage of
several parallel bands of the molecules. Consideration
was restricted by the treatment to those fundamentals
whose band envelopes were symmetrical and which were not
obviously overlapped (25). A band was considered symmetrical
if the Q branch was not displaced from the band center by
more than 10% of the observed separation. The symbol 4 is
defined as the difference between the observed separation
and the calculated separation, It is seen that the observed

and calculated separations are in agreement.
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TABLE IX

P-R Separations

P-R Separations (cm-l) -
Molecule Calculated Observed A (cm
CH3an3 22,2 20.0 + 1.0 -2.2
CHasnD3 22,3 20.1 + 1.0 ~-2.2
CDh_SnH 20.0 22.4 + 1,0 +2.4

3

3
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B. Perpendicular Bands

In the case of the perpendicular bands, the P
and R branches form a more or less unresolved background
between the Q branches. Thus the rotational fine
structure congists of a series of evenly spaced Q branches.
In most cases these { branches do not have their structure

resolved.

The series of Q branches in a perpendicular band are
subdivided into P, Q and R subbands depending on whether
AK =1, 0, or -1, Symbolically the subbands of the Q
branches are indicated by left superscripts, P, Q, or R,
and with a subscript which designates the lower state K

level; e.g., RQ : K= +1, lower state K level is zero.

0
wWhile the approximations expressed in equation 10
are adequate for calculating the nondegenerate rotational
energy levels, the influence of the Coriolis interactions
must be considered in order to satisfactorily interpret

the spectra of the degenerate vibrational levels.

When a symmetric top molecule rotates, the atoms move
in elliptical paths about their equilibrium positions during
the vibration., This excitation of a vibration, caused by
the Coriolis forces acting on each of the atoms, can excite
another vibration but with the frequency of the first
vibration. If the frequencies of the two vibrations are
different, then the excitation of one vibration by the
other will be weak, However, if the frequencies of the
two vibrations are nearly the same, or exactly the same,
as in the case of doubly degenerate vibrations, the exci-
tation of one of these vibrations by the Coriolis forces

would strongly excite the other vibration.. Thus, there is
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an angular momentum of vibration associated with each
degenerate mode which interacts with the angular momentum
of rotation. As a result of this interaction the ex=-
pression for the energy levels should include a constant
known as the Coriolis coupling coefficient or zeta

constant, ¢ .

The zeta constant can have any value from «1 to +1
for the first vibrational state, A negative value of
zeta means that the velocity of votation of the vibrating
dipole moment is greater than it would be if no angular
momentum of vibration were present. A positive value
indicates that the velocity of rotation is less than it
would be if no angular momentum of vibration were present.
A zero value for the zeta constant corresponds to a zero

vibrational angular momentum.

Due to the Coriolis coupling, the expression for the
rotational energy levels of a symmetric rotor in a degener-

ate vibrational state becomes

it

F (J, K) =BJ (3 +1) + (& - B)K - 2ACK (16)

For the Q branch, AJ = 0. Thus, the expression for the
frequencies of the Q branches in a perpendicular band,

obtained from equation 16, is

ve=F (3' K') = F (3'', K')
i ; [ o0 )
v = v +HA' (1-20) =B J % 21" (1=() =B' UK+ (A" =B )~ (A"~ BY) K
(17)

Equation 17 gives the frequencies of the zero positions of

the various sub-bands and represents a series of Q branches
separated in wave numbers by 2Ta' (1 - £) - B'j.
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As a result of this energy correction the band origin,

Ra

is displaced from the band center by rA'(1—2g)-B'J.

0’
The final result of any high resolution infrared
analysis of perpendicular bands can be verified with the
aid of two sum rules, It has been shown that, assuming

harmonic oscillatiobns, the sum of the zeta constants of
the vibrations in a given degenerate symmetry species is
independent of the potential energy function (7, 43).
This relation depends only on the principal moments of

inertia. Thus for a C3v molecule the sum rule is b Ci =

i
(number of atoms on the symmetry axis)
- 2 + (B/2A) (18)
Hence, for CH3XH3 type molecules, eguation 18 reduces to
-, = B
i Ci 22 (19)

Combining equation 192 with equation 17 gives a
second sum rule which relates the sum of the Q branch
spacings in the perpendicular bands to the rotational
constants. This relationship is independent of the
potential function of the molecule. If it is assumed in
equation 17 that A and B are the same for all the excited
states, then the expression

pevs

12a - 138 (20)

is obtained.

In the case of the methylstannanes the form of a
perpendicular band is that of a broad spread of Q branches
with no clear-cut maximum. Hence the location of the band

origin, RQO, is not immediately obvious. There is nothing

unique in the spacing between RQ and PQ since the spacing

0 1
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between Q branches is approximately constant and there
is no unambiguous way to assign a band origin. Fortu-
nately, in most cases the derived values of the rotational

constants are not sensitive to the rotational assignment.

The following criteria can be used to fix RQO:
a) There should be an even distribution of the Q branches
on either side of the band center and the lines with even

K values should be the stronger components (12).

b) Generally, but not necessarily, RQO should be the

most intense Q branch in the band.

c¢) The intensity of the branches in a band for a C3v
molecule should show a strong, weak, weak, strong, ....

alternation (63).

On the other hand, the assignment of any RQK line depends
on the choice of RQO. However, any choice of values may
be substantiated by the calculation of the theoretical

spectrum,

When the line assignments are completed, the vibration=-
rotation bands are analyzed by the Method of Combinations
and Differences (3). If a transition between two PQ levels
and the transitions between two RQ levels with the same
value of K in the excited state are considered, the energy
difference between these two transitions is independent of
the excited states and represents the energy differences
between the two ground state levels appearing in the two
transitions. The expression for this difference AZF", is

deduced from equation 17 and is seen to be

R P

8,F" = Qe gy T Qk+1) " 4 (A'* - B'"'" - A'Q)K  (21)
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A similar expression can be set up for the excited state.
If this difference is AZF', then
A F' =Ra - Fo =4 - B - Ak (22)
2 K K ~
By this method it is possible to separate the rotational
constants for the upper and lower states. The band center
can then be located using the sum relation
R0 e = 2 [v +(ar-Bt=2atq)  + 2 (at-B)-(ar-ptt) K (23)
K K o d ’ 4
Equations 21-23 can be solved either graphically or by
the method of least squares.

The results of the combinations and differences
analysis can be used in the calculation of a theoretical
spectum which can be compared with the experimental data.
In the calculations using equation 23, B'-B'' was assumed
to be negligible. The bands of the C~H asymmetric
stretching vibration, the Sn-H asymmetric vibration,
the CH. asymmetric deformation vibration, and the SnH

3 3
rocking vibration of CH_SnH., are shown in Figures 6, 7,

8, and 9, respectively.3 Ali four bands were studied using
the combinations and differences expressions (Equations 21-23),
The results are given in Table X. The rotational constants
obtained from this analysis are shown in Table XI. The
probable errors were calculated by the method of the
propagation of errors (65). The values of the differences
relationships shown in Table X have probable errors of up

to 25%. The probable errors of the Coriolis constants are
quite large. Thus no significance can be attached to their

magnitudes, However, the sign of the Coriolis constant is

meaningful,



TABLE X

1l

Results of Combinations and Differences Analysis of CH3SnH3 (cm )

CH Asym, Str., SnH Asym.Str. CH3Asym.Deform. SnH_ Rock

3
A"-A(-B" 1.25 + 0.06 1.40 + 0,03 1.50 + 0.07  0.892 + 0.021
A'-A*(-B' 1.25 + 0.08 1.39 + 0.03 1.50 + 0.12 0,910 + 0,025
v_*A'(l1-2¢)-B'  3006.6+ 0.2 1876.0 + 0.3 1418.7 + 0.1 416.8 + 0.1

(A*-B')~-(A"™B") ~-0,0357+0,0045 -0.0071 + 0.0018 -0,0074+ 0.0015 +0.00203+0.00038



TABLE XI

Rotational Constants for Methylstannane

CH Asym, Str. SnH Asym. Str. CH3Asym.Deform. SnH3 Rock
vo(cmfl) 3005.4 + 0.2 1874.5 + 0.3 1417.0 + 0.2 416.3 + 0.1
A" (em 1) 1.539 + 0,027 1.539 + 0.027 1.539 + 0.027 1.539 + 0.027
BY (cm 1) 0.2302 0.2302 0.2302 0.2302
At (em ™) 1.503 + 0.027 1.532 + 0.030 1.532 + 0,027 1.541 + 0,027
B' (em ) 0.2302 0.2302 0.2302 0.2302

¢ +0.0153 +0.056 =0.0574+ 0,030 -0.129 + 0,081  +0,260 + 0.021
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In the case of near-degeneracy between two degenerate
vibrations, there is a Coriolis interaction between the
two fundamental modes in addition to the interaction
between the degenerate vibrations of each fundamental
given by equation 16. The interactions between two near-
degenerate modes have been discussed in detail by Nielsen
(49, 50) and de Heer (12) who have shown that the energy,
G (J, K), for the interacting vibrational~rotational
levels of the two states, S and T, can be obtained from

the following expression:

63,8 =3 ((F_(3.K) + F (3,K) | [ F_(3,K) = F (3K

fac 2 KzAzr/ Vg \1/2 + (Vo )1/2H2]1/2\ (24)
. v, |

8,
where the plus sign refers to the R branch and the
negative sign refers to the P branch., The terms FS(J,K)
and FT(J,K) are the energy terms for the first excited
levels of states S and T, respectively. These energy

terms are given by equation 16.

Using equation 24, Lord and Venkateswarlu (44) have

shown that the frequencies of the Q branches are given by

_\J+VT _ - r _ + - :
ve—__T+ @ B)-A{( + ¢p) x2[1 (.Cs CT“\] A-B_K

1 r 2
+3 0] (vs—vT) 22 (K+ 1) (¢ ~Cn)

2 1 1/22 .1/2
.4 C2 A2(K‘i nar ( Vg \ /2 ( v\ / J ] / (25)
SQT hY) hY, /
T s
Here (_ and CT are the Coriolis constants for Vg and Vop and

Cs 7 is the constant for the interaction of the two vibrations.
i ']
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The first + sign corresponds to the P branches (-) and
R branches (+); the second + sign gives the bands for

Vg (+) and vT (=}); and the + and ¥ signs within the square

brackets enclosing the last term go with the P branches
(+) and R branches (-). 1In this expression, it is assumed
that A' = A'*', As a result of this correction, the
principal Q branches converge on the R side of the lower
frequency band and on the P side of the higher frequency
band.

Due to their symmetry and proximity, the SnH_, asymmetric

3
Vig? and the CH3 rocking vibration,
Vi1’ of methylstannane interact with each other by this

type of Coriolis interaction. Equation 25 must be used

deformation vibration,

to obtain values of v v

10° V11 €10 279 Cy,-

In the rotational analysis of v and v the main

’
problem is to assign RQO for each baig. As ;lconsequence
of the perturbation, the values of A and ¢ are sensitive
to the choice of RQo. After the RQO for the two bands has
been located, the Q branches can be assigned K values and
the bands can be analyzed by the method of combinations
and differences. The following combination relations have

been derived from equation 25 (44):

R

R P P
QK(vlo) + QK(vll)+ QK(le)+ QK(vll)
=4 [ (vig*tviy) 72 * (A'B)'A(C10+511)] =4c
(26)
R R _ _ ¢ + - nl
Q (v )+ Qp(vyy) =2C +4 {A (1 10 . €11 ) B g

(27)
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P P - _ _ ¢ + ¢ Cn
)+7Q (v 2c-4fa(2 _AQ_E__LL} B K (28)

Q vy 11

and

-2 -2 .
(O vyol- @k(vi1) " - | vig - Va1 [+ A(Cl0-C11) (VigmV1LIK'
2 2

- 1/2 172 2
* Az(C10C11)2+ a%¢ 2 [{210) /2, (ZLL)™4 J‘K'z

10,11 Vllj Vio {29)
where K! = (K + 1) for differences between RQK lines and
K' = =(K - 1) for differences PQK lines.

The spectrum of the Vig and vll bands is shown in

Figure 10, The results of the combinations and differences

analysis and the rotational constants for the SnH_ asymmetric

3

deformation and CH3 rocking vibrations are given in Table XII.

The sum rules for the Q branch spacings and for the
zeta constants, equations 19 and 20, can now be used to

check the results of this analysis. Using the values of
1

A and B given in Table VIII, zavi = 12A - 13B = 15.48 cm
i

The sum of the observed Q branches spacings is given by

Tav, =2 { Ta (1-()-B + A (1=¢)=B + A (l-(.)=B
i1 N 7 J - -8 J L 9 J

" - %0t ¢ - R - _ - ~1
+2 A (1 10 _ 11) - B +2 [A (1-Cy,) Bj ) 15.30 cm .

In a similar fashion

- B_ _
¥¢; fobs) = 0.103
il

In both cases the agreement is within experimental error.
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TABLE XII

Results of Combinations and Differences Analysis

For the CH3 Rock and SnH3

Asymmetric Deformation Vibrations of Methylstannane

af1-(c;, + €y)/2 )8 1.30 + 0.10
[(V10+V11)/2] * (A-B)-A(;4%¢y,) 759.0 + 0.2
= 12
[(vlo-vll)/zj 269,2 + 3.5
A(C57C1) vyp7Vyy) 10.59 + 0.46

Az(glo'll) r( _1lo0 \ ( “11 )

+
Y11 Vio © -
2 2
€10 +0.112+ 0.077
‘11 -0.098+ 0.084
v
10 774.1 + 0.4
v 741.3 + 0.4
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The spectra of the SnH asymmetric stretching vibration,
the SnH3 asymmetric deformation vibration, and the CD3
rocking vibration of CD_.SnH, are shown in Figures 1l - 13,

3 3
The bands were analyzed by the method of combinations and
differences using expressions 21 - 23. The results are
shown in Table XIII. The rotational constants obtained

from this analysis are given in Table XIV.

The results for all the bands studies under high
resolution were used to calculate the fregquencies of the
lines of the Q branches. The observed and the calculated
frequencies are listed in Appendix 1I. The calculated
vibration-rotation lines of methylstannane are shown in

Figures 6 - 10.



TABLE XIII

Results of Combinations and Differences

Analysis of CD_SnH

3 3

SnH asym str SnH3asym deform CD3 rock
A" = A'¢-B" 1.09+0.04 1.21+0,07 0,72140,032
A' - A‘C-B' 1006i0-03 lozoiOQOS 0.7l3i0.031
vo+A'(1—2g)-B' 1890,.1+0.3 739.540.2 628.8+0.1
(A'-B') - (A"-B") +0.00666+0.00175 +0.0227+0,0090 -0.,0116+0,0020



TABLE XIV

Rotational Constants from the

Perpendicular Bands of CD3SnH3

SnH asym str SnH3 asym deform CD3rock
v, 1889.0+0.3 738.1+0.2 628.4+0.1
A" 1,197+0.027 1.19740.027 1.197+0,027
B" 0.1849 0.1849 0.1849
Al 1.204+0,027 1.220+0.029 1.185+0.027
B! 0.1849 0.1849 0.1849
¢ ~0.0299+0,0107 -0,131+0.049 +0.242+0,031
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CHAPTER V

NORMAL COORDINATE ANALYSIS

This chapter describes the calculation of force
constants for CH3XH3 type molecules, where X = C, 8Si,
Ge, and Sn, and the determination of coriolis constants
and potential energy distributions for these molecules.
The calculation of force constants from observed
vibrational frequencies involves (1) obtaining accurate
frequencies; (2) correcting the observed frequencies for
anharmonicity effects; and (3) solving a set of rather
complex secular equations, The first problem has been
discussed in Chapters III and 1IV. Theoretical and semi-
empirical approaches to solve the last two problems are

described below,

A molecule can be described as a collection of point
masses held together by forces that are determined by its
electronic structure and nuclear configuration. For a
set of independent internal coordinates, Ri ., which
measure the changes in the bond lengths and interbond
angles from the equilibrium configuration of the molecule
(so that Ri = 0 in equilibrium), the potential energy of
the molecule is given by the expression (32, 64)

2
- v a v
v =YV + w1 R, + Y Y R.R,
o E ( AR ) 1 ¢ § { ( >Ri>Rj ) 1]

3
- v b I N \ R,R.R_ +
6 13k R ARAR -, 1 JRk
i™3

....higher

order terms (30)
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The first term, vb , defines the zero of the energy
scale and is taken to be zero at the equilibrium position.
The coefficients of Ri in the second term are all zero
since the derivatives are all to be taken in the equilibri-
um configuration, in which, by definition, V is a minimum
with respect to all the Ri' The coefficients in the third
term are the harmonic force constants, Fij » which is

defined by the equation

[ 3%y
F,. =/ A’V ~
B R (31)

The coefficients of the cubic and higher order terms in R

are the anharmonic force constants.

For symmetric top molecules, symmetry coordinates may
be used instead of internal coordinates to define the
potential energy function. Symmetry coordinates are simple
linear combinations of internal coordinates chosen to take
advantage of the molecular symmetry. The symmnetry co-
ordinates, Si . are related to the internal coordinates,

Ri + by means of a transformation matrix, U, according to

the equation,

where
5. = ¥ U..R.. (32)
i

The symmetry coordinates of any molecule can be
classified into symmetry species, The normal modes of

vibrations are similarly classified into symmetry species.
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A. Anharmonic Corrections

The harmonic frequencies, which correspond to atomic
vibrations of infinitesimal amplitude, are functions of
the harmonic potential constants, defined in equation 31.
However, the anharmonic frequencies are observed experi-
mentally. For the vibrations of c3v molecules these may
differ by from 1 to 5 percent from the harmonic frequencies.
If the anharmonic frequencies are used to determine the
quadratic potential constants, the latter will be in error
by more than 5% (14). Therefore it is necessary to correct

the observed frequencies for anharmonicity effects.

In principle, the anharmonicity corrections for the
observed frequencies of very simple molecules such as 002
or HCN can be determined from a study of overtones and
combination bands (14). However, for CH3X type molecules,
this method is not practical because there are insufficient
data available and the assignments and interpretations of
overtones and combination bands are too complex to be

reliable,

Three semiempirical methods have been described for
estimating the anharmonicity corrections (4, 14, 27).
Each of these methods have their limitations and none of
them have, as yet, been applied to molecules such as

methylstannane,

Dennison (14) has suggested a general procedure for
estimating the anharmonicity corrections. The method is
based on the Teller product rule and approximate relations

between anharmonicity corrections of isotopic molecules,
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If it is assumed that when an atom of a molecule is
replaced by an isotopic atom of the same element the
changes in the potential energy function and configuration
of the molecule can be neglected, then the anharmonicity

constants, xi . can be defined by

Vi = (l-xi)wi (33)

and

v,' = (l-xi')UHf (34)

where vi and mi are the observed and harmonic frequencies,
respectively. The primed quantities refer to the isotopic

species. The relationships

kS

=
n

<

x.! u;.' v, (35)

have been shown to hold accurately for diatomic molecules
and to be a good approximation for those polyatomic mole-
cules, such as H.0 (14), where the anharmonicities can be

2
determined independently.

If xi/xi' = wi/mi' is substituted into egquation 34,
then
|="|// _w'x.\
vy wy \l i (36)
w,
i
When xi/xi' = Vi/vi' is substituted into equation 34, the

ratio of equation 34 to equation 33 yields

w,' _ (1 - x.)
i o= i
W, (vi _xi) (37)

Vi
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The ratio of the product of the squares of the harmonic
frequencies of the isotopic molecule to that of the un-
substituted molecule is assumed to be given by the

product rule (14).

Dennison applied the procedure to methane and
ammonia (l14). Substitution of equation 37 into the
Teller-Redlich product rule (64) gives one equation for
the xi's. However for the triply degenerate symmetry
species (F2) of methane and the two symmetry species of
ammonia two equations are required. A second eguation
can be obtained for the F2 symmetry species of methane
and the E symmetry species of ammonia from the analysis
of vibration-rotation data (14). In the case of the &

1

syrmetry species of NH, it was assumed that the differences

between the harmonic aid observed NH symmetric stretching
frequencies was proportionately equal to the differences
between the harmonic and observed NH asymmetric stretching
frequencies. Thus it was possible to obtain xs for all

vibrations in methane and ammoniza.

Dennison's method (14) allows an unambiguous cal-
culation of the anharmonicity constants, X when a
sufficient number of relationships are available to determine
the constants independently. Thus this method is limited

to molecules such as methane and ammonia,

It was necessary, therefore, for Hansen and Dennison
(27) to modify bLennison's method in the case of ethane.
They assumed that similar vibrations in different molecules
will display similar anharmonicities. This assumption made

it possible to transfer some anharmonicity constants from
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methane to corresponding vibrations of ethane. Other
anharmonicity constants were estimated from equation 37

and the product rule. The values obtained from the
methane-ethane correlation were adjusted whenever necessary
to confirm to the empirical rules that anharmonicity factors
are generally positive and are larger for the higher
frequency vibrations. This procedure was reported to

give harmonic frequencies for ethane accurate to within

a few wavenumbers (27).

According to Hansen and Dennison (27), "“there has
»een no hesitation to make readjustments of the values
from the ethane-methane correlation so as to conform to
the empirical rules". These rules have been previously
stated. This appears somewhat arbitrary since Hansen
and Dennison do not describe just how these adjustments
were made except for the fact that the calculated harmonic

frequencies fit the product rule,

In the case of ethylene, Arnett and Crawford (4) have
used an anharmomncity constant, X, o which is defined for

diatomic molecules by the equation

X = -T
& 2 (pl (38)

(p4-r)

where r v'/v (38')

= /B
and P "/—\ ul) (38")

where u is the reduced mass of the vibration. Arnett and

Crawford (4) determined xe for the CH stretching vibrations
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but made no attempt to determine the effect of anhar-

monicity on the other vibrations of ethylene.

When the method of Hansen and Dennison (27) was
applied to methylstannane x took on negative values for
some vibrations and was unreasonably large for other
vibrations for all attempts to fit the product rule.
There are several factors which may account for the
failure of the method of Hansen and Dennison in the case
of CH_SnH_,. First, most of the vibrational frequencies

3 3

of CH3SnD3 and some of the vibrational frequencies of

CD3SnH3 could not be studied under high resolution. Thus
the location of the centers of these bands may be in error
by 1-2%. This could affect the product rule ratios by as
much as 5-10%. Second, equation 35 assumes that the
anharmonicity constants of the different vibrations can

be determined independently, and this approximation may
not be valid for methylstannane, The effect of this on
the calculation of anharmonicity constants is difficult

to assess. Finally, in the case of the E symmetry species,
bond lengths and bond angles are necessary for the cal-
culation of the product rule ratios (Table V). Equi-
librium bond lengths and bond angles are not known for
methylstannane. Values for the bond angles were assumed
and the bond lengths were determined by spectroscopic
methods (38). These structural parameters are listed in
Table VII. Those bond lengths calculated from spectro-
scopic measurements may differ from equilibrium bond
lengths by more than 0.0l a° (35) . However since the
structural parameters appear in both the numerator and

denominator of the product rule ratio they probably have
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negligible effects on the calculations. It will be
shown at the end of this section that the errors in
locating the band centers of the isotopic species is
probably the main reason why Hansen and Dennison's

method does not work for methylstannane,

When equation 37 1s substituted into equation 38

for r = v'/v , x is found to be related to xe by the

equation
(1-pg) + (2pzq-2)xe
x = 2 2
(e-pq) - (2p -2p alx (39)
or
X = KAL—Nxe) + Mxe/(L-Nxe) {(39")
where K = (1-pq)
L = (p-pa)
M = (2p%q-2)

2 2
N = (2p =2p q)
and a = ww

Within the limits of the uncertainty in the calculations
of anharmonicity constants, Nxe< < L and thus Nxe may be

neglected., The equation

K, Mx
x = —/— + €
L

L (40)

indicates that an approximate linear relationship should

exist between x and xe .
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If it is assumed that the CH stretching
vibration can be separated from the other vibrations

of a symmetry species, then

i .
q

[}

p =/ (/ut) (w'/w) =

when this approximation is made equation 39 becomes

2 X
—_—
l—2pxe (41)

For small ranges of X, o a plot of x vs, Xy should give

a straight line for the CH stretching vibration.

