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CHAPTER I
INTRODUCTION
The Problem

Vibrational anal&sis is a fundamental means of investi-
gating the nafure of the forces which govern the vibrational
motions of molecules. The electronic energy of the system
of nuclei and electrons of a molecule is dependent upon the
‘nuclear coordinates,and is a minimum at the equilibrium
position of the molecule., Displacement of a nucleus from
equilibrium produces a corresponding increase in eleetronie
energy (potential energy of the nuclei of the moléeule) which
is accompanied by a force tending to restore the nucleus to
its equilibrium position. Such forces are best described in
terms of chemical bonds and repulsive or attractive inter=-
actions between nonbonded atoms of moleculgs. The character-
ization of these fbrces yields valuable information concerning
bonding and otherlinteratomic interactions of molecules.

The primary purpose of this investigation was to perform
a vibrational analysis of the planar vibrational modes‘of the
"fluorine-chlorine derivatives of the inorganic ring compound,
boroxine.

The fluorine-chlorine derivatives of boroxine were chosen

for this investigation because they form a series of structurally



related compounds and because relatively little vibrational
spectroscopic work has been done with compounds of this type.
Boroxine, (BOH)B, is a six-membered ring of alternating boron
and oxygen atoms with a hydrogen atom bonded to each boron
atom. The series of fluorine-chlorine boroxines consists of
trifluoroeboroxine, (BOF)B; trichloroboroxine, (3001)3,wand
the two mixed haloboroxines, B30301F2 and B3036123.

The exXperimental phase of this study involved preparing
the trihaloboroxines and recording their infrared spectra.
Common infrared sampling technigues were not adequate for
studying these molecules because the trihaloboroxines are not
stable when isolated at room temperature. However, they can
be kinetically stabiliéed at low temperatures. Thus, a low
temperature infrared cell was assembled for preparing and
obtaining the spectra of the compounds.

The infrared data, together with some Raman data from
the literature, was then applied to an overlay Urey~Bradley
vibrational analysis of the trilhaloboroxines.

During the course of thls investigation the épectrum of
boron trichloride was re-examined and, surprisingly, certain
features of the reporteﬁ spectrum of BO‘l3 have been identified
With trichloroboroxine. Several assignments of the 3013 spec~
trum were subsequently changed and these results have been

incorporated into this study.
Normal Modes of Vibration

A molecule with N atoms has 3N degrees of freedom



associated with its momentum coordinates. bTthe degrees of
freedom are associated with the translation of the molecule
as a whole, and, for non-linear molecules, three more are
associated with rotation of the molecule. For linear mole-
cules there are only two degrees of rotational freedom. The
remaining 3N-6 or 3N-5 degrees of freedom correspond to vi-
brations of the molecule.

The vibrational motion of a polyatomic molecule 1is _
apparently disérderly; but the displaoements of the nuclel
from their equilibrium positions are the sum of the displace-
ments due to special vibrations which are known as the normal
modes of vibration‘of the molecule. In a normal mode the
nuclei of a molécule move simultaneously subject to two con=~
ditions. Each nucleus will move with the same frequency about
its equilibrium position and with the same phase factor. That
is, the nuclel pass through the equilibrium cinfiguration of
~the molecule simultaneously. There are as many'normal modes
of vibration as there are vibrational degrees of f;eedom, and
the frequencies of the normal modes are the normal\or funda-
mental frequencies of a molecule. In some moleéules two or
more normal modes will vibrate with exactly the same frequency;
these are degenerate vibrational modes. Degenerate vibfations
need not satisfy the second requirement of a normal mode.

The discusslion of the normal modes of a molecule is
alded by the introduction of a system of normal eoordinatés.
Definltion of normal coordinates is simplified by first de-

fining a system of 3N mass-welghted carteslan displacement



coordinates q? by the set of equations

l:, 2, LI B ] N

1]
qy = VI,AX , |
L Jo 1, 2, vvu, 3N [1]

HH

J
i
where mj 1s the mass of the Jih atom and A Xy is one of- the
three cartesian displacement coordinates of the jth atom.