In this study, it has been found empirically
that x, calculated from equation 37, and X, e calculated
from equation 38 show similar trends for the CH asymmetric

stretching and CH, symmetric deformation vibrations of the

3
methyl halides (2) and methane (20). Thus, it appears
that x and xe for each of these vibrations differ by some

common factor. These trends are described below.

Applying equation 38 and assuming that the
reduced mass, M , is approximately given by 1/mH, a linear
relationship was obtained between X and X, for the CH
asymmetric stretching vibration of methane (20) and of the
methyl halides (2). This is shown in Figure 14 and given

by the equation
Xx = 1l.24 Xq + 0.0008 (42)
This equation is of the same form as equation 41. The

difference in the slopes is due to the approximation made

in determining the reduced mass of the wvibration.
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The reduced mass, u, for the symmetric defor-

mation vibration is approximately given by
r + n%py
mH/(l (3mH/mx)31n 8) |

where 8 is the angle between the CH bond and the axis at
the molecule., Using equation 3B values of X, were cal-
culated for the CH3 symmetric deformation vibration of
methane (20) and of the methyl halides (2). In Figure
15, these values of x, are plotted against the values of
x (2, 20) calculated by equation 37, A linear relation-

ship
x = =-0.471 X, + 0.073 (43)

is found. In the calculation of X, from equation 38 u

is assumed to be approximately equal to mH/(l + 3 mH/mx),
where rnx is the mass of the CX group (X = H, », F, Cl,
Br, I). Within the uncertainty of the calculated anhar-
monicity constants, sinze may be considered to be X
constant for these molecules, Since X and X are related
by an equation which is obtained by graphical methods and
since the angle is assumed to be constant, the values of
x obtained from equation 42 should be approximately
independent of sinze. In equation 40, the parameters

M and L represent small differences between approximate
quantities, thus the forms of equations 40 and 43 are

similar but the slopes may differ.

The quantity X, for the CH asymmetric stretching
and CH3 symmetric deformation vibrations in CHBSnH3 was
calculated from equation 38, Then equations 42 and 43
were applied to obtain values corresponding to the anhar-

monicity constants, x.
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In Figure 16, the anharmonicity constants for
the CH3 rocking mode, Xoo of methane (20) and the methyl

halides (2) are plotted against the corresponding CH3

symmetric deformation anharmonicity constants, A

X, e

SD
linear relationship was obtained which is given by the
expression,

= 0. + 0.
Xa 0.923 Xap 0.0030 (44)

Applying this to the case of CH3SnH3 + X for the CH

symmetric deformation vibration was calculated from

3

equation 43, and xR was then determined from equation 44.

The anharmonicity constants for the CH symmetric
stretching mode of the methyl halides (2) are approximately
the same, Thus the average value of x for this series was
assumed for the corresponding vibration in CH_SnH, . The

3 3

same approximation was made for the CH, asymmetric defor-

3

mation mode. In this case, however, x for CH_F was ignored

3
since it was significantly different from that of the other

halides (2).

The anharmonicity constant for the SnH_. rocking

3
vibration was calculated by means of equation 44. Al-

though there is a difference in the bonding in the CH3 and

SnH3 groups, the forms of the vibrations should be approxi-

mately the same for the two groups. Since the anhar-

monicity constant of a XH_, rocking vibration is being

3
determined from the symmetric deformation vibration of

the same XH3 group, equation 43 should hold approximately

for either group in CH3SnH3. The constants for the re-
maining vibrations of the stannly group were transferred
from stannane (36). The snC stretching vibration was

assumed to be harmonic.
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The anharmonic frequencies, y , the harmonic
frequencies, w , and the anharmonicity constants, x ,
calculated in this study are listed in Table XV. The
proeduct rule ratios, calculated from the harmonic
frequencies, are shown in Table XVI. It is seen that
SnHB/CH SnH

3 3 3

3SnD3/CH3SnH3 . Since high

resolution could not be used to locate most of the band

the product rule ratios are in agreement for CD

but do not agree exactly for CH

centers in CHBSnD3, it appears that the errors in locating

the band centers are causing the differences in the product
rule ratios of CHBSnD3. Also, this was probably the main
reason why the method of Hansen and Dennison did not work.
The effect of these errors on the force constants to be

calculated is probably about 1l%.
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TABLE XV

. . . . -1
Anharmonicity Constants, Anharmonic and Harmonic Frequencies (cm ~) for the Methylstannanes

oo

c

AL

Description
Al Species
CH sym, str,

SnH sym., str.
CH

3

SnH3

CSn str.

sym.deform.
sym.deform,

E Species

CH asym, str.

o

s

C

C

SnH asym,., str.
CH3asym.deform.
CH3rock
SnH3asym. deform,

SnH3rock

a
Transferred from

CH3SnH3

AY X

2932.5
1874.5

0.0409
0.0310
1209.3 0.0263

694.5 0,0301
526.9 0

3005.4
1874.5
1417.0
774.1
741.3
416.3

0.0480
¢.0310
0.0426
0.0273
0.0176
0.0308

methyl halides

bTransferred from stannane (36)

“calculated from equations 42-44

3057.6
1934.5
1242.0

716.1
526.9

3156.9
1934.5
1480.9
795.8
754.6
429,5

(2)

2930,0
1352,0
1204.5

493.,.0
509.1

3000.0
1352.0
1400.0
765.0
502.5
316.6

c _
H3SnD

X

0.0409
0.0224
0.0262

0.0214
0

0.0479
0,0224
0.0421
0.0270
0.0119
0.0234

3

3054.9
1383.0
1236,9
503.8
509.1

3150.9
1383.0
1461.5
786.2
508.6
324,2

2144.3
1889.0
920,2
703.5
478.0

2254.5
1889.0
1017.1
628.4
738.1
392.4

CDBSnH3
X w

0.0299 2210.4
0.0312 1949.8
0.0200 939.0
0.0305 725.6
0 478.0
0.0360 2338.7
0.0312 1949.8
0.0306 1049.2
0.0222 642.7
0.0175 751.2
0,0290 404.1
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TABLE XVI

Product Rule Ratios for Harmonic Freguencies

CD SnH3/CH SnH CH SnD3/CH SnH

Calculated 3 3 3 3 3 3
From
Al E Al E
Structural
Parameters 0.5055 0.398B0 0.5055 0.3740
Harmonic
Frequencies 0.5064 0.4001 0.4835 0.3540
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B. Model Force Fields

The force constants, Fij' of equation 31, define
the harmonic force field. In this work, the potential
energy function is described in terms of the Harmonic
Hybrid-Orbital Force Field (HOFF). The choice was made
after considering several alternatives as discussed
below. The choice of the assumed force field was dictated
by the following considerations: (1) choice of suitable
coordinates; (2) availability of sufficient data to
uniquely determine the force constants of the field;
(3) comparisons between observed and calculated data;

and (4) physical significance of the force field.

The General Force Field (GFF) in which all possible
interactions between all vibrations are included, would
be the most rigorous treatment of the problem., However,
in most cases, there is insufficient data to fix the
General Force Field, because for unsymmetrical molecules
of N atoms there are % (3N=6) (3N-5) independent harmonic
force constants. For an eight atom molecule, in the
absence of symmetry, there are 171 force constants. The
number of independent harmonic force constants is greatly
reduced for molecules in which some symmetry exists. Thus
for a given symmetry species containing n vibrations, there

will be £ n (n + 1) independent harmonic force constants.

In the case of methylstannane the Al symmetry species,
which contains 5 vibrations will have 15 independent
harmonic force constants, and the E symmetry species,
which contains 6 vibrations, will have 21 independent

harmonic force constants, A listing of the symbols of



- 78 -

the 36 independent force constants for CH3SnH3 is given

in Table XVIIA. For general discussions of the CH3XH3

molecules, where it is not necessary to distinguish

between the force constants of the CH3 group and those

of the XH3 group, the symbols in Table XVIIB will be used,
Difficulties arising from lack of sufficient data

may be circumvented by using data on several isotopic

molecules supplemented by assumptions about transfer-

ability of force constants from one molecule to another

and by assuming that certain interaction constants, Fij'
are zero, Since the CH3 and SnH3 groups of CH.iSnH3 are

separated by a C-Sn bond, it is reasonable to assume that

all interaction terms involving a CH3 vibration and a SnH3

vibration are zero except for F where the two rocking

1012
vibrations involve the common C-5n bond., Thus F_., F

12 14’
F F F F F F F s F ¢ F and

711 “712° "89° "810 911 912’

were set equal to zero. Hence the number of

23’ “34' “78'

Flo11
independent force constants still to be determined for

CH3SnH3 was reduced to 24,

Even when sufficient data are available to resolve
the problem the vibrational frequencies of the several
isotopic molecules may be insensitive to the assumed
values of the interaction constants. Unless the difference
in mass between isotopic nuclei is very large, the forms of
the normal coordinates are altefed only to a negligible

extent,

As an alternative to the GFF, other interaction
constants of the potential field can be set equal to zero

by assuming a simplified physical model of the molecule.
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TABLE XV

Symbols for the Independent Force Constants for the CH,;XH;

Molecule for Both the CH; and XH3 Groups

Al Species
Reacxiption Symbal
CH sym,. str, Pll
XH sym. str. Fas
CH, sym., deform. Fa3
XH3 sym. deform, Faq
XC str., Fss
CH sym. str.~-XH sym. str. Fio
CH sym. str.-CH3 sym. deform. Fi3
CH sym. str.-XH; sym. deform. Fl4
CH sym, str.=-XC str, Fls
XH sym. str.-CH; sym. deform. F23
XH sym. str.-XH, sym. deform. Faa
XH sym. str.-XC str, Fa5
CH3 sym. deform.-XH; sym. deform. Fag
CH3 sym. deform.-XC str. Fig

XH3 sym. deform.-XC str. F4s5
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TABLE XVIIA - Cont.

E Species
Reacziption
CH asym. str,
XH asym. str.
CH, asym. deform.
CH3 rock
XH, asym. deform.
XH3 rock
CH asym, str.,~-XH asym, str.
CH asym. str.—-CH; asym. deform.
CH3 asym. str.-CHj3 rock
asym. str.~XH3 asym. deform.
asym. Str.-XH, rock
asym. str.—CH; asym. deform.
asym. str,.—CHj3 rock
asym, str.-xn3 asymn. deform.
asym. str.-XH; rock
3 asym. deform.-CHj rock

3 asym. deform.~XH3 asym. deform.

8 2 R EEEE R 8

3 asym. deform.-XH3 rock
CH, rock~XH, asym. deform,
CHy rock~XH, rock

XH3 asym. deform.-XH; rock
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TABLE XVIIB

Type Molecules

Al Species

Description

XH sym. str.

XH, sym. deform,

3
CX str.

XH sym. str.-XH3 sym.

XH gym. str, =-CX str,

XH3 Sym.

E Species

Description

XH asym. str,

XH3 agym, deform.

XH3 rock

XH asym, str.-XH

Str - -XH

XH asym, 3

5 @sym.

deform.

deform=CX str,.

deformn.

rock

XH, asym, deform--XH3 rock

3

CH. rock -XH

3 3 rock

ol

55
FSD

St
FSS--SD
FSS—St

SD=-St

3

XH

3
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The simplest model used is the Valence Force Field (VFF)
in which it is assumed that the force field is diagonal;
i.e., all interaction constants are zero. Although it is
found that most interaction terms are small compared to
the diagonal terms, Fii' it has been shown that small but
definite interactions do occur between neighboring bond-
stretch and angle-bend coordinates (39). Therefore extra
interaction terms must be introduced into the VFF model,
either empirically, or according to some theoretical model
of interactions between coordinates. Hence the unmodified

VFF was considered unsatisfactory.

Cne example of an empirical modification of the VFF
is the Modified Valence Force Field {MVFF) (39). In the
MVFF it is assumed that certain off-diagonal terms are
zero, the others being given non-zero values which are
adjusted to fit the data. The number of non-zero inter-
action constants is also chosen to be sufficient to £fit
the available data. The choice of interaction constants
is not based on any definite model of the valence forces,
and the constants have no theoretical significance. Thus

the MVFF was not used in this study.

The Urey-Bradley Force Field (UBFF) is an alternate
model field which, in addition to valence forces, takes
into account the Van der Waals repulsive forces between
nonbonded atoms (57, 60). For CH3X molecules the model
interprets molecular vibrations in terxrms of force constants
related to changes in bond lengths, and bond angles, and
repulsive force constants between nonbonded atoms. Duncan
(19) has shown that for many types of molecules a satisfactory
fit to observed data can be obtained only if the UBFF is

modified by introducing empirical non~Urey-Bradley inter-
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action constants., Aldous and Mills (2) found that the
Urey-Bradley model did not adequately reproduce the
observed data for the methyl halides. Long et al. (42)
found that the UBFF derived for fluoroform was un-
acceptable because negative values were obtained for the
bending force constants, Therefore the UBFF was not used

in this study.

Heath and Linnett (28) have developed the Orbital
Valency Force Field (OVFF), based on Pauling's theory of
directed valency. This field interprets the valency force
constants in terms of changes in the overlap of the atomic
orbitals that make up the bonds. The OVFF was found to
reproduce data much better than the MVFF but not in a
completely satisfactory manner (29). In principle, the
OVFF is a suitable field because it is based on a definite

model of the wvalence forces,

Linnett and Wheatley (40) modified the OVFF by in-
corporating the effects of orbital following due to a
change in hybridization. According to this modification,
the orbitals of the central atom, by changing their
hybridization ratios, alter the angles they make with one
another in such a way as to follow the movement of the
surrounding atoms during a vibration. Thus the angular
displacements are described by a combination of two force
constants, a bending force cohstant, kH' which allows for
departure from maximum overlap of the hydrogen atoms and

an orbital following force constant, k For example, in

f'
the CH3 deformation vibration of a CH3X type molecule,

the hydrogen atoms tend to move in a direction at right

angles to the CH bond. For this motion there will be a
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restoring force proportional to the displacement, which

can be represented by the bending force constant, kH,

that tends to return the hydrogen atom to its equilibrium
position of maximum overlap with the carbon atom bonding
orbital. However, there is also the possibility that as
the vibration occurs, the orbitals of the carbon atom,

by changing their hybridization ratios might alter the
angles they make with one another in such a way as to
follow the movements of the hydrogen atoms. The resistance
to orbital following due to a change of hybridization is

measured by the orbital following force constant, kf.

1f kf is infinite there is no orbital following and
the deformation vibration is governed by the bending force
constant, kH. However, if kf is finite there is orbital
following, and the actual magnitude of kH is less than it
would be without orbital following, This modified OVFF
gave very satisfactory predictions of the vibrational
frequencies of methane and its deuterated derivatives.
However, the direct calculation of these force constants

for methylstannane would be very difficult.

Mills (47) has proposed a Hybrid Orbital Force Field
(HOFF) by considering that changing the bond hybridization
also changes the bond length (11B). Hence changing the
hybridization ratios during a bending vibration should
create a secondary interaction with the bond stretching
vibration. For example, increasing the s orbital content
of a hybrid orbital tends to shorten the bond while increasing
the p orkital content tends to lengthen it. Since the angles
of the XH_ groups are close to tetrahedral both Sp3 and sd3

3

hybridization should be important in CH,XH, molecules

(X = Si, Ge, Sn). However, since both hybrids have the same
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tetrahedral symmetry, it appears reasonable to assume
that the results of the HOFF are applicable to the CH3XH3
molecules, Both the OVFF and the HOFF are based on re-
hybridization arguments. The HOFF gives a satisfactory
fit to the observed data for the methyl halides (2),
silyl halides (18), and other methyl (17) and silyl (18)

compounds.

Applied to CH_X molecules (47), the HOFF provides

3
the following relationships between stretch-bend inter-
action constants and the corresponding diagonal stretching

constants. For the nondegenerate symmetry species (Al):

- _2r N\,
Fss-sn /3 ( ax |/ Fss (45)
CH
and
= oq [—2R N,
FSD-St 3 ( A }cx FSt (46)

For the degenerate symmetry species (E):

- F =

— i———r L]
as-r = Fas-ap =~ V© ( 3\ ) F

CH AS (47)

where A is a hybridization parameter defining the s-~p
hybridization of the central atom orbital. The hybridization

parameter, A , is defined by the equation (11la):

S+ Ap

® - fa o+ (48)
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where v is the wavefunction of the s-p atomic hybrid on
the central atom, and s and p denote atomic orbital

functions.

The results of the force constant calculations for
the methyl halides (2) and other methyl compounds (17)
indicate that the FAD-R's are negative for groups whose
HCH bond angle is greater than the tetrahedral value and
positive for groups whose HCH bond angle is equal to or
less than tetrahedral. The same kind of results are
observed for the silyl compounds (18) indicating that
this empirical relationship could hold for the other group
IVA elements. In this study, when the HXH bond angle , vy ,
for group IVA elements (greater than the tetrahedral value)

was plotted against the corresponding F with negative

=R
values an approximate linear relationship was obtained
(Figure 17). This is given by the expression

FAD-R = 0,00213 Y - 0.2407 (49)

On the other hand when the HXH bond angle is equal to or
less than the tetrahedral value, the interaction force
constants have values ranging from 0,010 to 0.030 with no
angular dependence (17, 18). Thus, it is possible to
estimate negative values of this force constant from
equation 49 while the range of possible positive values

is 0,02 + 0.01.



- 86 =

C. The Vibrational Secular Equation

The Hybrid Orbital force constants were calculated
following the procedures outlined by Wilson, Decius and
Cross (64), and by Herzberg (32). These procedures are

summarized below,.

The potential, and kinetic energies, V and T,

respectively, for the vibrating molecule may be written

as
2v = I I F..R,R, (50')
i3 317
and
21 = T LG, .RR, (51')
ij 313
or using matrix notation
2V = R'FR (50)
and . =1le
2T = R'G "R (51)

where F is the matrix of force constants defined in
equation 31 and the elements of the G_l matrix are
functions of the atomic masses and equilibrium geometry
of the molecule. The values of the elements of the F

and Gﬁl matrixes depend on the choice of coordinates and
in general there will be non-zero off-diagonal terms in
the expressions for both V and T. The primes in equations

50 and 51 denote the transpose of a matrix and
éi = (ani/at) in equation 51 where t represents time.

To derive equations for the frequencies of the normal
vibrations it is convenient to define a column matrix of

normal coordinates, Q, by the equation
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R = LQ (52)

where L is the transformation matrix from internal
coordinates, R, to the normal coordinates, Q, i.e.,
Q. = ZT L,.R, 53
J i 1] 2 (33)

The transbrmation matrix is chosen in such a way that

Vv and T can take the form

2V = Q'AQ (54)

and

27 = Q'EQ (55)

where E is the identity matrix and A is a diagonal matrix
of the frecquency parameters, Xk = 4 ﬂ2v2 « In terms of
the normal coordinates, the expressions for both V and T
have zero coefficients for all the cross terms and the
coefficients of the diagonal terms in equation 55 are

chosen to be unity.

Using equation 52 to substitute for R in equations
50 and 51, and comparing the results with equations 54

and 55, one finds:
L'Fl1 = A (56)

and

L'G 'L =E (57)

Combining these two ecuations gives:

FL = G LA (58)

or
GFL = LA (59)
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Consider a single column of the L matrix denoted by Li
and let the corresponding frequency parameter be Xi.

Ecquation 59 can now be written in the form

(GF - liE) Li =0 (60)

where
= = A F . e
GF (GF)ji E GJk i A necessary and
sufficent condition that non-~trivial solutions for

ecuation 60 can be found (i.e., L # 0) is that
i

leF - AE| =0 (61)

Expansion of the vibrational secular equation
{equation 61) leads to a polynomial equation in A which
can be solved if the elements of the G and F matrices
are known.l Then by substitution of the Ai's back into
equation 60 sets of homogeneous linear equations are
obtained, one for each column of L, from which the Li‘s

may be determined.

t The secular equation (equation 61l) factorizes in terms

of symmetry coordinates so that the cross terms of the F
and G matrices between coordinates of different species
are always zero. Thus, the problem of solving the original
(3N-6) square secular equations reduces to several smaller
problems which are correspondingly simpler. Also, in
molecules containing necessarily degenerate vibrations,
the block of the secular equation corresponding to the
degenerate species can be further factorized into d
identical sub-blocks, where & is the degeneracy. In the
case of CH.SnH_ the 18 x 18 secular equation becomes one
5 x%x 5, one"l x°1, and two 6 x 6 matrices. And since the

two 6 X 6 matrices are degenerate, only one of them need
be considered.
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D. The Force Constant Refinement

Using equations 60 and 61, normal coordinate cal-
culations may be conveniently performed by starting with
assumed force constants to obtain the vibrational frequencies
and normal coordinates. However, in practice, it is the
vibrational frequencies that are observed and the force
constants and normal coordinates are obtained from the

frequencies.

Wilscn, Decius and Cross (64) have employed the
procedures of perturbation theory to the solution of
equation 61, In this procedure, an initial set of force
constants, Fo , was used to calculate the frequency para-
meter, ), and transformation matrix, L. The force constants
were then adjusted to obtain better values for XZ « The

corresponding change in the frequency parameters were shown
to be (64)

B Ag = I Lyiless Fyyx (62)

where Lji and Lki are the transformation coefficients
defined in equation 53, This gives a linear relation
between the change in force constants and the change in
the frequency parameters, which can be written in matrix

notation as
AN=J AF (63)

where A A is a column matrix of A Ai + F is a column

matrix of the elements Aij and J is the Jacobian matrix

whose elements are the products LjiLki of equation 62,
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Equation 63 forms the basis for an iterative method
for refining a set of force constants to give the best fit
to the observed frequencies. Such force constant refine-
ment procedures have been developed by Aldous and Mills
(1, 2), and by Overend and Scherer (52). A computer
program has been developed by W. T. Thompson and C. S. Shoup
for performing this force constant refinement on the
IBM 7090 computerl. This program, modified in this study
to fit the IBM 7040 computerz, is listed in Appendix IIiI.
Using the notation of Aldous and Mills (2) their force
constant refinement procedure, as it was performed by the

computer, is summarized below.

The symmetry coordinates obtained for methylsilane
(18) were adopted in this study for methylstannane and
are defined in Table XVIII., Internal valence coordinates
for CHBSnH3 are shown in Figure 18. Geometric and atomic
parameters used in calculating the G matrices are given in
Table VII (Chapter IV). The HOFF was assumed to be the
model force field and an initial set of force constants
was estimated. For CH_SnH_,, the force constants, Fo, of

3 3
the CH, group, the SnH_ group, and the CSn force constant

3 3
were taken from CH3SiH3 (18), SnH4 (36), and CHSSnc13(48),
respectively.

1 The kindness of Professor W, A. Fletcher of the University
of Tennessee in making available the force constant refine-
ment program of W, T. Thompson and C, S. Shoup is grate-
fully acknowledged.

2 The contributions of Professor M. Pei of the City College

of New York Computation Center for time on the IBM 7040
computer, and Mrs. Ann File and other members of the City
College of New York Computation Center staff toward
modifying the program to fit the IBM 7040 computer are

gratefully acknowledged,
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TABLE XVIII

Symmetry Coordinates for Methylstannane

In Terms of Internal Coordinates

Al Species:

S, = (AAl + MR, AA3)/(3)%
S, = (8B, + 8B, + AB3)/(3)%
*53 = —rK(Aal+Aa2+Aa3) + (Aa'l+Aa'2+Aa'3)3/r3(1 + Kz);i
*x5, = -TK' (ab, +8b, +4bj) + (ab* +8b) +Ab-3)j/r3(1 + K'2);%
S = &R

E Species:

S, = (2 88, - A, - M)/ (6)%
Sga = (2 8B, - 4B, =~ AB.) / (6)é
Sga = (2 da, - da, - Aa3)/ (6)%
Sjoa” (2 82 -gat,mpaty) /o 3
$,,.= (2 to-8by=t5,) / (&)
S,,,= (2 80" =abt =tb')/ (6)F

*K = 3 (sin a') (cos a'}/sin a

**K = 3 (sin b') (cos b')/sin b

where A and B represent the CH and SnH bond lengths,
respectively;

a and b represent the HCH and HSnH bond angles,
respectively:;

a' and b' represent the HCSn and HSnC bond angles,
respectively;

and R represents the CSn bond length



Figure 18, Valence Coordinates for Methylstannane.
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For a given set of harmonic frequency parameters, A ,
an assumed F matrix, Fo, was used to obtain a set of cal-
culated frequency parameters, xo, from equation 61, and a
set of calculated transformation coefficients, 1° from
equation 59. Let A A, = A, = xi in equation 63, where
the matrix J is computed from the 1°'s. It might not be
possible to find a A F which satisfies equation 63 exactly.
Thus it is necessary to compute the correction to F° so
that the differences between the observed and calculated

frequency parameters, AA , are minimized, Let

r =J A& F - AA (64)

where r represents the errors in the solution of equation
63 for each correction to Fo, AF. The solution, AF, was
obtained by the method of least squares. If the weighted

square error, S, in the solution of equation 63 is defined

as
S = r'Wwr (65)

where the matrix W is a diagonal matrix of the weights
Wi = l/ki . then the solution AF that minimizes S can be
determined by forming the equations

J'WIAF = J'WAA (66)

The solution for equation 66 is

=1
AF = (J'WJ) “JT'WAA (67)
The AF's were used to form a new set of force constants

F (new) = F (old)+ AF (68)



- 95 =

The calculations were returned to the beginning of
the cycle by calculating a new set of frequency parameters
and transformation coefficients from equations 61 and 59,
and then returning to egquation 63. The procedure was

continued until AF = 0, or was negligibly small,

The dispersion of each refined force constant was

evaluated by the relation:

cz(F) = (J 'WJ)-l o? (69)

where 2

o’ = (Ah) W (8A) /O - P) (70)
N is the number of fundamental frequencies used in the
calculatons and P is the number of refined force constants.
The diagonal elements of 02(F) give the uncertainties in
the calculated force constants. The uncertainties cbtained
by equation 62 have meaning when a large number of
independently observed frequencies are being used to
determine a small number of force constants, i.e., (N=P)

is not too small a numberand when the linear relationship

between AF and AN expressed in equation 63 is valid.

Using the HOFF, (N=-B is 15-9=6 for the A, species and

1
18-11=7 for the E species of CH_SnH_,. As it will be seen

shortly, additional constraint53werz necessary to perform
the calculations. Thus (N-P) became 15-7=8 for the Al
species and 18-7=11 for the E species of CH3SnH3.

In many force constant calculations, equation 66 may
yield a whole family of solutions rather than a unique
solution for AF. In such a situation, different solutions
to the force field may be obtained by starting the calculation

with different initial F matrices. In several cases a



solution may be unacceptable because the force constants
are physically unreasonable, e.g., negative principal

force constants or interaction force constants which are
much larger than the principal force constants. However,
in some cases, there will be no method of deciding which

is the best solution without some additional data.

If the number of frequencies is greater than the
number of force constants, the matrix (J'WJ) should be
nonsingular and unique solutions for AF could be obtained
which will minimize S, A simple test for singularity is
obtained by comparing the product of the diagonal elements
with the determinant of the matrix., These should be of a

similar magnitude. Thus if

lawa|/a (3'wa), << 1 (71)
1 11

the matrix is close to being singular. However, as has
already been pointed out, in most cases, the number of

data is not sufficient to determine all of the force constants.
This occurs even though the number of frequencies is greater
than the number of parameters in the force field. Con-
sequently the matrix (J'WJ) will be singular or nearly

singular and a unique solution for AF is not obtained.

The criterion lJ'WJV% (J'WJ)ii was set to equal 0.001
in this work to indicate éhether or not the matrix (J'WJ)
was singular, Duncan (17) set the criterion equal to 0.0001
with apparent success. If the singularity criterion gave a
value greater than 0.001, the matrix to be inverted was

nonsingular and a unique solution of equation 66 was possible.
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The value of IJ'WJ]/IET(J'WJ)ii gave values of 0.13 for the
b

Al species and 0.15 for the E species of CH3an3 in this

work, indicating that unique solutions for equation 66

were obtained.

The force constant refinement for each symmetry
species of CHBSnH3 was performed separately. Initial
calculatbns for the A, species using nine independent

1
parameters were terminated before convergence was reached

because a value of 0.,00012 was obtained for the singularity
criterion., A further restriction was imposed on the field

by constraining to zero the two F constants., The

55-5D
methyl halide calculations using the HOFF were performed

in this manner (2). Convergence was achieved after eight
iterations. Egquation 45 was then used to calculate F

SS-SD
for both the CH_, and SnH_ groups. Values of 0,010 and

0.0082 were obtgined for3(ar/al) for the CH and SnH bonds,
from the general harmonic force constants of the corre-
sponding tetrahedral molecules, CH4 4 (36),
respectively., These quantities and the corresponding

(20) and SnH

principal stretching force constants were substituted into

ss-sp ° re
latter interaction constants were then incocrporated into

equation 45 to obtain approximate values of F

the converged calculation. Changes of less than 0.1% were
observed in the calculated frequencies. The force constants,
their dispersions, and the calculated and corrected har-
monic frecuencies obtained from this calculation are shown

in Table XIX.

Initial calculations for the E species using eleven
independent parameters in the HOFF were terminated before
convergence was reached because a value of 9.7 x 10-11

resulted from the singularity test., The field was constrained



Harmonic Force Constants, mdyn/A, and Calculated and Observed Frequencies cm

Description

CH sym, str,

SnH sym. str.

CH3 sym, deform,
SnH3 sym., deform.
CSn str.

Force Constants

F

Fl1 5.391

F22 2.24]1

F33 0.386

F44 0.149

F55 2.124

*F 0.093

13

*
Faa

F35 -0.236

F45 -0.026

0.032

F..,=F

12 14 15

*
Calculated from equation 57

= F =
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TABLE XIX

A. Symmetry Species

1

o {F)
0.091

0.038
0.015
0.003

0.044

0.078

0.013

F =

23

F, _=F

25

CH_SnH

3 3

obs. calc,
3057.6 3061.5
1934,.,5 1945.4
1242,.0 1238.3
716,1 715.,5

526.9 516.8
34~ 9

Frequencies

CH3Sn33

obs., calc,

3054.9 3061.5
1383,0 1378,1
1236.9 1238,2
503.8 507.8

509.1 519.9

CDBSnH3
obs, calc.
2210.4 2202.6
19%49.,8 1945.4
939.0 941.0
725.6 715.4
478.0 478,3
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by using fixed values for F and F for the CH

AS=AD AS-R 3
and SnH3 groups. These interaction force constants were
determined from equation 47 and assuming that FAS-AD is

approximately equal to =/2 F With this constraint

88-sp"*
a value of 3.4 x 10 6 resulted from the singularity test

and the calculation was terminated.

To further restrict the field, FAD—R for the CH3 and
SnH3 groups were estimated from equation 49, These force
constants were then fixed as a further constraint on the
force field. The resulting force field containing seven
independent parameters converged after six iterations.
The force constants, their dispersions, and the calculated
and corrected harmonic frequencies obtained from this cal=-

culation are shown in Table XX.

The force constant refinements also yielded the
normal coordinates. These are shown in Table XXI and XXII

for CHBSnH3 ’ CH38n03 ., angd CD3an3'

The force constant refinement procedure was applied

to the following molecules: CH3CH3 P CH3SiH3 , and

CH3GeH3 to obtain corrected force constants. The frequencies
and structural parameters for ethane (27), methylsilane

(18, 63) and methylgermane (26) have been reported in the
literature. Harmonic frequencies for ethane have been
calculated (27). The observed frequendes for the isotopic
molecules of methylsilane and methylgermane were corrected
for anharmonicity effects by the methods previously
described for methylstannane. Since frequency data for only
two molecules of methylsilane were available, the refinement

procedure for the degenerate species of CH, SiH, was modified,

3 3
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TABLE XX

Harmonic Force Constants mdyn/A, Calculated and Observed Frequencies, cm

E Symmetry Species

Force Constants

Frequencies

CH3SnD3

CH3SnH3

Description F o (F) obs. calc.
CH asym. str, F77 5.366 0.165 v, 3156.9 3155.3
SnH asym. str. F88 2.217 0.069 vB 1934.5 1943.5
CH3 asym., deform. F99 0.470 0,015 vg 1480.9 1472.0
CH3 rock F10100.352 0.01° le 795.8 809.4
SnH3 asym, deform. Fllllo.lls 0,005 vll 754.6 723.4
SnH3 rock F12120.14l 0.012 le 429.,5 428,2

2

.012

F910 0

2

F11120.010

F10120.047 0.017

Fi11 = F712 “ Fgo ~ Fg10 = F78 ~ Forn ~ F
lCalculated from ecuation 47 and assumption F -J/2F

2Calculated from equation 49

AS~AD

obs.
3150.9
1383.0
1461.5
786.2
508.6
324.2

912 ~ Fio11

55=SD

calc.
3155.3
138l1.7
1472.0
785.3
524.,8
319.0

=0

CD3SnH3

obs.
2338.7
1949.8
1049.2
642.7
751.2
404.1

calc.
2335.3
1934.5
1064,6
605.4
753.4
408 .7



Table XXI. L-Matrices of the Methylstannanes.

- 101 -

Symmetry Species.

Q/s 1
CH3SnH3 1,011
0.000

-0.138

-0,052

CH4SnD, 1.011

1
2
3
4 0.000
5
1
2 0.000
~-0.138
-0.000
«0,052

CD3SnH3 0.725

N = e W

0.001
~0.200

W

0.001

5 =0.077

2
-0.000
0.997
0.001
=0.013
-0.005
-0.000
0.707
0.008
-0,019
-0.008
=0.001
0.997
0.000
-0.013
-0,.005

3
0.013
-0.001
1.575
-0.014
0.107
0.013
~0.004
1.576
-0.008
0.107
0.023
0.000
1.200
-0.034

0.155

4
-0.000
0,001
0.014
1.424
0.010
0.004
0,003
0.063
0.575
0.241
0.000
0.001
0.029
1.424

0.014

Ay

0.005
0.001
0.069
0.026
0.278
-0.003
=0.000
~-0,029
0.841
-0.141
0.007
0.001
-0.029
0.017

0.248



Table XXII.

CH3SnH3

CH,SnDj

CD3SnH

Q/s
9
8
9
10
11
12
7
8
9
10
11
12

10
11
12

L-Matrices of the Methylstannanes,
Symmetry Species,

7
1.049
-0.001
0.117
-0.082
-0.002
-0.0586
1.049
=-0.000
0.117
-0.082
-0.001
-0.055
-0.778
0.004
~0.198
0.121
0.004
0.081
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8
0.001
1.001

-0.003
-0,009
0.029
-0.003
0,018
-0,008
1.625
0.231
0.001
-0.046
0.003
1,001
-0.001
-0.009
-0.029
-0.003

9
0.018
0.002
1.625
0.231
0.001

-0.044
0.001
0.712
0.018

~0.013

-0.001

-0.011

-0.001
0.002
1.180
0.089

~-0.012
~0.075

10
-0.015
0.004
0.005
0.888
0.591
0.490
-0.017
0.001
0.007
0,998
0.071
0.223
0.001
0.019
0.025
0.177
1.441
0.630

11
-0.009
-0.023

0.005
0.442
~1.409
-0.375
0.003
0.015
-0.002
-0.117
1.076
0.382
-0,006
-0.017
0.044
0.670
-0.553
0.304

12
0.005
-0.026
-0.007
-0.207
-0.408
0.837
0.004
-0.0319
-0,.005
-0.130
-0,316
0.625
-0.006
0.023
0.010
0.298
0.344
-0.765
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In this case, the CH3 rock—SiH3 rock interaction force
constant was assumed to be independent of anharmonicity
effects and this force constant was constrained to the
value obtained by Duncan (18), The results of the force
constant calculations for the four molecules are summarized

in Table XXIII.

E. The Calculation of the Potential Energy Distributions
and Coriolis Constants,

1. The Potential Energy Distributions

From equation 62, the relation
A. = L L..L .F, 72
i .k lekl ik (72)
can be obtained. The frequency parameter, Ai , gives the
potential energy for a unit displacement of the normal mode,

Qi' since according to eqgquation 54

2V = ¥ A,0,° (73)
1 11

The potential energy distribution whose columns are made up

of fractional contributions for a given mode, is given by
P.E.D. = JFA™L (74)

The fractional contribution to li from the principal force

2
constants, F.. is given by L.. F../\..
' 733 g ¥ 551 %5570

The results of the P,E.D. calculations are given in Tables
XX1V and XXV. The interaction force constants were neglected

in the P.E.D. calculations.



Table XXIII. Force Constants of the CH3XH3 Series of
Molecules,

Description

CH sym, str.

XH sym. str.

CH,; sym..deforn.
XH; sym. deform.
CX str,

CH asym. str.

XH asym. str.

CH; asym. deform,
CH3 rock

XH3 asym. deform.

XH3 rock
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Fg11 = ~Fg12

in Mdyn/A.
CH,CH, CH3SiH3

Fi1 5.304 5.360
Fa2 2,968
F3,3 0.644 0.416
Faq 0.253
Feg 4,482 2.954
Faq 5.156 5.300
Fag 2,863
Fgq 0.596 0.463
Fip10 0.725 0.366
Fi111 0.216
Fi1212 0.252
Fi13 0.055 0.075
Faa 0.032
Fis -0.352 -0.302
Fus -0.090
Fag = -F710 -0.085 ~0.106
-0.045

F910 0.007 0.020
Fi112 -0.023
F1012 0.090

CHyGeH3
5.263
2,763
0.392
0.219
2.760
5.332
2.721
0.467
0.394
0.187
0.217
0.091
0.040
-0.183
-0.131
=-0.129
-0.05%7
0.010
0.010
0.080

CH;SnH4
5.391
2.241
0.386
0.149
2.124
5.366
2.217
0.470
0.352
0.115
0.141
0.093
0.032

-0.236

-0.026

-0.132

~0.044
0.012
0.010
0.047
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TABLE XXIV

Potential Energy Distributions. Al Symmetry Species

HARMONIC
FREQUENCIES FORCE CONSTANTS
CH SnH3 CSn str,
CH str, SnH str. deform, deform.
CH3SnH3
3057.6 99.70 0.00 0.13 0.00 0.11
1934.5 0.00 100.00 0.00 0.00 0.00
1242.,0 0.09 0.00 90.17 0.00 2.27
716.1 0.00 0.00 0.03 99,65 0.07
526.9 0.06 0.00 1.04 0.06 93.49
CHBSnD3
3054.9 98.70 0.00 0.13 0.00 0.11
1383.0 0.00 99.98 0.00 0.01 0.01
1236.9 0.09 0.00 90.17 0.00 2,27
503.8 0.02 0.00 0.21 67.62 26,92
509.1 0.04 0.0 0.82 26.15 65,29
CD3SnH3
2210.4 98,78 0.00 0.54 0.00 0.43
1949.8 0.00 100.00 0.00 0.00 0.00
939,0 0.40 0.00 79.64 0.02 7.32
725.6 0.00 0.00 0.1l 99,34 0.14
478.0 0.19 0,00 0.24 0.03 96.85
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TABLE XXV

Potential Energy Distributions., E Symmetry Species

HARMONIC
FREQUENCIES FORCE CONSTANTS
CH SnB CH SnH SnH. rock
str. str. de%orm. CHSrOCk defgrm. 3

CH,SnH,

., 3156.9 98.93 0.00 0.1l 0.04 0.00 0.01

v. 1934.5 0.00 99.89 0.00 0,00 0.00 0.00

v, 1480.9 0.13 0.00 94.84 1.39 0.00 0.02

Vi, 795-8 0.30 0.01 0. 00 70.03 10.19 8.57

vy, 754.6 0.12 0.33  0.00 20,12 66.92 5.80

v, 429.5 0.09 0.90 0.0l 9.34 11.87 61.34
CH3SI‘1D3

v, 3150.9 98,93 0.00 0.11 0.04 0,00 0.01

Vg 1383.0 0.00 99.96 0.0l 0.01 0.00 0.00

Vo 1461.5 0.13 0.01 94.83 1.39 0.00 0.02

V1o 786.2 0.42 0.00 0.0l 90.85 0.15 1.81

Vi1 508.6 0.03 0.29 0.00 2.80 78.16 12.04

Vi2 324.2 0.08 0.90 0.0l 6.83 13.27 63.48
CD3SHH3

v, 2338.7 97.34 0.00 0.57 0.15 0.00 0.03

vg 1949.8 0.00 99,89  0.00 0.00 0.00 0.00

v, 1049.2 0.00 0.00 97.78 0.40 0.00 0.12

Vi, 642.7 0.09 0.27 0.39 66 .80 14.93 5.53

vy, 75l.2 0.00 0.24 0.09 3.29 71.60 16.74

v, 404.1 0.14 0.73 0.03 19,61 8.60 52.02
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The distribution of potential energy among the force
constants, given in Table XXIV, shows that except for the

SnH3 deformation and CSn stretching modes the concept of

characteristic group frequencies can be applied to the Al

symmetry species of the methylstannanes. The frequencies
at 716.1 cm_l for CH,SnH, and 725.6 cm-l for CD,SnH. are

almost pure SnH, angle bending, and the frequencies at

3
526.9 cm-l for CH3SnH3 and 478 cm._1 for CDBSnH3 are almost
pure CSn stretching modes, However, in CH3SnD3 there is a

large amount of mixing between the modes.,

From Table XXV, it is seen that the CH3 rocking, SnH

deformation, and SnH3 rocking modes show a significant

amount of mixing for CH3an3 and CD3SnH3 whereas the CH3

rocking vibration becomes a pure mode in CHBSnD3. Examination

of the results of the normal coordinate treatments of

3

CHBSiH3 and CH3GeH3 (Table XXVI.) show that the amount of

localization of this mode increases by about 20% on
deuteration of the GeH, group and about 10% on deuteration

of the SiH3 group. These results indicate that if the

hydrogen atom on the XH, group of a CH_XH. molecule is

3 3
rocking mode changes

3

replaced by heavier atoms the CH,

from a noncharacteristic group vibration to one which will
be approximately independent of the molecular framework

to which the group is bonded and the CH_, rocking mode will

3
behave as a characteristic group vibration. As a result,

the CH., rocking frequency for the (CH3)nSnC1 or the

3
(CH,) GeCl

(4-n)

(4-n) series of molecules, for example, would be

expected to be independent of the molecular framework and

constant for the series.



P.E.D. Among the CH
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TABLE XXVI

Rocking, XH. Asymmetric Deformation,

and XH3 Rgcking Modes 2f CH3SiH3 and CH3GeH3
XH_Asymmetric
CH3 Rock Deformation XH3 Rock
83.15 52.44 47.79
92.56 73.40 59.51
59,66 59.14 54.36
82.01 77.00 60,52
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ward (62) has found that for the (CHB)nanl(4-n) the

CH3 group does indeed behave as 1f it were attached to a

heavy point mass, Fox the (CH3)nGeCl series the CH

(4-n) 3
rocking frequency only varies from 838 to 824 cm-1(45).
These results confirm the conclusions that in CH_XY

3 "3

molecules, where Y is a heavy atom, the CH3 rocking mode

does become a characteristic group vibration.

1. Coriolis Constants,

Since the Coriolis constants are sensitive to the form
of the normal coordinates, they were used to verify the
msults of the force constant calculations. The Coriolis
constants were obtained from the transformation matrix, L,

by the method of Meal and Polo (46), using the relationship

1 1l

¢=L"c@ )" (75)

where C is a matrix, the elements of which are determined
from the known molecular geometry by the methods described
by Meal and Polo (46). A tabulation of the elements of the
C matrix for CH3XH3 molecules has been reported by Randic
(55). The computer program used to calculate the Coriolis
constants is given in Appendix III., The calculated and
observed constants for the methylstannanes are shown in
Table XXVII. The agreement between the observed and the
calculated Coriolis constants confirm the results of the

normal coordinate analysds.

The algebraic signs and relative magnitudes of the
Coriolis constants are of interest. The Coriolis inter-
action has been defined in Chapter IV as the interaction
between the angular momentum of vibration and the angular

momentum of rotation. If the Coriolis constant is negative,
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TABLE XXVII

Coriolis Constants of Methylstannane (dimensionless)

CH_SnH
Observed—j_‘a_— Calculated
Description
CH asym., str. §7 0.0153 + 0.056 0.0548
SnH asym, str, CB -0,0574 + 0,030 -0.0514
CH, asym. deform. Cg -0.129 + 0,081 -0.234
CH, rock clo 0,112 + 0,077 0.129
SnH3 asym., deform, Cll -0.098 + 0.084 -0.114
SnH3 rock C12 0.260 + 0.021 0.294
CD3SnH3
CB -0.0299 + 0,011 -0.0515
- + - L
ClO 0.242 + 0.031 0.276
-0.131 + 0,049 -0.251
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then the angular momentum of vibration produces an
increase in the angular velocity of rotation of the
molecule about the molecular axis (43). If the constant
is positive, then the velocity of rotation about the
molecular axis is less than it would be if no angular
momentum of vibration were present (43). It is seen
from Table XXVIII that the Coriolis constant for the

XH3 asymmetric deformation vibration is negative for

all the molecules of the CHBXH3 series whereas the

constant for the XH3 rocking vibration is positive.