The normal coordinates Qk may then be defined by the linear

equations

N

3
Q = F_, lkiq: k=1, 2, eve, 3N (2]

where the coefficients lKi are chosen so that in terms of
the new coordinates the kinetic and potential energies, T

and V respectively, have the forms

3N

‘_BN . 2 _ 2
2T =2 1 % &V = % e (3]

where Qk is the time derivative of Qk and the A,_ are directly

k

related to the vibrational frequencies v, of the normal modes

k
by

A, = 4rr2-v§ ) 4]

Each of the normal coordinates 1ls assoclated with a normal
mode of a molecule. There are 3N normal coordinates since
translational and rotational modes may be considered as normal
modes with zero frequency. Vibrational or normal coordinate
analysis allows one to deduce the normal coordinates of a-

moleeule.
“Potential Fields

Nakamoto (1) has pointed out that one of the fundamental



problems in vibrational analysis is the selection of a sult-
able potential field which represents the interatomic forces
in a molecule. The potential energy V of a molecule may be
expressed as a power series in some set of 3N~-6 independent
internal coordinates Rt (i.e., coordinates which describe the
internal configuration of the molecule without regard for its
position as a whole in space)

7 2y

2V = 2V, + 2% R, v R, + IZ (W)Ve RyRy/* +0[5]
where Ve’ the potential energy of the molecule in the equi-
livrium configuration, is arbitrarily set equal to zero. The
Rt are assumed to be displacement coordinates,bthat is, the
Rt = 0 in the equilibrium configuration. For a set of inde~
pendent coordinates the potential energy is a2 minimum with
respect to each coordinate at' V = Ve’ and all of the first
order terms of the expansion vanish since (%%;)V» = 0. In
practice cubic and higher terms are often dro;peg and in the
resulting expression the potential energy 1s expressed as a

sum of gquadratic terms
2
- V =
2v zz(j__aRtaRtDVﬂ RyR,+ = ZIZf .+ R.R v [61]
) e

where the coefficients ftt' are the force constants for this
particular potential function. The expression of the poten~
tial energy in the form of equation [ 6] implies harmonic
motion, and although the motion of molecules is not harmonic,
this approximation is sufficient for most purposes.

The determination of the force constants of a molecule



is a key step toward understanding the nature of the bonding
and the vibrational properties of the molecule. Attempts
have been made to determine the force constants of simple
molecqles without a prior knowledge of the vibrational fre-
quencies of the molecules. For example, Pohl, Rein and Appel
(2) have calculated force constants for the hydrogen halides
from the results of a simplified molecular orbital treatment
of the molecules. 1In principle the vibrational freguencles
of a molecule can be calculated if the force constants and
geometry of the molecule are known. In practice the reverse
is usually done; that is, the vibrational frequencies which
can be measured by infrared and Raman spectroscopy are used
to calculate the force constants and to determine the normal
coordinates of a molecule. A detailed discussion of this
procedure will not be given here, but the method of analysis
used in this study of the halobqroxines is discussed in the
Appendix.

Equation [6 ] expresses the potential energy in terms of
the general valence force field where force constaﬁts are
included for all cross terms (t# t’) between the internal
coordinates. The general valence force field is satisfac-
tory for simple molecules, but the large number of general
valence force constants necessary for complex molecules pro-
hibits the use of this force field. 1In order to determine
the force constants of a molecule from spectroscopic data
alone, there must be at least as many observed vibrational

frequencies as there are force constants to evaluate. One



technique for getting more data is to use the frequencies of
isotopic molecules and to assume that isotoplic substitution
has no effeet on the force constants. This technique 1s very
gffective in cases where the isotopes of hydrogen can be used,
but it is less effective when iéotopes of heavier atoms are
involved.

The apparent necessity of simplifying the potential
functions for complex molecules has led to the introduction
of a number of approximate force fields which require fewer
force constants than the general valence force field (3).

One of the simplest approximations which has been used to
reduce the number of independent force constants is the
central force field. Under this approximation it is assumed
that the forces holding the atoms in their equilibrium po=-
sitions act only along the lines joining palrs of atomé and
that every palr of atoms is connected by such a force. Thié
force field has not been very successful and is now seldom
used. The simple valence force fileld, which considers those
forces which resist the extenslion or compression of valence
bonds together with those which oppose changes in the angles
between bonds, is better than the central force approximation,
but it, too, often gives only a rough approximation.

Modifications of the valence force field by the inclu-
sion of intuitively selected cross terms have met with con-
glderably more success in defining potential funections for
complex molecules than the central force and simple vaience

force fields. Several other more refined approximate force



fields Have been introduced in an effort to overcome the
deficlencies of the simpler models. The orbital valency
force field is unique 1in that the bending force constants
are expressed in terms of parameters describing changes in
the overlap of atomic orbitals, and the hybrid orbital force
field relates stretch~bend interaction constants to the
corresponding stretching constant through a model which
allows for changes in hybridization of orbitals during
bending (4,5). Another force field which has been widely
used in recent years and the one which was chosen for this
study is the Urey-Bradley force field (UBFF) (6). This
particular approximation was first used extensively by
Shimanouchi (7) and has been applied successfully to a wide
variety of molecules. The UBFF combines features of the
central and valence force fields by expressing the potential
energy of a molecule as a sum of terms invelving bond stretch-
ing (K) and bending (H) force constants as well as force
constants between nonbonded atoms (F). Thus the UBFF consists
of three types of force constants, all of which have.clear-
cut physical meaning.