This is also true for the CH3 asymmetric deformation

and CH3 rocking vibrations. This means that there is

a significant increase in the velocity of rotation during

the XH3 asymmetric deformation vibration and a significant

decrease in the velocity of rotation during the XH._ rocking

vibration, ’
These results are consistent with the forms of the
normal modes of vibrations involved. If the CH3 group 1is
considered to be rotating about a fixed axis the velocity
of rotation would be increased if one or more of the CH
bonds were bent toward the fixed axis. In the case of
the CH3 asyrmetric deformation vibration there is an
alternating bending of two hydrogen atoms with one hydrogen
atom toward and away from the molecular axis. The CH

3
rocking vibration is essentially a bending of the H_C-X

3
bond and the shift of this group off of the molecular
axis should slow down the velocity of the molecular
rotation relative to that of the fixed rigid rotating

nolecule.,



Coriolis Constants for the CH_XH

Description
CH asym., str. C7
XH asym. str, CB

CH3 asym., deform gg

CH3 rock ClO

XH3 asym. deform Cll

XH3 rock g12

Ref, 27
Ref. 54
Ret, 26

4This work
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TABLE XXVIII

Molecules (dimensionless)

0.06

0.01

-0.33

0.35

—0026

CH.,GeH

0.043

-0.303

0.342

4

CH SnH3

3

0.0153

-0,0515

-0.129

0.1l12

0.260
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CHAPTER VI
FORCE CONSTANT CORRELATIONS

Several empirical correlations have been made relating
the vibrational frequencies of series of molecules to struc-
tural parameters, These include the (CH3)nSnCI(4_n) series (62),
the (CH3) SnH(,.,) series (16), the (CZHS)nSn(CHJ)(4_n, series

{15), the (CH3)nGeCI gseries (45), the (CH3)nSiCI(4_n)

(4-n)
series (59), and the (CH3)nCCl(4_n) series (59). However,

such correlations do not provide methods for predicting vibra-
tional frequencies of other molecules because of the several
factors contributing to the magnitude of the observed fre-
quencies. These factors include: (1) the atomic masses and
geometrical arrangement of the atoms in the molecule; and

(2) the molecular force field. On the other hand, the force
constants depend on the nature of the bonding in the molecule.
Comparisons of analogous force constants for a series of
molecules should give useful relationships for determining
force constants for molecules not in the series.

Linnett (39) has discussed the empirical relationships
between force constants and bond lengths, bond orders, the
number of valence electrons, and electronegativity, which
have been developed by Badger, Gordy, and others. On the
assumption that the variation of bond lengths within the series
of CH, XH, molecules reflect the effects of other factors such

as electronegativity and changes in bond hybridization, an

attempt has been made in this investigation to relate the
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calculated force constants to bond lengths empirically. The
relevant bond lengths, determined from spectroscopic measure-
ments, are given in Table XXIX. These bond lengths usually
differ from equilibrium bond lengths by about 0.01 A (35).

The Hybrid Orbital Force Constants for CH3XH, molecules (X = C,
Si, Ge, Sn), listed in Table XXIIXI, were determined in this

investigation from the vibration frequencies.

Table XXIX. Bond Lenghts (A) for CH3XH,; Molecules,

dolecule  Raf. S _Bond & _Bond CX_Band
CH,CH, 27 1.093 1.534
CH38iH, 63 1.092 1.484 1.867
CH,GeH 26 1.083 1.529 1.945
CH,SnH, 38 1.083 1.700 2.143

The case of ethane deserves special mention. It can
be seen in Table XXIII that, despite similar CH bond dis-
tances, the two CH; bending force constants and the CH3 rock-
ing force constant for ethane are significantly larger than
the corresponding CH, force constants in the other CH3XH,
molecules. Except for ethane, it is assumed that the mass of
the qu group is sufficiently heavy so that vibration frequen-
cies of the XH, group are too low to interact appreciably with
the frequencies of the rest of the molecule. Or equivalently
(except for the interaction between the CH3 rocking and
XH, rocking vibrations) the interaction force constants be-
tween the CH, and XHj groups of CH3XH3 molecules may be set

equal to zero. However, it has been shown by Hansen and De?gggon
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that some of the interaction force constants between the two
CH; groups of ethane are appreciably different from zero.
Hence in this work, ethane was not considered in the correla-
tion of force constants with bond lengths. 1In support of

this decision, it is pointed out that in methane, where there
is no interaction with another CH4 group, the doubly degenerate
bending force constant has a value of 0.469 mdyn/A (20) which
is in agreement with the corresponding force constants of the

CH3 group observed in CH3SiH;3, CH3GeH3, and CH3SnH3.

A. Relationships Between the Force Constants and Bond Lengths

In principle, the existence of such relationships could
be established theoretically. Even the functional form of
such a relationship would be gquite useful., The attempts in
this study to establish a theoretical relationahip based on
force constant expressions derived from the Hellmann-Feynman
theorem {(34a, 56) were not successful.

Instead, empirical relationships between the XH; group
force constants and the XH bond lengths for CH.XH, molecules
were determined. Previous investigations of empirical relation-
ships between the stretching force constants and bond lengths
have shown that these force constants are proportional to
1/r® where n has values between 1.5 and 3.0. It was found
in this study that plots of Fgg and F,o Vvs. 1/r2 gave linear
relationships.

These relationships are considered linear if the standard
errors of the force constants calculated from the empirical

egquations are within the standard deviations of the force
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constants (e.g., Tables XIX and XX) used for determining
the relationships. The standard errors for the equations
relating Fge with 1/r? and Fpg with 1/x2 were 0,064 and 0.053,
respectively, compared to 0.091 and 0.165 for Fgg and Fas-

Linear relationships between the bending force constants
and 1/r? had standard errors of 0.041, 0.022 and 0.049 for
FSD' Fap. and Fp, respectively. These linear relationships
were rejected because their standard errors were larger than
the standard deviations of ?SD' F,., and PR, which were 0,015,
0.015, and 0.019, respectively. Plots of these force con-
stants against r directly are shown in Figures 19-21. When
FSD, Fap, and Fp were linearly related to r, standard errors
of 0.019, 0.020, and 0.025 were obtained, respectively. These
standard errors were also larger than the standard deviations
of the bending force constants. On the other hand, quadratic
equations did satisfy the standard deviation criterion. These
equations had standard errors of 0.010, 0.005, and 0.016 for
Fgn+ Fap» and Fp, respectively.

In Figures 19-21, the points corresponding to the CH4
moieties are the average values of the force constants for
the CH; group attached to the XH; group for the CH3XH3 mole-
cules in which X is Si, Ge, or Sn. The egquations described
below were obtained by a least squares polynomial curve fit-
ting library computer program (33).

For Fp and Fgg, the result was

Fag = (6.51/r?) - 0.0600 (79)

Fgg = (6.31/r®) + 0,0927 (80)
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A smooth curve was obtained when the XH3 symmetric deforma-
tion force constants, FéD' were plotted against the XH bond
length, r (Fig. 19). The relationship between Fg, and r

obtained is

F, = ~0.1704 r?2 4+ 0.08788 r + 0.4910 (81)

Similar relationships were obtained for the XH 5 asymmetric
deformation and XH3 rocking force constants. These are shown
in Figures 20 and 21 and are given by the expressions
Fap = 0.2955 rZ = 1.401 r + 1.641 (82)
and Fp = -0.2718 r? + 0.2790 + 0.3802 r (83)
In order to calculate the frequencies of the cn3xa3 type

molecules, a relationship is also necessary for the CX

2
stretching force constant, Fy-y+ A plot of F  _ vs, 1/rx_Y
ylelded a linear relationship given by the equation

- 2
Fy_y = 10.16/rx_y (85)

The above equations reproduce the principal force con-

stants to within their standard deviations. However, two
questions remain: Do these equations have physical signifi-
cance, i.e., do the force constants in the CHXH series really
depend only upon the bond length? If they do, then how re-
liably can theeequations be expected to predict new force con-
stants within the CH3;XH, series? The fact that only four ex-—
perimental points determine each equation precludes definite
answers., Only further experimental or theoretical work might
give such answers. Assuming that the force constants do depend
only on the bond lengths, some idea of the reliability of these

equations, however, can be obtained by considering in detail
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the number of experimental points in relation to the number
of parameters to be determined in a given equation. It can
be said at the outset that all parameters in these equations
are unreliable., However, the parameters of equations 79 and
80 should be more reliable than those of equations 81 - 83
because four points are being used to determine two parameters
in equations 79 and 80 whereas the four points are being used
determine three parameters in equations 81 - 83, Eguation 85
was obtained from four points and should be more reliable
than egquations 79 - 83 since equation 85 has only one parameter.

Since requations 8] - 83 were determined from only four
points and the coefficients are of questionable reliability
the use of a simpler linear equation might be preferred. The
preference was decided with help of Gauss® criterion (65).
This criterion states that the equation giving the closest
fit yields a minimum for the function

g=(y, - Yc)z/(n-m) (84)

where Yo and y, represent the observed and calculated values
of y, respectively. The quantities n and m represent, re-
spectively, the number of points used for obtaining the equa-
tion, and the number of constants in the egquation.

The following results were obtained for equation 81 - 83,

where, in all cases, n = 4

# x 10°
linear egquation quadratic equation
{n =2) (= 3)
equation 81 0.15 0.11
equation 82 0.31 0.04

equation 83 0.30 0.12
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Thus, the criterion shows that the quadratic forms give the
closer fit to the data. However, since the criterion is reli-
able only when n>m, the evidence for using a. quadratic equa-
tion is not overwhelming. Furthermore, cubic and higher order
equations have not been excluded.

Explicit indication of the error in the predicted force
constants can be obtained by calculating force constants
from two different equations in a region far from the experi-
mental points used to determine an egquation., One such region
is between the CH bond length (r =1.,083A) and the SiH bond
length (r = 1.484A). Then the results obtained from quad-
ratic equations (equations 81 - 83) and linear equations for
the force constants are compared. Linear equations between

the bending force constants and r, determined by the method

of least squares are:

FSD = =-0,379 r + 0,801 (8la)
FhD = =0,599 r + l.1llé6 (82a)
FR = =0,357 r + 0.762 (83a)

The results of the calculation of Fg Fap, and Fp from the

Dl
guadratic equations (equation 81 - 83} and from the linear

equations (equations 8la - 83a) for a bond length of 1.30A

are shown below.

calc. from Pgp (mdyn/A) Fpp (mdyn/A) Py (mdyn/A)
linear eqn. 0.308 0.337 0.298
quadratic eqn. 0.317 0.319 0.314

These calculations show that a variation of 6% might be ex-

pected in the predictions of unknown force constants.
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B. "Model" Force Constants and the Prediction of Vibrational
Frequencies.

The principal force constant correlations (equations 79 -
83 and 85) discussed above can be used to calculate a set of
*model” force constants for these molecules from the CH and
XH bond lengths. The use of these *model* force constants, in
combination with some model for estimating the interaction force
constants within the CH, or XHj3 groups, can be tested by apply-
ing them to the prediction of vibrational frequencies for mole~
cules within and outside the CH;XHj series. The HCH and HXH
bond angles are assumed to be tetrahedral and all interactions
between the “Hj and XHj groups are assumed to be negligible,
except for the interaction between the CH3 rocking motion and
the XH3 rocking motion. For convenience, the equations used
for calculating the *model® force constants are listed in
Table XXX,

Using the values of the principal stretching force con-
stants already obtained and the hybridization parameters for
the orbitals forming the bonds, Fgo_ o, and Fgp_ o, Of the A;
symmetry species and FAS-AD and Fpg.p of the E symmetry species
for the CH; group were estimated from equations 45-47 (Table XXX).
The value of dr/Jd) for the CH bond was estimated from the force
constants for methane (20) using the relationship derived by
Mills for regular tetrahedral molecules (47). The value of
JdR/3\ for the CSn bond can be calculated from equation 46 and
the data in Table XIX. The interaction constants FaD-R for the

CH; group were estimated from equation 49. The interaction
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Table XXX. The Equations Used for Casculating the *"Model"” o
Force Constants in mdyn/A“. (Bond Lengths in A™.)

Fag = (6.51/r%) - 0.060 (79)
Fgg = (6.31/r2) + 0.093 (80)
Fg, = -0.1704r2 + 0.08788r + 0.4910 (81)
Fap = 0-2955r% - 1.401r + 1.641 (82)
Fp = -0.2718r2 + 0.3802r + 0.2790 (83)
Fy.y = 10.16/ry_.> (85)
Fss-sp = V3 (3r/d)) xuFsg (45)
Fgp-st ™ =3 (IR/JN) cxFst (46)
“Fas-r = Fas-ap = V6 5/0N)yyFas (47)
Fap-p = 0.00213Y - 0.2407 (49)

(Y is the HXH bond angle.)
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force constants for the XH, group were also determined from
equations 45-47 and equation 49. The CH3 rock-XH, rock inter-
action force constants present a problem because there are no
relationships for determining them. They were estimated in
this study hy examining the values of this interaction force
constant in similar molecules. For example, the SiH3 rock-GeH,
rock interaction force constant of SiH3GeH; was estimated from
the data on CH381H3 and CH3GeH3 obtained in this work, and from
the data on SiH3SiH, (18),

The "model" force constants, calculated for CH;SiH.,,
CH;GeH;, and CH,;SnH,;, are tabulated in Table XXXI. 1In Tables
XXXII - XXXIV the vibrational frequencies calculated from
the "model" force constants are listed. For comparison, the
observed frequencies corrected for anharmonicity effects and
the frequencies obtained from the force constant refinement
are also listed. 1In the tables to follow, the frequencies
listed as obhserved are the observed frequencies corrected

for anharmonicity effects. In most cases the differences bhe-

tween the harmonic frequencies and the freguencies calculated

from the "model® force constants are less than 20 cm I.

A study of the vibrational assignments made for several
series of (cH3)nXY(4_n) molecules, where X=C, 8i, Ge, Sn, and
Y =H, c1 (15, 16, 45, 59, 62),,shows that assigned frequencies
in the XH stretching vibration region may be in error by 25-

l with a maximum error of 50 cm L. The assigned fre-

35 cm
quencies in the XH; bending vibration region may be in error

by 15 - 25 cm'l with a maximum error of 40 cm~l., The maximum
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Table XXXI. "Model” Force Constants in mdyn/A.

Description
CH sym str.
XH sym, str.,
CH, sym. deform.
XH, sym. deform.

CX str.

CH asym. str,

XH asym. str.
CH3 asym., deform,
CH, rock

XH, asym. deform.
XH3 rock

F

79

Fi1010
Fiina
F1212

= ~Fy10

Fg11 ™ “Fgi2

Fojo0

Fi112

Flo12

CH38133 CH3GeH3 CH,SnHy
5.262 5.419 . 5.419
2.980 2.799 2,294
0.383 0.400 0.400
0.262 0.227 0.146
2,954 2.760 2.124
0.091 0.094 0.094
0.032 0.041 0.032
-0.302 -0.183 -0.236
-0.090 -0.131 -0.026
5.267 5.429 5.429
2,915 2,729 2.208
0.468 0.477 0.477
0.370 0.362 0.362
0.224 0.196 0.109
0.248 0.228 0.145
-0.129 -0, 133 -0.133
=-0.045 -0,058 -0.044
0.020 0.010 0.012
-0.023 0.010 0.010
0.090 0.080 0.047



TABLE XXXII.

Description

CH str.
SiH str.
CH3 deform.

SiH3 deform.

C Si str.

CH str.
SiH str.

CH3 deform.,

CH3 rock

SiH3 deform,

SiH3 rock

- 127 =

Harmonic Vibrational Freguencies (Cm-l) of

CH3SiH3 Calculated from the "Model"
Constants.,
Observed Refinement
Al Symmetry Species
3053.9 3050.6
2252,.3 2249.7
1295.1 1294.3
973.0 973.9
701.0 700.1
E Symmetry Species
_3138.0 3138.0
2249,2 2245.0
1466.0 1465.,2
893.5 886,2
983.4 972.8
561.0 558.2

Calculated

Force

Model

3021.6

2254.6

1236.0

989.5

699.8

3125.0

2265.1

1473.2

888.9

988.8

558,2



Table XXXIII.

Description

CH str.
GeHl str.
CH, deform.
GeH; deform.

C~Ge str.

CH str.,

Ge str,

CH3 deform.
CH; rock
GeHy deform.

GeHy rock
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Harmonic Vibrational Frequencies (Cm™1l) of
CH3GeH3 Calculated from the "Model® Force
Constants.

Calculated
Observed Refinement Model
Al Symmetry Species
3063.1 3026.1 3064.7
2158.8 2l62.1 2176.5
1272.4 1270.7 1283.7
870.3 877.3 891.4
601.6 603,2 603.8
E Symmetry Species
3146.3 3145.1 3173.5
2158.3 2159.5 2162,.9
1474.4 1468.1 1481.4
B6l1.5 845.6 825.8
930.0 960.1 971.7
522.8 516.3 513.9



Table X(IXIV.

Description

CH str.

SnH str.
CH4 deform.
SnH3 deform.

C-Sn str.

CH str.

SnH str.
CH,3 deform.
CH3 rock
SnH3 deform.

SnH3 rock
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Harmonic Vibrational Frequencies (cn™Y) of
CH,SnH Calculated from the "Model"” Force

Constants.

Observed

A] Symmetry Species

3057.6
1934.5
1242.0
716.1
526.9

E Symmetry
3156.9

1934.5
1480.9
795.8
754.6
429.5

Species

Calculated
Refinement Model
3061.5 3063.8
1945.4 1968.7
1238.3 1262.1

715.5 707.5
516.8 517.0
3155.3 3173.8
1943.5 1939.4
1472.5 1483.6
809.4 813.2
723.4 711.1
428,2 429.1
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errors are usually associated with the degenerate vibra-
tions because the location of the band center for these
vibrations are more uncertain than the location of the bond

center for the nondegenerate vibrations. The errors in

the assigned frequencies for the nondegenerate vibrations

are usually 5-10 cm-l

less than the corresponding degener-
ate vibrations. Usually the frequencies predicted from the
model should not have errors greater than the above errors
in the experimental frequencies. Occasionally, when it is
uncertain to which of two modes a pair of frequencies be-
longs, predicted frequencies with even larger uncertainties
would be useful. Thus, the data in Tables XXXII to XXXIV
show that most “predicted” frequencies are sufficiently
accurate for making assignments of observed frequencies.

The uncertainties in the predicted frequencies are due
to the uncertainties in the force constants. The uncertain-
ties in the force constants arise from the unreliability in
the equations and the errors in the bond lengths. It has
been previously shown that the variation in the predictions
of unknown force constants can be as high as 6X. Variations
in bond length by 1% would produce a change of 2% in the
force constants. This 8% uncertainty in the force constants
means an uncertainty of 3-4% in the frequencies.

The applicability of *model® force constants can be
demonstrated by applying the method to molecules for which
the infrared spectra have been reported but for which only

tentative frequency assignments have been made. Such
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tentative frequency assignments have been made for methyl-
triethyltin, CH;Sn(CH5)3 (15), and germylsilane, GeH3SiH,
(58). It will now be shown that the "model® force constants
can be used to support these assignments.

In the case of CH38n(C,Hg)3 only the CHj group is of
interest for the present discussion. The Sn(czﬂs)3 moiety
is assumed to be a point mass., The CH bond length and HCH
bond angle of the CH, group, and the CSn bond length were
assumed to be the same as in methylstannane. The force
constants obtained from these parameters are listed in
Table XXXXV. The frequencies and the vibrational assign-
ments for the CH3Sn part of methyltriethyltin are also given
in Table XXXV, The frequencies and tentative assignments
reported by Dillard and Lawson (15) for CH3Sn(CHg) 5 are
also given. The calculated fregquencies for the asymmetric
. and symmetric deformation vibrations of methyltriethyltin
are in good agreement with the observed values.

This agreement allows a way to distinguish between
the CH4 vibrations due to the methyl group and to those of
the ethyl group attached to the tin atom. For example, the
CH, deformation vibrations of CH3Sn(CHg)  are reported as
1490 and 1437 em™1l for the asymmetric vibration, and 1268
and 1225 cm™l for the symmetric vibration. The *"model®
force constants show that the bands at 1490 and 1268 cm™ !

are probably due to the vibrations of the CH_, group attached

3
to the tin atom., Since the combined errors in the predicted

and observed frequencies could easily be as high as 40 cm™!
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the case for the first assignment (1490 em~ 1) is not really
a very strong one. (It was previously shown that a 3-4%
uncertainty in the frequencies can be expected from the un-
certainties in the “model® force constants.) The band
assigned to the CHy rocking vibration at 683 em™l is appar-

ently due to the terminal methyl group and the band due

to the methyl group attached to the tin atom occurs at 742 cm™

The force constants for germylsilane were determined
by the procedures outlined above. Since no bond lengths
or bond angles have been reported for this molecule, the

structural parameters for the SiH, and GeH, groups were as-

3
sumed to be the same as those given for the groups in
CH48iH,3 (63) and CH3GeH3(26), respectively. The Ge-Si bond
length was estimated from the covalent radii of the Ge and
Si atoms (8). Bguation 85 (Table XXX) was used to calculate
the Ge-Si stretching force constant. The *"model* force
constants for GeH;SiH3 are shown in Table XXXVI. The cal-
culated and observed (58) frequencies and the vibrational
assignments for this molecule are also shown in Table XXXVI.
There is good agreement between the calculated and observed
frequencies, The "model® force constants permit the assign-
ment of the GeH, symmetric deformation vibration to the ab-
sopption at 916 cm~l and the SiH and GeH stretching vibra-
tions to the bands at 2263 and 2175 cm-l. respectively. The
assignments of the stretching vibrations are in agreement

with those made by Spanier and MacDiarmid (58).

A technigue commonly used in the analysis of vibra-

1
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Table XXXV. “Model® Porce Constants and Calculated Frequencies
for the Methyl Group in Methyltriethyltin,

Porce Constants Frequencies (cm™1)
(mdyn/A)
Description F cbs., calc,
CH sym. str. Fi1 5.419 3064
CH3 sym. deform. Fao 0.400 1268 1304
1225
CSn str. F33 2.124 335
CH asyn, str., F44 5.429 3174
1525
CH, asym. deform. Fgg 0.477 1490 1484
3 1437
CH3 rock Fee 0.360 742 773
683
Fi2 0.094 675
P23 -0-236
F45 = "F46 -00133

F56 0.012
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tional spectra is to transfer frequencies between struc-
turally similar groups of different molecules. For example,
in the analysis of the infrared spectrum of GeH,SiH3, the
frequencies for the vibrations of the GeH,; group in CH3GeH3
and the SiH group in CH3SiH3 could be transferred to the
corresponding vibrations of GeH3SiHj;. The results of this
study indicate, not surprisingly, that vibrational frequen-
cies can be obtained from the "model® force constants which
are in better agreement with the observed frequencies than
those frequencies which would be transferred from struc-
turally similar molecules,

This can be seen by comparing the frequencies of
CH,SiH; (Table XXXII) and CH3GeH3 (Table XXXIII) with those
of GeH,SiH3 (Table XXXVI). For convenience, these are listed
in Table XXXVII. The comparison also shows that using the
more laborious “model” method for predicting vibrational
frequencies in this case gives about equally good frequency
assignments as the simpler “transfer® method.

The results of this study show that the set of empirical
equations relating the symmetry force constants with bond
lengths may be occasionally useful in vibrational analysis
for the CH3XH3 molecules (X = Si, Ge, Sn) and their deriva-
tives. It could be a useful starting point for tracing the

frequency changes upon isotoplc substitution.
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Table XXXVI, "Model" Force Constants and Calculated
Frequencies for Germylsilane.

Force Constants Frequencies (em™1)

{mdyn/A)
Description F obs, calc.
SiH sym. str. Fi11 2.980 2263 3354
GeH sym. str. Fa9o 2,799 2175 2176
SiH, sym. deform, Fj, 0.262 1005 993
GeH3 sym. deform. Fya4 0.227 916 891
S8iGe str. Fgg 1.567 344
SiH asym. str. Faq 2.915 2263 2265
GeH asym. str,. Fgg 2.729 2175 2163
SiH; asym, deform, Fgg 0.224 995 990
SiHj3 rock Fi010 0-252 690
GeH, asym. deform. Fy111 0.196 965 957
GeH, rock Fi1212 0.221 466

Fy, 0.032

Fa4 0.041

F35  -0.048

Fas -0.074

Fgi1 = “Fg12  ~0.058

Fi175 0.010



Table XXXVII. Vibrational Frequencies for Germylsilane.

Rescriptian _Fraquencies (cm™l) o
Trans ferred Calculated From Spanier
from CH3;XH, from “model” and
Malecules =~ force MacDiarmid

constants ~ (38)

SiH sym. str. 2252 2254 2263

GeH sym. str. 2159 2176 2175

SiH4 sym. deform. 973 993 1005

GeH; sym. deform. 870 891 916

SiH asym. str. 2249 2265 2263

GeH asym. str, 2158 2163 2175

siH3 asym. deform. 983 990 995

GeH, asym., deform. 930 957 965
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APPENDIX I

CALCULATED THERMODYNAMIC PROPERTIES OF METHYLSTANNANE

(CAL DEG-lMOLE-l)



CH_SnH

3 3
T(?K): 273.16 298,16 400 600 800 1000
o
Translational 4,97 4,97 4,97 4.97 4,97 4,97
Rotational 2,98 2.98 2.98 2,98 2,98 2,98
Vibrational 7.24 8.27 11.91 17.36 21.26 24.10
Torsional 1.26 1,21 1.13 1.06 1.03 1.02
Total 16.45 17.43 20,99 26.37 30.24 33.07
(1°-EC) /T
Translational 4,97 4,97 4,97 4,97 4,97 4.97
Rotational 2.98 2.98 2,98 2.98 2,98 2,98
Vibrational 2.30 2.77 4.64 8.02 10.87 13,25
Torsional 1.27 1.27 1.25 1.20 1.16 1.13
Total 11.52 11,99 13.84 17.17 19,98 22,33
- (6°-g0) /T
Translational 35.25 35.68 37.14 39.16 40,59 41,70
Rotational 17.10 17.36 18.24 19.45 20.31 20,97
Vibrational 0.81 1.03 2.10 4.64 7.35 10.04
Torsional 1,75 1.87 2.25 2,83 3.18 3.43
Total 54.91 55.94 59,73 66,08 71.43 76.14
s°
Translational 40.22 40.65 42.11 44,13 45.56 46.67
Rotational 20.08 20.34 21,22 22,43 23.29 23.95
Vibrational 3.11 3.80 6.74 12,66 18.22 23.29
Torsional 3.02 3.14 3.50 4,03 4,34 4,56
Total 66.43 67.93 73.57 83,25 91.41 98.47



CH_SnD

3 3
v(°k): 273.16 298,16 400 600 800 1000
s
Translational 4,97 4.97 4.97 4,97 4,97 4,97
Rotational 2,98 2.98 2.98 2,98 2,98 2,98
Vibrational 9.46 10.48 14.16 19.48 23,02 25.49
Torsional 1,27 1.23 1,13 1,06 1,03 1.02
Total 18,68 19.66 23,24 28.49 32,00 34.46
®°-E) /T
Translational 4,97 4,97 4,97 4,97 4.97 4,97
Rotational 2.98 2.98 2.98 2,98 2.98 2.98
Vibrational 3.52 4.06 6.18 9.79 12.68 15,01
Torsional 1.30 1.29 1,27 1.21 1.18 1.14
Total 12,77 13.30 15.40 18.95 21,81 24.10
- (6"-EQ) /T
Translational 35,31 35,75 37.21 29,22 40.65 41,76
Rotational 17.81 18.07 18.95 20.16 21,01 21.68
Vibrational 1.50 1.83 3.33 6.54 9.77 12.86
Torsional 1.85 1,97 2.35 2.76 2,98 3.10
Total 56.47 57.62 61,84 68.68 74 .41 79.40
5°
Translational 40,28 40,72 42,18 44,19 45,62 46.73
Rotational 20.79 21.05 21.93 23,14 23.99 24,66
Vibrational 5.02 5.89 9.51 16,33 22.45 27.87
Torsional 3.15 3,26 3.62 3.97 4,16 4,24
Total 69.24 70,92 77.24 87.63 96.22 103.50



3
o(°k): 273.16 298,16 _ 400 600 800 1000
S
Translaticnal 4,97 4,97 4,97 4,97 4,97 4,97
Rotational 2.98 2.98 2.98 2.98 2,98 2.98
Vibrational 9.38 10.64 14.96 20.76 24,52 27,00
Torsional 1.27 1.23 1,14 1,06 1.03  1.02
Total 18.60 19.82 24.05 29,77 33.50 35,97
(HO-EZ)/T
Translational 4,97 4,97 4,97 4,97 4,97 4,97
Rotational 2,98 2,98 2,98 2,98 2,98 2,98
Vibrational 3.01  3.59  5.96 10,01 13,20 15,73
Torsional 1,36 1.36 1,31 1.26 1.20 1.17
Total 12.32 12,90 15.22 19,22 22,35 24,85
—(Go-Eg)/T
Translational 35,31 35.75 37.21 39,22 40.65 41,76
Rotational 17.77 18.03 18.91 20,12 20.98 21,64
Vibrational 1.07 1.36  2.75  5.96  9.30 12,52
Torsional 2,06 2,19 2,53  2.89 3,10  3.20
Total 56.21 57.33 61.40 68.19 74.03 79.12
SO
Translational 40.28 40,72 42,18 44,19 45.62 46.73
Rotational 20,75 21,01 21.89 23,10 23.96 24.62
Vibrational 4,08 4,95 8,71 15,97 22.50 28.25
Torsional 3.42 3.55  3.84 4,15  4.30  4.37
Total 68.53 70.23 76.62 87.41 96.38 103.97
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APPENDIX II

TABLES OF ROTATION-VIBRATION LINES



CH asym, str, frequency, Vo for CH3Sn.H3 (cm-l)
Ra "o,

K (Calc.) (Obs.) (Calc.) {Obs,)
0 3006,6 3006.7

1 3009.1 3008.9 3004.1 3004.3
2 3011.5 3010.9 3001.5 3001.9
3 3013.8 3013.3 2998.8 2999.4
4 3016.1 3015.3 2996,1 2996.0
5 3018.3 3018.1 2993.3 2993.6
6 3020.3 3020.5

7 3022.4 3022,6

8 3024.3

3025.3

9 3026,2
10 3028.0 3027.8

11 3029.8 3029.9

12 3031.5 3031.8

13 3033.,1

14 3034.6 3034.5
15 3036.1

16 3037.5 3036.9

17 3038.8 3039.0



1

SnH asym. str. frequency, Vge for CHBSnH3 {cm )
o o,

K (Calc,) (Obs.) (Calc.,) (Obs.)
0 1876.0 1875.7

1 1878.8 1878.6 1873.2 1873.0
2 1881.5 1881.8 1870.4 1870.3
3 1884.3 1884.5 1867.6 1866.7
4 1887,0 1886.8 1864.7 l864.1
5 1889.8 1889.8 1861.9 1861.8
6 1892.,5 1892.4 1859.0 1858,5
7 1895,2 1894.4 1856.2 1856.1
8 1897.8 1897.7 1853.3 1853.4
9 1900.5 1900.6 1850.4 1850.3
10 1903.2 1902.6 1847.4 1846.8
11 1905.8 19205.9 1844.5 1844.0
12 1908.4 1908.7 1841.6 1841.1
13 1911.0 1838.6 1838.0
14 1913.6 1913.3 1835.6

15 1916.2 1916.8 1832.6 1833.3
16 1918.8 1919.1

17 1921.3

18 1923.9 1923.5



CH3 asym, deform. frequency, Vgr for CH:,.Sn.H3 (cm 1)
PQK

K Calc.) (Obs.) (calc,.) {Cbs,)

0 1418.7 1419.5

1 1421.7 1421.7 1415.7 1416,.2
2 1424.7 1424.2 1412,7 1413.1
3 1427.6 1427.7 1409.6 1409.2
4 1430.6 1431.6 1406.6 1405.5
5 1433.,5 1434.5 1403.5 1402,2
6 1436.4 1436.8 1400.4 1399,9
7 1439.3 1439.8 1397.3

8 1442,2 1442.1 1394.2 1394.8
9 1445.,1 1444.9 1301.1 1391.1
10 1448,0 1449.0
11 1450.9 1452.5
12 1453.8 1454.7
13 1456.7 1456.5



1

CH3 rocking frequency, V1o’ for CH3SnH3 (Cm )
PQK
K calc.) (Obs.) (Calc,) (Obs.)
0 775.1 775.3
1 777.3 777.2 772.8 773.2
2 779.5 778.9 770.5 770.8
3 781.7 781.1 768.2 768.9
767.5
4 783.9 783.2 765.9 765.3
784.9
5 786.1 787.0 763.6 763.1
6 788,2 788.8
7 790.2 790.4
8 792.3 792.4
9 794.2 794.5
10 796,2 796.5
11 798.0 798.3



for CH_,SnH (cm-l)

SnH_ asym, deform, frequency, vll' 3 3

3

RQK PQK
(Calc.) (Obs,) (calc.) (Obs,)
742.9 743.9
745.9 747.0 740.0 740.4
748.9 749.2 737.1 737.3
751.9 751.9 734.2 734.8
754.9 731.3 731.4
757.9 757.3 728.4 728.3
761.0 760.0 725.6 725.4
764,2 763.1 722.8 722.2
720.0 720.5

717.2 718.0



SnH3 rocking frequency, Vige for CI—I?’SnH3 (cm
PQK

K (Calc.) (Obs.) (Calc,) (Obs,)
0 416.8 417.0

1 418.6 418.8 415.0 415.2
2 420,4 420.6 413.2 413,3
3 422,3 422,.2 411.4 411.6
4 424,1 424.1 409.5 409.3
5 426,0 425.7 407.7 407.2
6 427.8 428.1 405.9 405,2
7 429.6 429.7 404.2 403.9
3 431.5 431.8 402.4 402,0
9 433.3 433.6 400.6 400.3
10 435,2 434,9 398.8 398.8
11 437.1 436.8 397.0 397.1
12 438.9 439.1 395.2 395.4
13 393.5 394.2
14 391.7 392.2
15 390.0 390.3



SnH asym., str. frequency, Vg for CD3SnH3 (cm-l)
RQK PQK

K (Calc.) {(Obs.) (Calc.) (Obs.,)

0 1890.1 1889.8

1 1892,2 1891.9 1888.0 1886.6
2 1894.3 1894.0 1885.9 1884.8
3 1896.6 1897.6 1883.8 1883.0
4 1898.7 1900.0 1881.7 1880.9
5 1900.9 1902.0 1879.7 1878.5
6 1903.0 1904.5 1877.6 1876.7
7 1905.2 1906.0 1875.6 1874,2
8 1907.5 1908,2 1873.5 1872.9
9 1909,7 1910.2 1871.5 1870.5
10 1912.0 1912.3 1869.6 1869.6
11 1914.2 1914.2 1867.6 1868.0
12 1916.4 1916.3 1865.6 1866.0
13 1918.8 1920.2 1863.6 1864.9
14 1921,1 1922.6 1861.7 1863.0
15 1923.4 1924.6 1859.8 1859.6
16 1925,7 1926.1 1857.9
17 1928.1 1928,9 1855,.9 1856.5
18 1930.4 1931.1 1854.2 1854.5
19 1932.8 1933.5 1852.2 1852.9
20 1935.2 1850.4 1849.8
21 1937.6 1937.7 1848.6
22 1939.9 1846.7 1846.7
23 1942.4 1942.2 1844.8

24 1944.9 1944.9 1843.1 1843.2



SnH3 asym, deform. frequency, Vio’ for CD3SnH3 (cm_l)
R o,
K Calc,) _(Obs.) (Calc.) (Obs.)
0 739.5 739.3
1 741.9 742.1 737.1 736.8
2 744 .4 744 .5 734.8 734.6
3 746.9 747.2 732.5 731.7
4 749.5 750.1 730.3 730.2
5 752.1 752.5 728.1 728.3
6 754.7 755.2 725.9 725.9
7 757 .4 757 .4 723.8 723.2
8 760,2 760.3
9 763.0 762.3
10 765.8 765.5
11 768.7 768.0
770.2
12 771.6 771.4
772.8
13 774.6 775.2
14 777.6 777.3



1

CD3 rocking frequency, vll' for CDSSnH3 (cm ™)

X (Calc.) (Obs) (Calc.) (Obs.)
0] 628,8 628.6

1 630,2 629.7 627.4 627.5
2 631.6 631.2 626.0 626,2
3 633.0 632.5 624.4 624.7
4 634,.3 633.9 622.9 623.7
5 635.6 634.8 621.4 622.1
6 637.0 636.4 619.8 620,5
7 638.2 637.8 618.2 618.5
8 ©639.5 6359.0 6l6.7 617.1
9 640.7 640.3 615.1 615,.2
10 641.9 641.9
11l 643.1 643.4
12 644.2 644.5
13 645.3
14 646,5 646.5
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APPENDIX III

COMPUTER PROGRAMS
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FOF 428
COMMENTS

IS OBTAINED,

WRITTEN BY We Te THOVYPSON AND (e Se SHOUP
MODIFIED BY He Se KIMMEL TO OPERATE ON AN

1BM 704. COMPUTER

FOFI 428 ADJUSTS AN INITIAL SET OF FORCE CCNSTANTS UNTIL A LEAST
SQUARES FIT OF THE OBSERVED FUNUCAMENTAL FREQUENCIES CF A MOLECULE
FROM OME TO THREE IS0TOPIC VERSIONS OF A GIVEN

EIGHT ATOMS.

MOLFCULE MAY BE RUN SIMULTANZCUSLY. THE MAXIMUN MCLECULE SIZE IS
THERF MAY BF NO MORE THAN EIGHT INDFPEMDENT
INTERACTION FCORCE CNNSTANTS. THE “AXIMUM NUMBER NF VARIABLE AND
FIXED PRINCIPAL FORCE CCNSTANTS IS SIXe AMY NUVBER CF SETS OF
DATA MAY BE RUN SUCCESSIVELY.

-INPUT~

le THE FIRST FOUR CARDS CCNTAIN ALPHANUNMERIC INFCRMATION ABQUT
THE MOLECULE Tr &4f USED AS A HEADINGs PUNCHEOD [N COLUMNS 1-T78

2¢ THE FIFTH CARC CCNTAINS TviE FIXED POINT NUMHERS DEFINED BLLCW
IN THE ORDER GIVEN IN SUCCF351VE TwC COLUMN FIELDS BFGINNING

IN
Il
IR
IM

[N CTLUMN To ALU FIXEC POTNT NUNMAEARS MUST 3F RIGHT JUSTIFIED

NIPABER OF Syvw™eTRy CNORNDINATES, ClLe 1-2
NUMRER OF INTEPNAL CNNRDINATES. COLe -4
NUMBER OF CARTESIAN COURDINATES, ColLe 5=5+
NUMBER OF INDEPENDENT VARJABLFE PRINCIPAL FORCE
CONSTANTS, CCLe 7-d.

TH

N1SP
NI

"NUMGER OF TNDCPENTERT VARTAGSLE TNTERACTICN FORCE
CONSTANTS. COLe 9-10.
NUMBER OF ISOTOPIC “NLECULES. CCLe 11-12s
THE MAXIMUM NUMBER COF [TERATICNS TO BF ALLCWED IS
EQUAL TO 8*(NI-1). COLe 13~-14. '
IF NI = O THE INITIAL FREQUENCY CALCULATION AND

1SCF

THE STATISTICAL ANALYSIS ARE MADF AND PRINTED.,
IF IT IS DESIRED THAT THF FORCF CONSTANT CORREC-
TIONS CALCULATED AT THE END OF EACH ITERATION BE
SCALED DOWN BY SOME FACTORs A MNON-ZERO VALUE

OF ISCF 1S ENTEFREDe THE CORRECTICHNS wILL THEN
EACH BE SCALYD DOWN OY A FACTOR EQUAL TD 1/15CF

1FFC

Iw

BEFORE BEIN,S APPLIRD To THE EXISTING SET OF FORCE
CONSTANTS,. COLe 15-16e
NUMBER OF FOPRPCZ CONSTANTS IN THE CCLUMN wHICH AKE
TO BE INVARIANT IN THE ITERATIONe CGCLe 17-18.
ZERO IF THE WEISATING FACTORS IN THF VARIANCE ARE
TO BE UNITY, OTHERWISE NON=-ZEROD. C(OLe 19-20,

ISYM

A NON-ZFRO NUMYBER IF THE B MATRIX INPLT IS TO Bt
IN THE FORMAT PUMCHER OUT BY THE BMAT PRCOGRAM.
OTHERWISE 2ERQ. COL. 21-22.

IF THE € MATRICES ARE TO SE ENTERED IN UNSYMME-
TRIZED FORMs A NON-ZERD VALUE 1S ENTERED, AND THE
PROGRAM WILL SYMMETRIZE THEM AND PRINT THEHM OUT

1DEG

LW

IN SYMMETRTZED FORMe OTREWWISE A ZEROC VALUE IS
ENTERED. COL. 23-24.
NUMBER OF COORDINATES IN THE DEGENERATEZ SPECIES
{THE FIRST SET ONLY) IF CORIOLIS CONSTANTS ARE T(
BE FITTEDe OTHFRWISF ZFRO. COLae 25-26.
DEFINES THE ™MITHOC OF WEIGHTING COLs 27-20»

'\ﬁf\ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬂhﬂﬁﬁﬂﬁﬁﬁhﬁﬁﬁﬁﬁhﬁﬁnﬁf}ﬁf\ﬁﬁﬁﬁﬁhﬁﬁﬁf\ﬁﬁﬂﬁf‘\(‘\f\ﬁf\ﬁf\ﬂﬁﬁ

- LW=U WITT ARE ALL URITY.

Lw=1] Wil
LwW=2 WiT) 170(LAYBODA(T) 1 *%2

Lw=3 wil) 1/{DELTA LAMBOA)*#*2

THE DELTA LAMCDAS ARE CEFINED BY THE ELEMENTS OF

1/7/LAMBDA(T)

w onn



(g

Wil)e THE UNCERTAINTIES IN NUS (IN WAVDC NUMBERS)
AND ZETAS ARE_ENTERED UIKECTLY,

3.

NOTE THAT 1IF LW = 3» 1w CANNOT BE ZLERC. _
THE SIXTH CARD CONTAINS THE NUMBER OF SYMMETRY SPECIES IN THE
FIRST UP TO THE NISP-TH ISQTCOPIC PERIVATIVF [N SUCCFSSIVE TwO

~COLUMN FIXED~POINT FIELDSs BEGINNING IN COLUMN 1,

THE SEVENTH CARD CONTAINS THE DIMENSIONS CF THE SYMMETRY
SPECIES OF THF FIRST ISOTOPIC DFRIVATIVE IN THF QRDER IN

Se

6e

WHICH THE SYMMETRY BLOCKS APPEADR MG DNWN THFE PRINZIPAL
DIAGONAL OF THE G MATRIX. THESE NUMBERS ARE IN SUCCESSIVE TwWO
COLUMN FIXED POINT FIELDSy BEGINNING [N COLUVMN 1.

IF THERE ARE MCPRE ISCTCPIC DERIVATIVFESs CARDS SIMILAR TO THE
PREVIOUS CARD ARE INCLUDED FOR E~Chse IN THE PROPEK QRDERe
THE € MATRIX IN INDEX FORM, le Eo THE VALUE CF A NON-ZERU

ELEMENT OF C APPEARS IM ThE FIRST TAELVE CCLUNMNS 1M FLUATING
POINT FORMAT AND IS FCLLOWED Ry THE 1 aMD J INDICES OF ALL
EEMENTS OF € WITH THAT VALUE IN SUCCESSIVE TwC-CCLUMM FIXED
POINT FIELDSy TEGINNING IN COLUMN 13y IN THE CRDER [ Js I
Je FTCe THERE WILL FF AS MANY CARP3 AS THERF ARE DIFFERENT
NON=ZFERC VALUES QOF “ATPIX FLFMENTS, 2FR0D FLF/ENTS NFED NOT

aXalaXaXa¥e'la¥aXakaXalala¥aXaXakaXaliaNalaXalaRala¥al

BE ENTEREDe THF NUVEER CF C WATRICES wWILL

BE EQUAL TO ITH+IFFCy ANT A JLANK CARD “UST FCLLCOW EACHe ELE=-
MENTS OF TrE C MATRICES BELOw THE PXINCIPAL DIACCNAL NEED NOT
BE ENTERED EXPLICITLYe THE € "“ATKRIJES ARE USED TC CONSTRUCT
THE INTERACTION TERMS OF THE F “ATRIXe A GQIVFN € MATRIX CON-
TAINS THE COEFFICEENTS IN THE F MATRIX CF THE CORRESPONDING

C INTERATTTICTH CORSTANT, [V TRE CASE OF FIXED FUGRCE CONSTANTS,

IF THERE ARE MOREZ THAN ONZ CF THENMe IT IS5 MCRE EFFICIENT TO
PUT THE VALUES OF THL CCNSTANTS [* A& SIMNGLFE T MATRIX AND EN=-
TER UNITY AS THE CORRESPONDIMNG CONSTANT IN THZ COLUMN OF INI-
TIAL CONSTANTS. FIXFD PRINCIPAL AS WFLL AS FIXED INTERACTION
CONSTANTS MUST ALWAYS F ENTERED VIA THFE C VATRICES RATHER

8.

THAN THc O MATRIX.

THE Q@ MATRIX IN INDEX FORM, FOLLOWED 8Y A BLANK CARDe THERE
MUST ALWAYS BE A G MATRIXe IT IS USED TC ARRANGE THE PRINII=
PAL VARIABLFE FORCE CONSTANTS ALCHC THE DIAGONAL OF ThE F MA-
TRIXs WHICH IS CLUAL TO ThHE COLUMN OF PRINCIPAL VARIABLE CON-
STANTS MULTIPLIED ON THE LEFT bBY TrHE & MATRIX.

9. THE G MATRIX-bBY INDICES FOR EACH [SOTCPIC SPECTES. FACH G

10.

MATRIX IS TERMINATED BY A RLAMK CARD.

OBSERVED FREQUENCIES IN SUCCESSIVE TFN-COLUNN FLOATING FUINT
FIELDS BEGINNING WITH COLU¥N 1. UP TO SIX FREQUENCIES MAY
APPEAR ON A CARDy AND THEY MUST 2F ARRANGED [N DESCENDING
MAGNITUDF WITHIN FACH SYVMOTRY SPECIFS, THE SYMMETRY SPECIES

11.

MUST BE IN THE SAME CRODER AS IN THE F aND G YATPICES. [F AN
ISOTOPIC DERIVATIVE IS BFING USEDs ALL THE FREQUEMCIES FGR IT
FOLLOW THE COMPLETE SET FUR THE NCRewAL HOLECULE USING TrE
SAME RULES FOR ORDERING.

IF Iw [S NON-ZFRD CARDS FCR THE ALTERFD WEIGHTING FACTORS
COME NEXYe FACH OF THESE CARDS COMNTAINS AN ALTERED WEIGHTING

FACTOR TN FLOATING POINT IN COLUSKNS T1-12 FOLLOWED BY TwO-

COLUMN FIXED POINT NUMPBERS s Js Ky ETCe BEGINNING IN COLUMN

13 AND CORRFSPCNDING TO Tht HUMBERS OF THE FREQUENCIFS IN

THE COLUMN OF OBSFRVED FREQUFENCIFS TO BE GIVEN THAT WEIGHTING
FACTORs A BLANK CARD FGLLOWS THE LAST CARDe IF Iw IS ZEROs
NY) DATA ARE ENTFRED HFRE AND ~O FLANK CARD,

Ya¥aXaXaln¥aXakeXa¥e Ia¥a¥aXaXaka 1a¥aXaXaYaXa' lalaXaXaTala EalaNaXaXa

THE COLUMN OF INMITIAL FORCF CANSTANTS, EAZA CONSTANT IS
PUNCHED ON A SEPARATE CARPD IN COLUYNS 1-10 IN FLOATING POINT
COLUMNS 11-34 MAY CONTAIN ALPHANUIMERIC INFORMATION TC LABEL
EACH CONSTANT., IN ORCERING TRHE FNRCF CONSTENTSs THE PRIN-
CIDA FANMSTANTR MIEAT COMF FIRST AAD IN AN ORUDER CORKESFONDIANG



(g

~

7N

TO THE ORDER OF THE COLUMNS OF THE Q HATRIX.