The potential function for a molecule can be expressed
in terms of the basic UBPF by an expression such as

_ ‘ 2 2
Vg = KT ATy + XK (A1) :

apr
UB + 2%H3(A o

f)+m“Aa

] 3!

‘ v 2
+ 2§qukA q, + EFK(A‘QK) [7]

where Ty 1s an equlilibrium bond distance, aj a bond angle,



and q, an equilibrium distance between non-bonded atoms. The
linear terms were retained in this power series expansion
because the Ar's,Aa's, and Aq's are not mutually indepen-
dent._ The inclusion of non-bonded interactions is an attempt
to take into account the effect of van der Waals forces;
therefore, interaction terms are included for only those pairs
of non-bonded atoms for which these forces would appear ap-
preciable, In general the non-bonded distances q, may be
related to‘the bond distances Ty and bond angles aj by a
straightforward geometrical relation from which the Aq's can
be expressed in terms of the Ar's andada's. The Aq, can
then be eliminated from equation [7] after which the linear
can be set equal to zero using the

J
. . V. _aV :
equilibrium condition (— = So- = 0). The resulting po-
J

terms 1in the ATy and AQ
ari
tential function contains four types of force constants --
K, H, F and P’. At thils point it is common practice to set
F’' equal to -0.1 P. This is based on the assumption that
the repulsive energy between non-~-bonded atoms is proportional
to 1/r°. Tt has been pointed out that this practice is un-
warranted, but that in any case F' ig probably small compared
to P (8,9).  Theref0re, this questionable practice is still
widely adherred to, thus reducing still further the number of
force constants which must be evaluated. As a result the
‘number of Urey=-Bradley force constants (UBFC) for complex
molecules is, in general, much smaller than the number of
gengral valence force constants.

Another advantage of the UBFF ls the transferability of
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force constants from molecule to molecule., That is, force
constants which have been evaluated for one molecule can, in
many cases, be used to calculate the frequencies of structur-
ally relsted molecules. The transferability of UBFC has been
studied extensively by Overend and Scherer (10,11) and by
Shimanouchl and his co-workers (12)vand has been found useful

in the study of a varlety of molecular types.
Overlay Technique

As a result of the transferability of UBFC, a technique
known as the overlay method has evolved intoe a very useful
tool in the determinstion of force constants. The overlay
method is applicable when the force constants of a series of
structurally related molecules are to be determined. Force
constants corresponding te similar structural features are
assumed to be completely transferable from molecuie to mole-
cule in such a series. Under this assumption the observed
vibrational frequencies of all molecules of the series can
be used to simultaneously evaluate all UBFC for the series,
but each transferable constant must be evaluated only once
for the whole series, net for each molecule separately. For

example, the master set of UBFC for the series, BFB’ BF,C1,

2

BPFCl,, and BClB, might include only one B~F stretching

2
constant, one Cl-B-Cl bending constant, etec. Thus, the over-
lay technique allows the evaluatlion of a set of force constants
for a series of molecules in cases where there is insufficient

data to evaluate the constants for each molecule separately.
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As in any method, the success or failure of the technique is
reflected in the accuracy with which the vibrational frequen=-
cles are reproduced when calculated from the overlay force
constants.

By using the overlay method the force constant problem
can frequently be over determined; that 1s, the avallable
data will be in excess of the mfhimum necessary to fix the
force constants. In thils case the force constants are
adjusted to gilve the best reproduction of the observed fre-~
quencles. Overend and co-workers (10) have programmed an
overlay normal coordinate analyslis méthod for a digital com-
puter by which force conétants are adjusted by a least sduares
iterative procedure. Thls method is discussed 1n the Appendix.

The utility of the overlay technique has been demon=-

strated for organic molecules, and should be of equal value

for inorganic molecular series provided series members have
gsufficiently similar structure (13,14). The halogen deriva=-
tives of borpxine should meet this requirement; and since the
data obtalned 1n thls investigation was insufflclent toveval-
vate the UBFC of the trihaloboroxines separately, the use of
overlay calculations was a necessity. Thus, this investi=-
gatlon should give an indication of the applicability of the
overlay technique to the normal coordinate analysis of inorganic

molecules.