THE VARTAULE

INTERACTION CONSTANTS FOLLCW IN AN ORCER CORRESPCNDING TO THE

DING C MATRICES.

DATA SETS TO BE RUNs A BLANK CARD IS INCLUDED

ORDER OF THE C MATRICESe FIXED FORCF CONSTANTS COME LAST,
AND THEIR OROER MUST ALSO AGREE WITH THAT OF THEIR CCRRESPON-

14 A CARD WITH A NON-ZERO FIXED PCINT NUMBER PUNCHED IN COLUMNS
1-2 [F THIS IS THf LAST <ET OF CATA. IF THERE ARE ADCITIONAL

HERE .

-OUTPUT-

ALL THE INPUT DATA IS PRINTEC OUT EXCEPT ITEM 14
NUMBERS PRINTED HAVE LARFLS wHICH OMIT THE LETIER 1

r\ﬁf\ﬁf\ﬁ“\ﬁf\ﬂf\hf\ﬂ

T ¢ TRE SYMFEY
METRIZED.
G MATRIX OR MATRICES TOGETHER ~ITH THE DETERMINANT
FCR USE WITH THE PRODUCT PFULE

IN ITEM 24 THE
WHICH 1S THE

FIRST LETTER IN EACH VNRIAHLE NAMF s  THE C VATRICE% PRINTED AKE

OF EACH BLOCK

INITIALLY AMD AFTER ITACH [TERATION Tt + MATRIX, CALCULATED FRE-
QUENCIES WITH THEIR QRSERVEL VALU S, rcrggs AND PERCENT ERRURS,

THE AVERAGE PCRXCENT Fnnunh CVER ALL FrLCUERCIESs THE FOURCE
CONSTANTS USEDs THE REFGUENCY JACCLIAN, ANO A SINGULARITY CRITER-
ION FOR THE PRODUCT “ATRIXs {J=TRANSPISSEMN (W) (J)s ARZ PRINTED.
THIS CRITERION IS THE RATIO OF THE DETERMINANT OF THE MATRIX TC
THE PRODUCT OF ITS DIAGCNAL ELEMENTSe TriE NEARER THE CRITERIGHN
IS TO UNITYs THE FARTHER THE “ATRIX 1S FRCYM BEING SINGULAR FRO-

VIDED IT HAS NO DIAARCONAL FLEMNENTS NEAXLY ZEROs
STANTS» CALCULATED FRFQUFNCIES wITH THEIR OBSERVEC

WHEN CONVERGENCE OCCURS OR WHEN THZ MAX['4UM NUMPIR

AFTER FACH SET OF EIGHT ITERATICNS,s SUMMARIES OF THE FORCE CCN-

VALUFS AND

FRRORSs THE AVERAGE PFRCFNT FRRCORs AKD T-E VARIANCE 1S PRINTED.

OF ITERATIONS

HAS BEEN REACHED,y SUMMARIES AS ARNVE FNR THE LAST GROUP OF [TERA=-

CONSTANTS WITH THEIR UDISPERSICNSs ThE VARKIANCE AND

FORCE CONSTANTS.

TIONS ARE PRINTEDUs FCLLUWED B8Y Trc L MATRICESs THE FPe Ee DIS-
TRIBUTIONy THE FINAL CALCULATED FREGUENCIES WITH THEIR CUOSERVED
VALUESs ERRCRSs PERCENT ERRCRSe AND DISPERSIONSs THE FINAL FORCE

AVERAGE PER-

CENT ERRCR CVER ALL FREGUENCIESs AND THE CORRELATION MATRIX FOR

~STOPS~

LOWING SITUATICNS IS ENCCUNTERED.

DURING EXECUTION OF A GIVEN SET OF DATA, THE PROGRAM WILL STCP AN
AUTOMATICALLY PROCEED TC THE NEXT S5T OF DATA IF ONE OF Tht FOL-

PERCENT.,

ﬁ(1f|ﬁlﬁf\hf\f\ﬁf\f\ﬁlﬂf\ﬁf\f}ﬁfﬁf\ﬁf\f\ﬁfWf\ﬂf\f\ﬁ!ﬁf\r\ﬁ

3. A NEGATIVE EIGENVALUE T[S CALCULATED.,

le NONE OF THE CALCULATED FREQUENCIES CR CORIOLIS CCNSTANTS DIFFE!
FROM THEIR JALUES IN THE PRECEDING ITERATION EY MCORE THAN (C.01

2e¢ THE MAXIMU* NUMBER OF ITERATICNS SPECIFIED IS REACHEZD.

C 4, THE AVERAGE PERCENT ERRCR EXCEFCS FIFTY PERCENT.

C 5¢ THE SINGULARITY CRITERION IS LFSS THAMN 0,001,

C

C IN CASFS 1 AND 2 THE FINAL RFSULTS ARE PRINTED. IN CASES 3y 4

C AND 54 ONLY THZ CALCULATIONS FOR THOSE ITERATIONS SUCCESSFULLY

C COMPLETED ARE PRINTED IN CASE 3+ THFE NEGATIVE EIGENVALUE 1S MAD
t PUSIIIVE ARND A MESSAGE TS pRlNltS GIGING [ls NUHUER. IN CESE 5

'aNalal

THE MESSAGE - NO INVERSE EXISTS FOR THIS CASE - IS PRINTED.
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$IRJOR DECKyMAP
$CHAIN FOF]

SIBFTC FOFI DECK
¢
C PROGRAM FOF] 428
c .
DIMENSION IDENT(13s+4)4VOBS(18)sW(181sCl6+64+8), SR
10(696)9sDK(14) 4 TEMP(18514)9G(6+6+31sVN(18)sXI(18},

2ELT63633)sHIGI sF 16961 sVI18) s VYRTIBBIWXXXTI8+B1sX(18)
ATKRU1498)sAJ(18914)sDELKI14) s SUMTI2+8) eAJIWII144514]),
GINEGUIB)+ELINIOGsB+3)9SIGKITIL)+SIGV(1B)

GKIDENTI(3343) ¢NFAC(3)4IDIBs3)

DIMENSION FLMOBS(18B)+FLMC(18)

COMMON DyELSELINAINILCHrAUL0Q

COMMON /Bl/INsILsIRsIMaIHONISP NI s ISCFoIFFCoIWsIBsISYMyIDEGINZ2 oL Wy
IMPHINUMB ITERWNEGsMPHT s IHT + VAR/B2/VOBS o XsV/B3/VYRITKR e XXX e SUNMT/
2B4/TEMP/BS/G/86/ X1+ INEG/BT/FsHsDK/BB/IDEMT+KIDENT oW IOWNFAC/B9/
3CZ+ZM/B1O/SIGKSIGV/EYI1/FLMOBSFILMC

1 FORMAT(13A6)

READ IDENTIFICATION

1002 READ 1+ ({IDFNT(T4J)sI=1,13),J=1,4)

a) aNaNa n

CALL CHAINC(D)

CALL CHAIN(Z2)
CALL CHAINI(3)

C IS THIS THE LAST SET OF DATA

READ {54+2) NND
2 FORMATI(2412)
IF {NND) 1001,10024+1001
1001 CONTINUE

C END FOFI 428
CALL EXIT
C
C THE FOLLOWING 170 STATEMENTS ARE USED IN THE UINKS. THEY MUST
C ~_ BE INCLUDED 7O DEFINE FILES
C

T READ 100,LIST
READ (5,100} LIST
PRINT 100,L1SY
WRITE (61007 LIST
100 FORMAT (11}
END :
SENTRY
SLINK FIRST
$IBFTC FIRST  DFCK
C
C READ IN DATA
< _

DIMENSION IDENT(13+4)sVOBS(1B8}sW(18)+Ci6+648)
1Q{6+6)+sDKI14) 4y TEMP(18+14)+Gl6+6+3)sVN(18)sX1(18)s
2ELI69693)19H(E)sF(6596)sVIIB)IVYRILIBB)sXXXT1893) X {181}

T 3TRRUTAWBIsAJTTB+ 1472 DELRKTTIA Vs SUMT {2, BT »AJWITT 4 14T,
HLINEGI1IB)I+ELINIG696+3)sSIGK(14)sSIGV(18),
GKIDENT(3343)sNFAC(3),ID(8By3)

DIMENSION FLMO3S(18).FLMC(18)
COMMON DoELJELINJAJIWNIIC AT G




I~ R

N

r

COMMON /Bl/INsIL IR IMeIHINISPINI o ISCFoIFFCoIWsIBISYMaIDEGANZ LW,
IMPHsNU“ 1B ITERsNEGIMPHT s IHT 9y VAR/B2/VOBS o X+ V/B3/VYRsTKR o XXX s SUMT/

aNalal

2BG/TEMP/BS/G/B6E/ X1+ INEG/BT7/FsHyOK/BB/IDENT+sKIDENT oW IDsNFAC/BY/
3CZ+2M/B10O/SIGK»SIGV/B11/FLMOBS»FLMC

READ MATRIX DIMENSIONS AND CHECK WORDS

READZ s INSsILs IR IMaIHINISPINI s ISCFsIFFCoIWeIBsISYMSIDEGILWsISENT

READ 2+(NFACITI)eI=14NISP)
DO 25 I=1,4NISP

K=NFAC(1)

READ 25(ID(Js1)9J=1,+K)
CONTINUE

FORMAT(2412)

420

[FINIJ4s3.4

NIl=1

GO 10 420

NII=NI

CONTINUE

IF (ISsYM) 1C4,4104,1C5

105

104
106

800

ND=1TL

GO TO 106

ND=IN

IHT=IH+IFFC

IF (IHT) 801,801,800
DO 112 I=1,IHT

a¥aRa

110

READ C MATRICES

CALL READFL (TEMPJNDyND,O)
1F (IsYM) 109,109,110
DO 108 J=1.4IN

108

DO 108 K=1,1IL
ELIN(JsKs21=0N,
DO 108 L=1,1IL
ELIN(JsK 92 =ELIN{JsKy2)+ELIN(IsLs 1 I RTEMP(L 4K}
DO 111 J=1,IN
DO 111 K=1,4IN

111
109

112

TEMP(JsK) =024

00 111 L=1,1L

TEMPU WK )IZTEMP LIS KY+ELIN(Js Lo 2)*ELTN(KsLs1)
DO 112 J=1s1IN

DO 112 X=1,41IN

ClIsK41)=TEMP (JsK)

(a¥alal

801

READ @ MATRIX

CALL READFL (TEMP+INsIM,s1)
DO 107 I=1sIN
DO 107 J=1,1M

107

aEalal

GUT»JISTEMP 1, J]}
DO 152 L=1oNISP

READ G MATRICES

ND=1IN

182

CALL RUEADFL (TEVMP.NDsND.UJ
DO 152 I=1.ND
DO 152 J=1,ND

et o 1l V2TFMP T T W)}



81 FNISP=N]SP
SCF=1l./FNISP

GOTO083

82 XYZ=NISP*ISCF
SCF=ls/XYZ

83 FLN2=5CF
N2=NISP#{IN+IDEG)

O

READ OBSERVFD FRENUFNCIES AND ZFTA CONSTANTS

READ 1. +{VOBS(IVsI=1sN2)
N3=NISP*IN
DO9011I=14N3

901 FLMOBS !I)=(VOBE(I1)/1303,0)%#2

IFUIDEG)I9154915+916
916 KAP=N3+1
DO9121=KAPsN2
912 FLMOBS(1)=vOB5(1)
118 FORMAT (6F10,81)
915 NrBJY=1,4M2

8 WiJl=]le
[FIIW)IBT+513,87

B7 CALL READDM(VNsN2}
DO 89 I=1,N2
IF(VN([)1)88+89,88

88 Wil)=vNI(1)

89 CONTINUE

913 IF(LWI90+90,904

904 IF(LW=11905+9054910

905 DO907I=1.N2

907 WII)=W(I)*]14,C/ABS(FLMOBS(I))
GOTO9N

91N TF{LW=-2)906+906,+9C8

906 D0930I=1.N2

930 W{l)=W(I)1%]1C/FLNMORSI(T1)#%2
GOTO090

908 DO909I=1sN3
IFIVN(I))920,52Cs921

™

920 Will=0Ue0
GOTN9G9
921 W(I)=(B84890445/(VOBS{II®VYN(])) ) %22
909 CONTINUE
IF(IDEG)904+904+918
918 DNI1TI=KAP N2

IF(VNI1119254925,926
925 W(l1=0.0
GOT0O911
926 WI(1)=140/VN(T)®¥2
911 CONTINUE
90 CONTINUE

MPH=IM+]H

N2G=IN%N]SP

MPHT =N H+]IFFC

DO 103 I=1,N2G
103 INEG(I)I=0

a¥ala!

READ TNITTAL FORTE CONSTANTS

DO 77 1=1+MPHT
77 READ T78sDKIT} o (KIDPENT{T9J)sJ=1+3)
78 FORMAT (F10.5+4A6)



LIST INPUT DATA

allala

CALL WINP]
10 CONTINUF
CALL CHNXIT
END
$IBFTC READDM DECK

SUBROUTINE READDM (DslR)

c . :
C READS MASSES IN ATOMIC WEIGHT UNITS AND MODIFIED WEIGHT FACTORS
C

DIMENSION Dt(33),1H(24)

D0 1 I=1,IR

PLI)=0.

READ (543 DHe(IH(1)al=1+24)
FORMAT (Fl2e4842412)

IF(DHI4 4794

4 NN 6 K=],24

IF{IHIKY)I542,45

Y N

S IST=IH(K)
6 D{IST)=DH
GO 10 2
7 RETURN
END
$IBFTC READF', DECK

SUBROUTINE READFL(DsM1sM241X)
C READS MATRICES.

DIMFENSION DU18+14)sTH(15),JH(15)
NOINTI=1,4,M1

DO 10 J=1eM2
10 DilsJ)=0C.
S READ (5+1) DHe(IH{TYsJH{I)sI=1915)
1 FORMAT(E12.8+3012)
IF (DH)243,2
2 DO 6 K=1415

S

TF {(TH{K)})14,5,4
4 I=1H(K)

J=JH(K)
6 DI1+J)=DH

GO TO 5
3 IF1IX)22+23+22

23 D0 20 I=1.M1

DO 20 J=1lsM1

IF (1-J1r 21420421
21 IFID(T+J10111,2U511
11 D(Js1)=D(14+3)
20 CONTINUE

22 RETURN
END
- SIBFTC WTFMP DECK
SUBROUTINE WTEMP {NRsNC)
c : :
C PRINTS UNSYMMETRIC MATRIX(6G+60)

C
DIMENSION TEMP({18,14)
COMMON/B4 / TEHP
INC=1
IL=9



-~

DO 1 I=1,3

IF (NC=JL) 24243

IL=NC

PRINT 4ol JeJ=INCHIL!

FORMAT (1HOW3HI/Js1Ts8I13571H )
DO 7 J=1sNR

PRINT 10sJs ITEMPLJsK I sK=INCHIL)
FORMAT (I3,9F13.8)

SIBFTC WINPI

IF (NC-IL) 54546
INC=INC+9
IL=IL+9

RETURN

END

DECK

1QI6+6)+DKTI14) +TEMP {184 14)90CI15e693)

SUBRCUTINE WINPT

PRINTS INPUT DATA

DIMENSION IDENTU(1394 )1 sNFAC(I3) 4VCBS(1B)awl18)sCibs6s8) s
LibAsEe3 )1 er{B)eFlHebHY

ZVIIB) o X (LB s A T I8y LG s ATA Il Ia s 18I sELIN{B 164312 J0EST 33,3
3,]JD(8Bs3

IMPH NUMB 3 ITER Yy NEFGoMPHT o THT s VER/ B2/ VO3S X e V/BU/TEMP/BS/G/BT/F oH DK

DIMENSION FLYCRS(18)sFLMC{18)
COMMON DsELSELINAIWIICsAULG

COMMON /BLl/INsIL IRy IMeIHINISPINT o ISI=T 9 IFFCalNsIB3ol1SYMyIDEGaN2sL W

1 FORMAT

2/EB/TDENT K INENT o g TN NFAC

COMMON /B11/FLMORS JFLNE

WRITE (6411 (CIDFNT(IsJd)o

{1H1s22Xs13A5/(1H

I=14171,
222X 41346))

J=lsd)

PRINT 7yINsILsIRsIMeyIHWNISPsNToISCFalFFCeTWsItiy I1SYMyIDECHLW

T FORMAT(IHU»GXs IHNsaAX s 1ML 94X s lHARsU4X s 1M a4 X s lHHe2X s 4AN]ISP
13X e 2ANT 02X o 3HSCF 92X o 3HFFCe3X e 1ravin4X o 1HB s 3X »3HSYMe2X
24HIDEGs 2X s 2HLW/ 16,1315)

2 FORMAT

1

PRINT 2
(//770H
FOFI-428 )

ISOTOPE

NO

FACTORS

FACTOR DIMENSIONS

DO 3 I=1sNISP
K=NFAC(T)
PRINT 4ol sKelID(Jel)aJd=14K)

3 CONTINUE

4 FORMAT

(7194114 115,713)

WRITE (64+11)

11 FORMATY

34

{1HJO+ 56Xy SHINPUT/1HG)
PRINT 34

FORMAT (1HO+55Xs1CHG MATRICES)
D0 13 L=1,NISP

DO 14 I=1sIN

DO 14 J=1,IN

14
17

13

TEMP{T +J1=G{TsJsL)
PRINT 17,L

FORMAT (//7753%+12)
CALL WTEMP {INsIN)
CONTINIF

DO 35 I=14IN

a5

36

DO 35 J=T»IM™
TEMP(T+J1=Q( 1,4}
WRITE (6+36)

FORMAT (//7/58Xs1HQ)
CALL WTEMP(IN.IM)



~w

f

o

~~

55

1F (MPHT-IM)
PRINT 138

S6956455

38

-39

FORMAT
DO 37 L=1lsIHT

DO 39 I=1,4IN

DO 39 U=1,IN
TEMP(I+J)2C{IsJsl)
PRINT 40.L

(1H1+55Xs10HC MATRICES)

40 FORMAT (//7/7/59Xs12)
CALL WTEMP(INsIN}

37 CONTINIE

56 WRITE (6+48)

48 FORMAT (1IH1e2H I+49X92HM1 412X 92HNZ2 912X +42HM3 412X s 2HME/ /)
PRINT 417

43 FORMAT (/777770 146X s4HVOES»1UXs1HWs12X s 1HK)

IMAX=AMAXQ(N24+MPHT)
DO 44 l=1,IMAX

M=0

IF (MPHT=1) 45446446
46 PRINT 4791 sVOBSUI s (1 9OK{1I ) otKICENTITeJ)pJ=1s3)
G0 TO 44
45 PRINT a7+, VO0BS(T)sw( )
44 CONTINUF
47 FORMAT (13 4F1lle3sF13ebsF1245%34X4A8)
RFETURN
FRD
SENTRY FIRST B
TLINK T GMAT
$IBFTC GMAT DECK
C
C CALCULATE EIGENVALUES CF G MATRICES
C
DIMENSION IDENTI(13+4) sVCEBSI1IB)ewl1bB)sClb6Es696)
TQRQUE 261 sDKTLILG T2 TEFNPTId»14) s {6903} avNTTIB)XITI8 ),
2EL{BsE2I)sHIE I oF(B2sA)YsVITBIIVYRII848) XXX (1BeB)sX{18}))
FTKR{1498B)4AJ{18 4141 sDFLK T4V 4SUMTLI2,38) 4A0WI 1441410
HINEGEILIB)YSELINIGE 6923 oSTGKI1LYSIGVIIR)
OGKIDFNT(3343) oNFACI3)4ID(84+3)
DIMENSION FLMNBS[18B) FLMC(I1P)
COMMON DaFLoFLINSAJNIIC oA ST
COMMON /B1/INsILs IRy IMyIHWNISPeNT s ISCFoIFFCoIW»IBsISYMZIDEGINZSLW.
IMPHsNUMB s ITERWNEGoMPHT » IHT + VAR/B2/VOBRS s X sV /83/VYRATKR s XXX s SUMT/
2BLU/TEMP/BS/G/BO/X] s INEG/BT/FsHsDK/ZIB/INENTWKIDENT A IDINFAC/BI/
3C2+2M/BlO/SIGKsSIGV/BT11/FLMOBSSFLIMC '
DO 24 I=1sN2
24 VN(I)Y=FLMOBS(I)
DO 33 L=)l,NISP
DO 20 I=1,IN .
-~ DO 20 J=1,IN
= 20 TEMP I +JV=G(1eJdsl)
PRINT 537 nN,L
60N FORMAT (ITHTISOTOPTIC SPECIFESsl4s/ /755X 48BHG MATRIX/ /)
CALL WTEMP({IN,IN)
C
C ETGENVALUES OF G MATRICES BY FACTORED SYMMETRY SPECIES
C
92 I1sC = 0O
DO 151 I=1,IN
NO 151 J=1,IN
AJAIT o J¥=GLIsJslL )
151 EL(IsJsL)=Cs



N=()
INI=IN®*{L-1)
K=eNFACI(L)Y
DO 32 IDX=]14K
IF (IDX=1) 100U+26,27
26 M=1 _
GOT028
27 MaM+ID(IDX-14L)
28 N=N+IDCIDX,L)
LL=L _ ,
CALL SYMAS (AJWJeXIoISCaINTsMeNsLL R
NET=1,
DO 29 J=MeN
JI=J+TINI
DET=DET#*XI(JI])}
NO 29 T=zMuN
29 GULladoL ) =AJNJIT W JIVESQRTIXTI(JI Y)Y
32 PRINT 601+I0XDET
601 FORMAT (//7/30H DETES™MINANT GF G MATRIX ELOCK [ 242H =4F1446)
33 CONTINUF
NZ2G=IN*N]ISP
DO 34 J=14N2C
34 X1(Jy=1e/X10J)
NO 555 1=1,1IN
DO 555 J=z14IN
NN 555 L=1+NISP
555 ELIN{L+JsL)z=N,
1000 CONTINUE
CALL CHNXIT
END
$IBFTC WTEMP DECK ' T
SUBROUTINE WTEMP (NRNC)

”—

C
C PRINTS UNSYMMETRIC MATRIX(6Gs60)
C

DIMFNSION TEMP(18,14)
COMMON/B4L4/TEMP
INC=1
1L=9
DO 1 [=1,+3
IF (INC-IL) 24293
2 TL=NC
3 PRINT 4,tJeJ=INCHIL)
4 FORMAT (1HO+3HI/Js1T7+8113/1H )
DO 7 J=1sNR
T PRINT 10sJs{TEMP(JaK) yK=INCs1IL)
10 FORMAT (13,9F13.8) N o
IF {NC-IL}) 54546
& INC=INC+9
1 IL=1L+9
5 RETURN
END
$IBFTC SYMAS DECK
SUBROUTINE SYMAS (AsZsISCsIN] ¢MMMeNNNsL +G)

a¥a

CALCULATES EIGENVFCTORS AND EIGFNVALUFES OF FACTORED A MATRIX
EIGENVECTQRS (OF GF) ARE STORED IN D(FACTCRED!}»

(aNa!

DIMENSION SL(6+v6¢3)sFLIN{O96s3)3AINII14418),C16,
166814 AJI1E8414)2sQ16+A) 2+ VORSILIBIWXL1BY s VIIB)STEMP(IBa14)X1118) h



o~y

¢

.

5

DIMENSION FLMOBS(18}4FLMC(18)

2INEGU1B)sG(69693)92Z(18)eAl14s]14)eXNITI14s14)

COMMON DsELSELINYAJIWILCyAJSQ

COMMON /Bl/lN'ILolR!IMQIHGNISPONIO[5CF!lFFCoIWoIBIISYMoIDEG!NZOLHg_
IMPHaNUMB o I TERSNEGIMPHT o IHT o VAR/B2/VOBS o X s V/BG/TEMP/BE /XTI s INEG

COMMON /B11/FLMOBSFLNMC
LL=L
Mx=MMM

142

N=NNN
IFLISCILta0

CHECK FOR (1x1) SPFCIES
IFIN-M} 14541424145
INM=INT+M
ZUINMYSG(MeMyLL I HA(MyM) UG (M A,LL)

143

144

IF (ZCINM)IT 143s146,10a
NEG=NFG+1

INEGI{NEG)=NM

ZUINMY==Z(INM]

FLMCOINMY=Z (INY)
XCINMY=FLMCUINVMI-FLYT 511NV

145

FLIMaMoLLY=G( "9 MyLL)
FLINIMeMyE L ) =14 /EL{MeM,aLL)
RFTURN

DO 2 1=M,N

DO 2 Jd=MsN

EL{TsJslLV=0,

DO 2 K=MyN

ELCT ool =EL 1T o )elL)+A(T+K)®GIKyJ,yLL)
DO 3 I=MsN

DO 3 J=MuN

A{lovJ)=0a

DO 3 K=M,N

aNala

AT sd)=Al 4 ) +GIKs s LLI¥EL (K JoLL)
A IS NOW (GTRANSPOSEI(F)I(G) WHERE
AFTER STATEMENT ND. 22,
CALCULATE EIGENVALUES -
IFIN-M154645
INM=INI+M

IS

NEFINFD IN MAIN PRIGRAM

101

ZUINMI=A(NMgM]
AlMsMI=].
RETURN

E=0,

DO 101 I=MuN
EcE4ARS(A(IL,1))

104

R=N=M4]

EzE/(54%R)

DO 102 [=MuN

DO 102 J=MuN
IFI1-J)103,1044+103
XNIT(I+Ji=1,

103
102
105

GO 1O 102
XNIT(1+J)=0.
CONTINUE
M2=M+1

DO 106 J=M2,N
L=J-1

126
125

Do 106 1=%,L

IF (ARSIA(T+J1I-F) 106410864126
IFTACT«IV~A(Jsd)I1NT51254,107
QXz=A(1,J)

GO TO 109



107

AX=A{T2J) /712 {AL]])=A(JsI)))
IF (ABSIGX)-0Ua4%1421) 108,109 1U9

108

109

S22.%QX/ L1+ {QX*QX )
CO=(1e=(QX®QAX) )/ (1a+(QX*OX))
GO TO 110

£§=,70710678

CO=,70710678
1F{Ox)111,110,110

111
11n

Sa-S

CC=CanCO

SS=5*s

CS=CORS

QOX=A(] o I H(CC-SSI+CSHALIWJY=A(1s]))
ReA(]2yIV*CCHAT T JIH35424%C3%A(14J)

AlJsJ)I=SSHA (T 1 +CCHALI I ~12a%CSRA{]vJ))
A{ls+J)=QX

Alls1)=R

AlJsld=A(],sU)

RO 112 KzM,N

IFIK=1)1124114,117

[FIK=J)11154114411%

R=A[] +K)®CO+A[JyK ) *S
A(JoKI=A(JoKIHCO=-A(T ) %5
AtKeJI=AL LK)

A{l+K)=R

AlKsl }=A{14+K)}

T14

112
106

RaXNTTIKy T T ¥CO+XNIT{K s JT¥5

XNITUK o JI=XNITIK o JI¥CO-XNIT(KWI1%5
XNIT(K,1}1=R

CONTINUE

DO 116 J=M2,4N

L=J-1

116

118

DO 1146 1=My

IF {(ABSILAlLLl+J))=F) 11691164105
CONTINUE
IF(E-1.0F-010}1174117+118
F=E/10.

GO 70 105

117

119

DO 119 I=MeN
INTI=INTI+I
ZUINIL)I=AL]s 1}

DO 119 J=M,N
A(ToJI=XNIT(I )
IF(18C)11204,122,120

120

140

DC 121 [I=MuN

INTTI=INT+I

IF CZCINII)) 14041410161
ZUINID)==2(INII)
NEG=NEG+1

INEGUINTT) =1

141

FLMC(INIDY=Z(INTI
DO 121 J=MsN
TEMP(1sJ)=0
EL(TsJsLL=0,

DO 121 K=MuN
INK=INT+K

121

TEMP T+ JY=TEMPIT + JT+ATK,TIY®XTITNRKI*GTJ.Ks LT
EL{T oo LL)=ELCT o JoLL)+G{TsKsLL)I*¥A(K»J]

EL IS NOw THE MATRIX OF EIGENVECTORS OF GF.,.
DO 135 J=MN

DO 135 I=MsN



KeINT + 1]
IF (I=-N) 139,135,135

139 TFIFLMC(KI—FLMC(K+117137,135,135
137 R=FLMC(K)
FLMC{K)=FLMC(K+1) BN
FLMC(K+1)=R
IT=INEG(K)
INEGIK ) = INEG(K+1])

INEG{K+1)=1IT

DO 138 L=WVyN
R=EL(LslsLL)
FL{LoloLL)I=EL (LI +YWLL)
ELILsI+1sbL)=F
R=TEMP(I,L)

TEMP(1lsL)=TEMP(I+14L)
128 TEMP{I+1,L)=R
135 X{K}=F.MC(K)=-FLMCBS(K)
D136 [=VeN
DO136 J=MeN
136 ELIN(I»JoLLI=TEVP(T,J)

7y

122 IETURN
END
SENTRY GMAT
SLINK LAST
$IRFTC LAST NECK
C

C DO ITERATIONS
C
DIMENSION TDENT(13+4) +VOBS(18)s4{181+C{636981) i
1Q(6+6)sDKU14) s TEMP(18s14)9G{6+6s3)aVNILbIaXI(18)
2EL {61693 9HIG)IsF (65 sVI1IB)sVYRII1IB+8) s XXXTI1898)ex(181)y
ATKR(1498)9AJ( 18914 ) sDELKIT14)sSUMTI28) «AJHI(14414)

GINEGUIBI »ELTN (69637 STGKT14),51GY (18,
GKIDENTI33,3)NFAC121,1D18,43)

DIMENSION FLMOBS(18)sFLMC(18)

COMMON DoELSLINSJAINSZCea U0

COMVON /B1/INsIL IRy IMyIHSNISP NI s ISCF 4 IFFCosIWsIBsISYMIIDEGeNZ2 el Wy
IMPHsNUMB 3 ITERsNEGsMPHT » [HT s VAR/BZ2/V0B5+ X s V/B3/VYRITKR$ XXXy SUMT/

N

2B4/TEMP/B5/G/B6/XT s INFEG/UBT/FsHsDK/2E/IDFNT 4K IDENT 7o IDyNFAC/BY/
3C2+2M/810/516KSIGY/BLL/FLMOBS,,FLMC

START ITERATION

aXala!

IF (N1) 4,4,3,4

3 NIT=1

GO TO 5
NII=NI
ISENT=1
ITER=-1
JCOUNT=1

[

DOTZ2ITERX=1,.NI11

DO 70 KOUNT=1sICOUNT
NUMB=KOUNT
ITER=ITER+]

DO 35 I=14IN

Ht1)=C.,

0O 135 J=1,1IM
3% H(I)=sH{T) + QUIsJ)*DK(J)
CALL FCAaLC]
NN 31 I=1,IN
DO 31 J=1,IN



\

(’.\

31

TEMP{1leJ)aF( 14 J)
IFCLITER)ILI00O3E927

36
- 602

37
603
38

WRITE (6+602)

FORMAT(1H1+51Xs164INITIAL F MATRIX/1H )

GOTO38

WRITE (6+603) ITER

FORMAT(1H1s48X+22HF MATRIX FOR ITERATIONsI13/1H )
CALL WTEMP(IN+IN)

NEG=D

DO 30 L=1,NISP )
Van

N=0

INI=IN*(L=-1)

K=NFAC(L)

40

41
42

DO 45 [DX=19K

IF (ID0X=1) 100U+40.41
M=1 '

6GOTO42
M=M+ID({IDX~-14sL)
N=N+ID(IDX,L )

43

45

DX 473 1=MyN

RO 47 J=MyN

AOWI(Te NV=FL1,J)

Lt =L

CALL SYMAS (AJUNJsXsINsINTsMsNsLLsG)
CONT [NUE

30

932
853

CONTINULE

IF(ISENT)9314+931,932

WRITE (6.+853) ITER
FORMAT(2BHOEIGENVECTORS FROM [TERATIONT4)
DOB54K=14sNISP

DO8541=1,4IN

854
855

- 931
76

610

WRITE (6+855) {EL(IsJaK)y J=1s1N)
FORMAT(IHNINFI1.5)

IFINEG) 76046476

CALL =NUOUT

PRINT 6104NEG

FORMAT (1HOs13+24H NFGATIVF EIGFNVALUFS =-/1HO)

122
123
121

N2G=IN®#N]SP

DO 121 1 = 1sN26

IF (INEG(I)) 12241214122
PRINT 123»1

FCRMAT (I119)

CONTINUE

46

47

GO TO 1000

N3=NISP#*[N

DO4TI=1sN3

VYR{T+KOUNT)=1303,C%SQRT(FLMC(I))
XXX(IoKOUNTI=1303,C*(SQRT(FLMC(T})I~SQRT(FLMOBSt(T)))
IFLIDEG)950595uU9960

960

965
950

KAP=N3+]
DO9651=KAP N2

VYRITI »XOUNT)=FLMCI( ]}
XXX(T»KOUNT }=X(])
DO4BI=14MPHT

TKREI 4XKQUNTI=DKI{])

CALCULATE JACNB1AN (AJ) FROM EIGEFNVECTOPRS

NO 50 1=1,N2
DO 5C JslsMPHT



)

~

50 AJU(1+J)=0, _
DO 51 '.=1,N]SP

Ma((~1)#%]N+l

N=M+IN-1

CALL EIGJAC (MsNyL)
51 CONTINUE

CALL WNUOUT (AVE)
97 DO 55 I=1,N2

Yi=0.
NO 54 J=]l4MPHT
TEMPIL» )ALl o J) XKUY /FLMCL])
54 Y1=Y1+ABS(TEMP(1,3))
D0550=1+MPHT
55 TEMP(I 2 J1=TEMP(l+JI®*]10UCe07Y1

TFCITER)IDT 953457
53 PRINT /05
605 CORMAT (///7/729X+29HPOTENTIAL FMERGY DPISTRIBUTION,
932H ~ CONTRIBUTION CF K(J) TO NU(IY/Z1H
CALL WTEMP(NZ,MPHT)
57 DN 98 T=1,N2

DO 98 Js1eMPHT
98 TEMP(IsJ)=AU(]+J)
WRITE (6+604) [TER
€04 FCRMAT(1H1+47X+23HJACOBIAN FROM TTERATIONSI3/1H )
CALL WTEMP(N2,MPHT)
IF(AVE-1G04120192314200

200 WRITE (6+202)

202 FORMAT(66H CALCULATION TERMINATED BECAUSE AVERAGE ERROR EXCEDES 1
10 PER CENT)
GO TO 1000

TRANSPOSE JACOBIAN AND FORM (JTRANSPOSF)(WILJ)INVERSE AS XNIT

allala

201 DO 58 I=1,M2

’ DO 58 J=1.MPH

58 TEMP(I+J)=W{I)I*AJ(14J)
DO 59 I=1sMPH
DO 59 J=1yMPH

AJAJ(]+J)=D,
DO 59 K=1sN2

59 AJWJI(I »JI=AJWI(T s JI+AJ(KSTI*TEMP(KyJ])
IF(ISENT)1932,932,934

934 WRITE (6+856) ITER

856 FCRMAT(22HCMATRIX FROM ITFRATIONI4

DO 456 I=1,MPH

o 456 WRITE 16+855) (AJWJIIIsJ)s J=1,MPH)

933 PROD=1.0
00 119 I1=1,MPH

119 PROD=PROD*AJWI(]1)
WRITE (6+615) PROD

615 FORMAY (THC 248X IGHATT s 1T %% ¥ AN, NI =4E1T1.2)
NERQR=D
CALLINVERT(AJNJ s MPHs 1o OE-C34NFERDOR+DETHPROD)
IFLISENT)935,49335,936

936 WRITE (64857} ITER

857 FORMAT(3CHUINVERSE MATRIX FROM ITERATIONIG)
DOBSBT=1 +MPH

858 WRITE (6+855) (AJWJlIlsJ)s J=1,MPH}

935 CONTINUE
WRITE (6412C) PRCD

120 FORMAT (IHO 246X s 24HDET(AYV/A[1 1) ¥ ¥AINGN) =43E1142)




o .

N

¥

63

IFINEROR)75+63+75
DO 64 1=1sN2

64
606

65

IF (ABSUIFLMCUI)=-VYNII)I/FIMC(])Y=-4,0001)
CONTINUE

WRITE (6+606)

FCRMAT(1HO 446X+ 2THTHIS IS THE FINAL JACCBIANG)
GOT073

DO 66 I=1.N2

6LebG6S

66

&7

VNET)y=FLMC(I)

DO 67 I=1,.MPh

DO 67 J=1,N2

TEMP(Js1)=2,

DO 67 K=]1sMPH

TEMP I 2 1) =TEMP(Je I V4AINIIT 3K ) #ATI DK ) * W (J)

68
69

DO 69 I=1sMPH

NDELK(1)=0.

D0 68 J=1.N2
DELK(I)=DELK(TI=TFNMPIJS 1) *(FLMCUJI=FLMOBSI(I))
DK(I)=DK (1) +DFLK(])

IFCISENT)ITC 9 77a937

937
geu

859
70

WRITE {6+860) ITER
FORMAT(32H.PARAMETER INCREYENTS,
NO8591=1 MPH
WRITE (64+855)
CONTINUE
IFIN]I)991+9%21496N

ITERATIONTG)

DELK(I)

990

71

ICCUNT=8
ICOUNT=8

M=z TER-NUMB+1
CALL Suw~vs
IF{ITFR1IT14724+71
CALL WDKNUX({M)

12

CONTINUF
DO 56 I=1sMPH

56 DK(I1)»=DL{I)-DELK(1I}
VAR=SUMT (2 NUMB)
CALL STAT ' i
991 WRITE (64607}
607 FORMﬁT (////IUX'ZQHDID NOT CDNV?RGF.........I..Q,
GOT01700
73 CALL SuMs

M=]TER-NUMB+1]
CALL WDXNUX(M)
VAR=SUMT (2 4 NUMT)

74
608

75
609

CALL STAT

WRITE (6+608)

FORMAT (////1CX'29HEND OF CASE...-...-.tooooo-on)
GOTO01000

WRITE (6+609)

FORMAT(32H NC INVERSE EXISTS FOR THIS CASE)

1000

_ SIBFTC SUMS

CONTINUE

CALL CHNXIT

END '
DECK
SUBROUTINE SuUMS

c
C CACTULATES AVERAGE PER CENT CRROR ANF VARTAKNCE

C

DIMENSION VOBS(18)4X(18)sVI(18)sVYR(1848)sXXX(18481+4TKR(1448)

1SUMTI2+8) s IDERTI1394) oKIDENTI3353)yWi2B)»ID(B8s3)4sNFAC(3)

ATMFNSTON FIMORSE18) oFLMC(18)



® w

-~

COMMON /B1/INaILsIRsIMeIHINISP NI o ISCF oW IFFCaIWsIBaISYMIINFGIN2 LW
IMPHyNUMB o ITER o NFGaMPHT o [HT o VAR/RZ2/VOBS o X s V/BIA/VYRWTKR e XXX 9 SUMT

2/B8/IDENT+KIDENT eWsIDsNFAC
COMMON /B11/FLMOBSsFLMC
N3=NISP®IN

KAP=N3+1

XN=N2

DO 1 1=1,NUME

SUM1=0,

SUM2=0,

DO 2 J=14N3

SUM1=SUML+ABSIXXX{Js 11 /VOBS{JY)
SUM2=SUMZ+N(JY R (VYRIJ 11 #%2-VORS(J1*¥%#2)/]1302,N%%2)%¥2
IFCIDEG)IS5+544

[ RN L VS ]

DO3J=KAP4N2
SUM1=SUMI+ARS{ XXX {Jsy [V /VOBS(JI))
SUM2=SUMZ+N (JIRXXX(Jal 1 #%2
SUMT(1,1)1=SUMI*]1004/XN
SUMT {2, )=5UM2

RETURN

$IBFT

C

END
C INVERT DECK

SUBROUTINE INVERT{AWNWEPSINERORSDELTAHWPROD!
MATRIX INVERSICN BY GAUSS-JCORDAN ELIHINATICN
DIMENSION A(14+14148{1419C{14)sL2014)
NFLTA=,D

NEROR=D

DO 10 J=1,N
L2ZtJdy=J

DO 20 I=1,.N
K=1
Y=A(1.1)

11

L=l~1

LP=1+1

IFIN-LP)14,11,11

DO 13 J=LPsN

H=A(I'J)

IF (ABS{W)-ABSI(Y}) 13,413,12

12

13
14

K=J

Y=y

CONTINUFE
DELTA=DELTA#Y
DO 15 J=1,N
ClJI=ATJWK)

15

ACJSKT=ATJ.T)
AldsI)==ClJ) /Y
AtlsJY=A(lsJrrY
BtJi=a{1,J!
A(lsl1=1eCryY
J=LZ(I}

16

LZt1)y=L2(K)
1tz2e1=J

DO 19 K=1.M
IF(I-X1156,19,16
DO 18 J=1,N
IF(I=-J117+18417

17
18
19
2n

A(K s JI=A(K» JI-BLJI¥CTIY)
CONTINUE
CONTINUE
CONTINUE

LR T TE f2 1Y NEITA



X 1 FORMAT {1HO 46X s THOET(A)e4E1142)
PROD=DELTA/PRCD

WRITF (64120) PRON
C 120 FORMAT (1HO 46X 9 24HDET(AI/A(] 11 %8 RAINGN) =,E1142)
IF (ABS({PROD)-EPS) B80+80,81
80 NEROR=1
GO TO 82
81 DO 200 I=],N

N

IF(I-LZ(I))100+200+1G0
100 K=1+1
IF(I=N)B00+220,20C0
BON DO SNN JzK N
IFCI=-LZ(J1)500+670,500
600 M=LZ2{1)

LZ{1y=L2Z2(J)
L?2(J))=w
DELTA=-DELTA
DO TJUu L=1sN
ClL)=A(1+L)
AllsL)I=A[JdsL)

700 AtJ.L)=CHL)
500 CONTINUE
200 CONTINUF
82 RETURN
END
$ISFTC FCALCI DFCx

SUBRDUTINE FCALC]
c
C CALCULATES F MATRIX FROY Qs DKe AND C MATRICES
C
{ DIMENSION F(6+s6)sH{6) Q0 (6961 9C(6s6+61 s
' 1EL{GsEs3 ) sZLIN{AE6+3) A1 18s14)4a0nJl14,14)sDK(14)

COMMON DsELsELINSAJNISCsASWG

COMMON /Bl/lN’lL’IR'IM’IH’NISPQNI.ISCF’[FFCD[N’IB!ISYMIIDEG’N2’LW’7

IMPHINUMB s ITERSNEGsMPHT o IHT + VAP/RT7/F oH oK
NO &6 I=1,1IN

: DO 6 J=14IN
FitlsJ)s0.

IF(I-J12+s142
FITsJ)=F(lsJd}+H{ )
IF (MPHT-IM) 636457
DO 3 K=1,14T
{ IMK=]IM+K
3 FUI v d)=F11sJ)+CU1 s eK)%DK (IMK)

-~ N\ -

~

6 CONTINUE
RETURN
END
SIBFTC WTEMP DFCK
( S SUBROUTINE WTEYP (NRsNC)

-
[

C
C PRINTS UNSYMMETRIC WMWATRIX(ET +6T)
c

DIMENSION TEMP(184+14)
COMMON/B4/TEMP

r o TTINC=1 ’ o ST -
IL=9

DO T T=1,3
r IF (INC-IL) 25243
2 IL=NC '
3 PRINT 4e(JeJ=INCyIL}
& FORMAT (1HOL3HE/Je1T7,8113,/1H )

-~ _



® DO 7 J=1sNR
7 PRINT 109Js (TEMP{JsK) oK=INCHIL}

10 FORMAT (13,9F13.8)
b 4 IF (NC-IL) 54546
6 INC=INC+9
T IL=1L+9 ) ] ]
C % RETURN
END

SIBFTC WNUX DECK
SUBROUTINF WNUX [ AsSUMT sM4KC)

c :
C PRINTS NU AND X COLUIYNS AFTER FACH SFT OF FIGHT ITFRATIONS
C

DIMENSION A(18+8)4SUMTI2+8)4VOBS(1R)s¥[18),4V(18)

DIMENSION FLMOAS({1BIi+FLMC(18)
COMMON /BLl/ZINsILsIRsIMyTHANISP oNT o [SCF o IFFC el Wy IBsTSYMIIDEGINZIL A
IMPH o NUME s ITERSNEG o ¥PAT s IMT 3y VAR/B2/VOr e X V
COMMON /BL1/FLMORSWFLMC
X JO=0
WRITE (601 (JJJs JJI=VSITER) s JD

1 FORMAT(1HOs111s811371H )

f NN 2 JN=],4N2
4 PRINT 2 JDs (A {JDsK) o K=T14NUMBY 4ynBS(JN]
3 CONTINUF

( 2 FORMATI(IH 41249F13,5)

TFIXC19,410,9

9 WRITE (6,11)
1 FORMAT(1HG 45X+ 2THPER CENT ERROR AND VARIANCE)
DO 12 JD=1s2 ‘
12 WRITE (691860 JDs {SUMTLJUDeK)s K=1sNUV3)
i 16 FORMAT(1H ,12,8F13,7)
10 RETURN

1

END
(. SIRFTC WDKNUX DECK
SUBROUTINE WOKNUX (%) : o

e _

{ C PRINTS Ks NUs AND X COLUMNS AFTER EACH SFT OF EICHT I[TERATIONS.
C CALLS SUBROUTINES WDK+AND WNUY
C

4 DIMENSION VYR(138s8)sXXX(18+81sTKR(14+8)s5UMT{2,8)

COMMON /Bl1/INsILsIRsIMaIHINISP NI+ ISCFoIFFCelvsIlsISYMyIDEGsN2sL Wy
IMPHINUMB s ITERWNEGsVPHT s IHT s VAR/BI/VYR s TKR e XXX s SUMT

C WRITE (6s449) My ITER : oo
449 FORMATI(1H1,+39%»25HK COLUMNS FROM ITERATIONS+13,3H THROUGH,13)
CALL WDK(M)

WRITE (6+450) My TTFR
450 FORMAT (//7/734X9s19HNUS FROM ITERATIONS+I13s8H THROUGH I3,
) 917H PLUS NU OBSERVED) _ N} -
{ KC=0
: CALL ¥WMNUX(IVYRsSUMT ¢M,4KC )

WRITE (646511 Ms ITER
: 451 FORMAT (////18Xs45HX(NU CALCe - NU OBS.) COLUMNS FRGM ITERATIONS,
B 91398H THROUGHs I3,24H FOLLOWED £Y NU OZSERVED) ’

KC=1
) T CALL WNUXIXXXsSUMT 4M4KC) i
RETURN
END
$IBFTC wWDK DECK
SUBROUTINE WDK (M) -
C
C PRINTS K COLUMNS AFTER EACH SET OF EIGHT ITERATIONS —

S E———



DIMENSION VYR(18+8) sXXX(18+8)9TKR(14+8)9s5UMT (248}

COMMON /B1/INsT1Ls IRs Mo IHWNISPsNT v ISCFoIFFCo Wy [EsISYMsIDEGINZsLW o
1MPHsNUMB s ITER s NEGaMPHT o THT s VAR/B3/VYR s TKR o XXX SUMT

WRITE (6,1)
WRITE (694)
DO 3 JD=1,MPHT

WRITE (6+2) JDe (TR D)y

{Js J=M,ITER)

K=],N/MB)

FORMAT(1HOs111+7114)
FORMAT(1H +12+8F14,7)
FCRMAT(1H )

RETURN

END

$IBFTC SYMAS DECK

~
&N o

SUBROUTINE SYMAS

(AsC s ISCeINT oMM“MaNNNsL 90

C
C CALCULATES EIGENVFCTORS AND EIGFNVALUES OF FACTORED A MATRIX
C (CORRESPONDING TO G CR GFle EINTNVALUES ARE STORED IN Z AND
C EIGENVECTORS (OF GF) ARE STORFND IN D{(FACTORED),
C
DIMENSION CLIGsEe2) oELINIG6sBs I oAl 14418 4C(6,
{ 16813 AJI18e14)sGLAAY«VCRSI1IB T eX{ TP VI18) 3 TEME(TIR,14),XT1{18),
2INEGCIYI V) oG {6022 ) o2 (1B 81105 14)xXMNITI14,14) )
DIMENSION FLMOBSIL1B8) FLVCU1B)
< COMMON DsELIELINsAJWICsAIG o
COMMON /Bl1/7INsILsIRsIMyIHINISP NI o ISCF 3 IFFCsIWelBsISYMWIDEGINZ WLV
IMPHaNUMB s ITERsNE G MPAT s IRT o VAR/D2/VC0S e X e V/B4/TENP /B0 /7XT 2 [NEG
“ COMMON /B11/FLMCBS»FLVC
LL=L " )
M=MMiA
N=NNN -
ITFLISC)I1sb,y]
C CHECK FOR (1x1) SPFCIFS
1 IFIN=-V]145,142,5145
142 INM=[NI+M '
ZOINMI=QIMaMaLL I FA(MGMIFG(Mat L)
IF (Z{INM)) 14351444144 -
163 NEG=NFG+1]
INEG{(NEG)Y=TNM
ZIINMYI==Z (INM)
144 FLMC(INMI=Z (INM])
XTINMI=FLMC{INM)-FLMOBS(IAM)
EL{MyMoLL)=G(MsMsLL) )
ELIN(MsMsLL)=1a/EL(MeMaLL)
"RFTURN
145 DO 2 [=M4N
DO 2 J=MeN )
EL{I+JsLL)I=C,
r ' DO 2 K=MuN ‘ o
2 ELUToJollL)I=EL{TladsLL)+A{TKI*¥GIKyJyLL)
00 3 TI=MsN
- DO 3 J=MuN
o ' AtleJ)=0. B -
DO 3 K=MsN

3 A(L e II=AL] sV +GIK T LLI*EL(KsJsLL)
A IS5 NOW (GTRANSPCSE)(F)(C) WHERE G

IS DEFINED IN MAIN PROGRAM

C
C AFTFR STATFMFNT NN, 32.
C CALCULATE EIGENVALUES -~
4 TFIN-M)5,46,45
6 INM=[NI+M
7 ZUINM)=A(MsM)

e,



£y

L

A(MsMI=1s
RETURN

5 E=0e
DO 101 I=M,N
101 F=E+ARS(A(T,1))
RaN-M+1
E=E/{(5.%R)
DO 102 I=M4N

DO 102 J=M,N
IF(I=-J1103,104,103
104 XNIT(IeJ)=1.
GO Y0 102
103 XNIT(Il+J)=00
102 CONTINUE

105 M2=M+]

DO 106 J=M2s+N

L=J~-1

Ne 106 =Vl

IF (ABS(A(IsJ1)=F1 1M641064126
126 TFLA(T 1Y =A(JaJ)VT1NT L1068 ,¥N7

125 QXx=A(1+J)
GO TN 109

107 OX=A{IsJ) /(2% (AT l=ACUsd) )]
IF (ABS{QX)=-0,41421) 1054+,109,109

108 S$=2.%QX/(1e+(QX*QX))
CO=Z()e—(QXHQX ) )/ {1+ (0LXAQX )Y

GO T0 110
109 $=.70710678
CO=,70710678
IF{OX1111+1104110
1 S=-¢
0 CC=CO*CO

=
]

SS=5#S

CS=CO#*§ '

OXzALTI 2D H(CC=SSI+CSR{A(JW»JI=ALT»I))
R=A{I+1)MCCH+A{J9 ) ¥SSH+2.%CS*A1] L)
A(JsJ)I=SSHA(T 1) +CCRA{ I J)—(24%CS*A(]4J))
All»J)=QX

A(lsl)=R

A(Js1)=A(1+J)

DO 112 K=MseN

IFIK-11113,114,113
113 IF(K-J)115,114,115
115 R=A(1.K)*¥CO+A{JaK)*S

ATJWRT=ATJKY*¥CO-ATT,KT¥*5
AtKeJ)=A{JsK)
A(T.K)=R
A(KsI1=A(T4K)
114 R=XNIT(KsII*CCHXNIT(KsJ)*S
XNITIK s JI=XNITIK2JI*CO-XNITIK ) ®S

112 XNIT(Ks1)=R
106 CONTINUE
DC 116 J=MZsN
L=J-1
DC 116 I=M,L ' ' B
IF (ABS{A(1+J))=-E) 1164116,105

116 CTORTINUE
IF(E~1.,0E-0101)117,+4117+118
118 E=E/10.
GO TO 105
117 PO 119 [=MsN

e —



~

Pt ¥

™

INII=INI+]
ZUINIT)=At]s1)

DO 119 J=MuN
119 A{(l +J)=XNIT{(I,J)
IF(ISCY12041224120
12n DO 121 TI=M,N
INII=INI+I]
IF (Z(INTI)) 1404141,141

140 ZUINII)==Z(INID)
NEG=NEG+1
INEG(INTII)=1

141 FLMCUINII)=Z(INID)
DO 121 J=M,yN
TEMP(14J1=0

EL(IsJoLLL =00
DO 121 X =M\
INK=INT+K
TEMP LT g J)Y=TEMP {1 o J)+A(KsTIRYT(INRKI*C[JeKolLL)
12) EL(I ool )=EL T ool ) +G{ T ek LL)INA(K )
C EL IS NOW THFE WATRIX OF FIGFNVECTORS OF GFa.

DO 135 =M

DO 135 [=M,N

K=INI + 1

IF (I-N) 139,135,135
139 IF(FLMO(K)=-FLMC(K+1)1137,135,135
137 R=FLMC{K)

FLMC(KY=FLMC{K+1)
FLMCIK+1)=R
IT=INEG(K)
INEGIK)}=INFG{K+])
INEG(K+11=1IT

DO 138 L=MsN

R=FL(tLsTolLL)

EL(LolosLLISELCLeT+1sLL)

EL(LsT+1,4LLYI=R

R=TEMP(IsL]

TEMP(1sL)=TEMP({T+1,L}
138 TEMP{I+1,L)=R

135 X(K)=FLMO(K)=FLMOAS(K)
DO136 I=MsN
DO136 J=MsN
136 ELIN(TI +JsLLI=TENMP(I4J)
WRITE {64+200) ITER
200 FORMAT (26HELIN MATRIX FROM ITERATION.I&)

DC 201 I=MsN
201 WRITE (6+2C2) (ELINCLsJsLL) s J=M,yN)
202 FORMAY (1H0+10F11.5)
122 RETURN
END
$IBFTC WNUOUT DECK

SUBROUTINE WNUOUT (AVE)

C
C ‘ WRITES NU OBSes NU CALCas Xy PCTs. ERRORy K AFTER EACH ITERATION
C .
DIMENSINN VORS({18)9X(1B)sVIIBIsFIBs6)sHIA)sDK(14), T
1IDENT(1344) yKIDENT(3343)sW(18)sID(84+3)¢NFACI(3)
— —  DIMERSTINON FLMOESUTIBIL.FLPCI(TE]

COMMON /B81/INsILsIReIMsIHINISPoNI s ISCFoIFFCsiWsIBoISYMZIDEGIN2 LW
IMPHsNUMB» ITERSNEGsMPAT s IHT o VAR/B2/VOBS s X s V/BT/FesHDK/B8/I1DENT »
ZKIDENTsWe IDsNFAC

COMMON /B1ll1/FLNMOBSsFLMC

o



] N3=N]SP#IN
DO10l=1,4N3
VII)I=1303,085QRTIFLMCL(I )
. 10 XU11=2130%0%{SQRTIFLMCITII )Y =SQRT(FLMCOBS(TI )
NG=N3I+1
DO11I=N4 N2 _ ) _ o o L
¢ 11 v(I)=FLMC(]) ‘
WRITE {(6s1) ITER
1 FORMAT (///7735Xs16HITERATION NUMBERsI3)
( WRITE {(64+2) i
2 FORMAT{1HO+3HNO 93X s THNU OBSe s 7X+BHNU CALCe 95X sBHUDELTA NU»
94X 10HPCTe ERRORS 12X+ IHNOG»SX o IHK/1IH )
 AVE=0,
DO 3 1=1.MPHT
PCT=X( #1004, /VORS( ]}
PRINT 441 3YNAS{TIN gVIT ) aXITYsPCT ol ol ITY Y (KIDENTI(] o)) sJ=1,7)
3 AVE=AVS+ABS(PCT)
4 FORMAT (1H 212¢F1342393F13a5912X012+sF13.T7e2X4A8)
< IF (N2=MPHT) 74745
5 [1=MPHT+1
DO &6 I=11sN2
PCT=X{1)*®100«/VOBS(])
WRITE (6s4) 1y vOBSII)s VUIIYs X{IVse PCT
AVE=AVE+ABS(PCT)
FN2=N2
AVE=zAVE/FN2
WRITE (64,8} AVE
¢ 8 FORMAT(1HO+15HAVERAGE ERRCR =4F1045+94 PER CENT)
RFTURN
END
( $IRFTC EIGJUAC D=CK
SUBROUTINE EIGJAC (I1sIEsL)

(4

]

~ N

d
(. C CALCULATES FREQUENCY JACOBIAN FROM EIGENVECTORS
C
DIMENSICON FLIGs6 93 sELINIEs63 )4 AWII14414)
< 1CL63698BYsAJ( 1821410006961+ VOEBS(18)+X(181sVI(]18)
DIMENSION FLMOBS{18)sFLMC(18B)
COMMON Dy FLsEL TN AIWIT (AT Q
COMMON /B1/INsILs IR IMeTIH I NISP NI o ISCF o IFFC o IWs IR ISYMIDEGeNZ2sL Wy
IMPH G NUMB s ITER Gy NEGsMPHT s IHT 3 VAR/32/V0O3S54X sV '
COMMON /B1l1/FLMOBSFLMC
{ ' - 16=0
DO 2 1I=11,1E
16=1G+1
DO 2 J=1,IM
DO 2 K=1,yIH
2 AJUT4J)=AJ{T s ) +ELIK s IGyLI*EL (K IG,L)*C(KsJ)
{ IF(MPHT-IM)100uU»s130C+3
3 IG=0
NO 9 I=11sIE
4 IG=16(41
DO 9 K=1,IN
DO 9 [P=1,IN
{ ' DO 9 J=1sIHT
IMU=IM+J
G AJ{T 2 ITMIT=AJTT s TMITHEL TRy TG, LIRELTTIPIGLLY*T(KH» P+ J)
{ 1000 RETURN
END
$IRFTC STAT DECK
SUBROUTINE STAT

I

™y

N




N

(b

c .
¢ CALCULATES AND PRINTS STATISTICAL ANALYSTS OF FINAL RESULTS
C .
 DIMENSION EL(6+693)sELIN(E3693)+sC(69698)
1AUWJI(14014) 9AJ(18+14)sQ(69612VOBS(18)sX(18)4VI1B)»TEMP(18,14)s |
2F(696)sHI6) pDKI164) o IDENT (1334 ) 9KIDENTI3303) 4W(181)»
3IDI8s3) sNFACI3) sSIGK{14)+SIGV (18 - ST T
DLAENSION FLMOBS(18)+FLMC(16)
DIMENSION VYR(1E8+8)osTKR{1A2sE) o XXX{18+8)+SUMT{2+8)
COMMON DsELSELINIAJIWILCyATLQ _
COMMON /Bl/INsILsIRsIMyIHINISPoNI s ISCF2IFFCoIWaIBsISYMeIDEGINsLWy
IMPHsNUMB s ITERWNEGsMPHT ¢ IHT 4 VAR/B2/VOBS 4 XsV/B4/TEMP/BT/F sH DK
2/B8/7IDENTsKIDENTsWs IDsNFAC/B1C/SIGKSIGY
COMMON /B11/FLVMORSFLMC
COMYON /B3/VYRsIKR¢XXX3GL VT
'q
C PRINT EIGENVECTORS
C
PRINT 15
15 FORMAT (1H1s54Xs10HL MATRICES)
DO 1 L=1sNISP
PRINT 2,L
2 FORMAT (//7/7/759%412)
DO 3 1=14IN )
DO 3 J=1,IN o
3 TEMP(TsJI=ELIT4JsL)
CALL WTEMP(INsI™N)
1 CONTINJE L
q
C POTENTIAL ENERGY DISTRIGUTICN
C
18 DO 24 T=1.N2
Y1=0.
DO 23 J=1,MPHT
TEMP(Is0)=AJL] 3 J) 20K (J) /FLMCIT)
23 Y1=Y14ABSITEMP(Is)) B
DC 24 J=1oMPHT
24 TERPU] s J)=TEMPI1,J)%107,/Y1
WRITE (6+25)
25 FORMAT(1H1+29X+44HPOTENTIAL ENERGY DISTRIBUTION - CONTRIBUTION,
117H OF K(J) TG NUII)/1H } i
CALL WTEMP{N2,MPHT)
C
C OVERALL DISPERSIOM(SIGMA} AND DISPERSIUNS FOR FORCE CONSTAMTS
C “AND FREQUENCITS
C

26

SIGMA=VAR
DIF=N2-MPHT
IFIDIF)26426427
DIF=142

27

28

STGSN=STIAMA/DIF
SIGMA=SART(SIGSO)

DO 28 1=1.MPH
SIGK(T)=SIGMA%SQRT (AJW (]I 1)
DO 29 I=1sN2

DO 29 J=1+MPH

29

TEMP{T+J1=0.

D0 29 K=1,MPH

TEMP(I s J)=TEMP{I s J)+AJ( I +sKI*AINI(KJ])
DO 31 1=1sN2

¥1=0,. )



[aiad

~~

-

30

NO 30 K=)l MPH
YIsY1+TEMP (] ,K)RAJ(]4K)

an

S0

SIGVIII=SIGMA#SQRT(Y])

N3=NISP*]IN

DO501=1sN3

SIGVI])=848904.5/VYRIT JNUMBI*SIGVI(T)

PRINT FINAL FREQUENCIES+FORCE CONSTANTSs AND DISPERSIONS

]

alla¥a

32
33
9

WRITE (6+33)

FORMAT (////3HNC s +2Xs THNU OBSev6Xs8HNU CALCes» TX+BHDELTA NU»

44X o 1OHPCTe ERROR»4UXsFHSIGMA (NI o BX o IHK 410X 4 BHSIGMA(K I/ 1H )
AVE=(,
NO 37 I=l.N2

34
9

DIF=IX({I)1/VOLS(I)I)*]1U0e

AVE=AVE+ABS(DIF)

IF (I-MPRHT) 34,434,436

WRITE (6435) I VOBSUIYs VIIYse X{1Ys DIFs SIGV{(!)»
DKLI)sSIGKIT)I o (KIDENTLTsJd)eJd=1s3)

GO TO 37

35
36
37

FORMAT (IH 21297 10 e30F 16l lF I 04X sF 1N aTsFIl 5y 1IX 4426
WRITE (6+35) [y VOBS(I)s VIIYe XU1Ys DIFs SIGVID)
CONTIMNUE

FN2=N2

AVE=AVYF /FN2

WRITE (64381 SIGMA. AVE

30
9

aNaXa

FURMATTITHG s £oXHh ACHSGRTISUM W= TO=-0) ¥ ¥ 2y JINO-RV)I )1 =F 106 10X
25HAVERAGE PER CENT ERROR = +F1046)

CORRELATION MATRICES

WRITE (6+39)

39

&0

FCRMAT{1H1»40UXs3BHCORRELATICN “ATRIX FOR FORCE CONSTANTS/1IH

CO 40 I=1,MPH

DO 40 - J=1sMPH

TEMPIT o J1=AJWI{ L4 JI*SIGSQ/ISIAKITI*SIGK LU
CALL WTFMP(MPH,MPH)

RETURN

)

$ENTRY
SENDCH

END
LAST




CORIOLIS COEFFICIENTS PROGRAM
INVERTS THE L VECTOR MATRIX AND THEN CALCULATES THE CORIOLIS
COEFFICIENTS. _

DATA INPUT
FIRST CARD CONTAINS Ns THE ORDER OF THE MATRIXs AS A THREE
DIGIT NUMBER.

THE NEXT (N#%#2) CARDS CONTAINS THE ELEMENTS OF THE L-MATRIX
(ONE ELEMENT PER CARD) USING THE FOLLOWING FORMAT
. COLe 1-3_ Iy

Y

s

L]

fH

fy

.

i

’

)

¢

£y

COLe. &» BLANK SPACE»
COLe 5-7 J»

COL. 8-10 BLANK SPACES,
COL. 11-22 MATRIX ELEMENT AS A FLOATING POINT NUMBER,
INON AS A THREE DIGIT NUMBER
_SET INON=01 IF INVERTED MATRIX IS DESIRED IN OUTPUT,
OTHERWISE SET INON=00,

THE NEXT (N®(N+11/72) CARDS CONTAINS THE ELEMENTS OF THE C-MATEF
USING THE SAME FORMAT AS FOR THE L-MATRIXs

ANY NUMBER OF SETS OF DAT MAY BE RUN SUCCESSIVELY.

THE LAST CARD OF THE LAST SET OF DATA HAS 000 IN COL. 1-3,

nnnnnnhnnnnnnnpnnn%nn

DIMENSION A1 6+6)sBi6)+CIH)sLZLE)
DIMENSION CZ(6+6) s TEMP(646)+sZMIbBs6)YFLMCI(6)
1 READ 101N
101 FORMAT (I3)
IF (N) 99499,2
2 KMAXzN##2
00 3 K=1,KMAX
READ 102+s1eJsAlI,4J)
102 FORMAT (13,1Xs1343X%sF12.8)
3 CONTINUE
READ 500+INON
500 FORMAT (12}
202 LMAX=(N*{N+1))1/2
DO 203 L=1,LMAX
READ 102+14J4C21(1sJ)}
203 CONTINUE
00 230 I=1N
DO 230 J=1.N_ o
230 CZ2tJs1)=C21( 1)
299 PRINT 300
300 FORMAT (25HTYPE IN NAME OF MOLECULE./)
ACCEPT 301 ) . S
301 FORMAT (40H /)
__PRINT 501
PUNCH 501
501 FORMAT (/12H INPUTY DATA.//)
298 PUNCH 502

PRINT 502 N
502 FORMAT (24H L MATRIX AND CZ MATRIX.)
____PUNCH 304
304 FORMAT (//73%5H 1 ) AllyJd) CZ{isaMN)

DO 204 1=1,N
DO 204 J=1,N
PUNCH 30551 sJsAl1,4J}sCZ11,))
305 FORMAT (/13s1Xs1343X9E1548,3%X+sE15.8)
204 CONTINUE o
296 PUNCH 103N
PRINT 1034N




103 FORMAT (//2BHINVERSION OF MATRIX OF ORDERsI3+4H FOR)
PRINT 301
—-PUNCH 301 S

C MATRIX INVERSION BY GAUSS-JORDAN ELIMINATION

o1zt _ P S

DELTA=],0 . .
DO 10 J=1.N

DO 20 1=1,N
K=y

¢ 9

L4
1

[ ]

[ X ]

L

777 529 DO 30 K=1lsN

105 FORMAT

C
T 530 PUNCH 303

Y=A{I:+1)
L=l-1
LP=1+1
IF (N=LP) 14,11411

11 00 13 J=LP,N
wsA(l+J)

IF C(ABS(W)I-ABS(Y)}

12 x=J -

Y=W

13 CONTINUE

16 DELTA=DELTA#*Y

- DO 15 J=1.N
ClJI=A(J9K)
AtJsK)=A(J 1)
AlJel¥==CtJIry
AlTo JI=ALTLWJYZY

15 B(JIi=A(1+J)

AL 112140/
J=L2(1)
LZ(1)=L2(K)
LZ(KY=)

DO 19 K=1,N

IF (I-K) 16+19,16
16 DO 18 J=1,sN B

IFt(I-J) 17418,17

17 ALK J)=A(KJI=BlJI*CI(K)

18 CONTINUE

19 CONTINUE

20 CONTINUE

IF (INON) 530,530,529

134213412

DO 30 Ja21,N
PUNCH 1054KsJsAlKsJ)
(713+31X»1353X+E15,.8)
30 CONTINUE
CALCULATE CORIOLIS COEFFICIENTS,

PRINT 303

303 FORMAT ({//3THCALCULATED CORIOLIS COEFFICIENTS FOR

PUNCH 301
PRINT 301
- DO 211 I=1,N
DO 211 J=]1,N
TEMP{1,01=0,
DO 211 K=]1,N
211 TEMP(IsJ)I=TEMP(T3J)14CZ11:K}*A{JK])
D0 212 1=1N
DO 212 J=1,N
IM(T+J)=0,
DO 212 K=]1,N
212 ZMUT o) =ZMUT s JY+A( T 4K)RTEMP (K oJ)



D _ . PUNCH 105,1sJeZM{I )

+a

N

Y

[ ]

[ )

L]

- : PUNCH 400 R
400 FORMAT (/777224 1 J ZETA{1+J))
_DO &30 I=YeN_ e —

DO 430 J=1l.N

430 CONTINUE
. DO 214 [=]1,N
216 FLMCI(I)I=ZM(T,1)
_PUNCH 401
401 FORMAT (//7)
DO 450 1s1.N
PUNCH 40241 +FLMCLI)
PRINT 402+1+FLMCLI)
402 FORMAT (SH2ETA +1344H = ,E15,.8/)
__&50 CONTINUE
503 PRINT 106
PUNCH 106
106 FORMAT (//712HEND OF CASF./)
PAUSE
GO0 10 1
99 STOP
END

— - - - - — —— - — [T A—
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