CHAPTER II
THE BOROXINES

The boroxines, which are characterized by a six membered
ring of boron and oxygen atoms, make up an interesting serles
of compounds for which relatively little vibrational spectro-
scopic data 1s available. Because many of the organic deriv-
atives of boroxine are considerably more stable at ambient
temperatures than lnorganic derivatives, they have reeeived‘
relat}vely more attention than the less stable inorganic
compounds.

Michaelis and Becker (15) probably prepared the first
organic boroxine when they made phenylboronic anhydri&e or
triphenylbbroxine, (C6HSBO)3’ by heating phenylboronic acid.
A largebnumber of boronic anhydrides have since beep-prepared

by dehydration of the corresponding aclds,
SRB(OH), —» (RBO) 5 + 3H,0.

Molecular weight measurements of a number of arylboronic

anhydrides by Kinney and Pontz (16) gave the ‘first clues re-
garding the structures of the boroxines. These measurements
showed them to have molécular welghts corresponding to 2 or

3 times the equivalent weights. It was suggested that the

12
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anhydrides were mixtures of

PRI Ar\B/O\B/Ar
Ar—3B8 B—Ar
No~ and K L
@//
~ Ar

Later the trimerie nature of the alkylbéronic anhydrides was
confirmed also by determination of thelr molecular welghts.

In 1841 Bauer and Beach (17) performed an electron dif-
fradtion study of trimethylboroxine. Their results were con-
cordant withxa six-membered ring of alternating boron and
oxygen atoms with the methyl groups bonded to the boron atoms.
The study also indicated that all of the atoms except hydrogen
were in a plane. Bond distances and bond angles were deter-

mined ag follows:

~ B~C bond length = 1.57 = 0.03A
B=0 bond length = 1.39 il 0,02A
BOB angle = 112 T 4°

The cyelic structure of the inorganic boroxines was
probably first proposed by Baumgarten and Bruns (18,19).
They reported the formation of a supposed boron oxyfluoride
(BOF)3 as a product of reaction of BF3 with a numBer of oxides
and S1i0

including B o They propesed a heteroeyeliec ring

203
structure for the compound which previously had been given as
an addition compound.

Goubeau and Keller (20) prepared a white solid by dis-
2O3 in BClB-at 300°C under pressure and then cooling
the solution a few degrees. Since the ratio B203:3013=1§i

solving B

was the limiting value of the reactivity of both components,

they assumed that an unstable compound (BOCl)3 was formed.
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Later these same workers reported the preparation of several
cyclic compounds of the type (BO_X)3 where X = F, Cl, Br, NMez,
Me, or OMe (21).

Much of the available spectroscopic data for boroxine
compounds concerns the mdre stable organic derivatives of the
pareﬁt compound (22-24), The limited spectroscopic data which
have been reported for inorganic boroxines include the Raman
spectrum of trichloroborexine and the infrared speqtrum of
trifluoroboroxine. Goubeau and Keller (24) obtained the Raman
in BOl,. They

3 293 3
assigned five Raman lines as fundamental frequencies of the

spectrum of (BOCL), from a 75% solution of B
haloboroxine. Pisher, Lehmann and Shapiro (25) ha#e reported
the infrared spectrum of a solid film of trifluoroboroxine in
the NaCl spectral region (650 to 4000 cm-1). They recorded
the infrared absorption frequencies of both isotopically
normal and B O-enriched (ca. 95% B1o) trifluoroboroxine, and
éssigned four fundamental frequencies for the compound. They
also pointed out that the small isotopic shift of about 2 cm“1
for the doubly degenerate out-of-phase stretching:mode of the
three B~F groups confirms the ring structure. Any other reas-~
onable structure would exhibit a much larger isotope effect.
Ultee (26) has reported the infrared spectrum of the .
gaseous B203-BF3 system at about 2250 in which he observed
bands assignable to trifluocroboresxine. The spectra which
were obtalned were difficult to interpret because of the

strong absorption bands of BFB,'but the results seemed to

agree reasonably well with those of Fisher, et al.
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The infrared spectrum of the parent boroxine, (BOH)B,
has beeﬁ reported by Gupta and Porter (27) who recorded the
spectrum of the compound in the solid state at liquid nitrogen
temperéture. They observed two bands iIn the B~H strétching
region which they assigned to the symmetric and asymmetric
B-H stretching modes. They interpreted the pfesenee of the
symmetric B-H band as indicative of the fact that the molecule
is not planar. ILater Wason and Porter (28) reported the spec-
trum of gaseous boroxine which they fognd could be,maintained
for a period up to 2 hours at room temperature at pressureé
between 1.0 and 2.0 torr in the presence of excess argon.
Gaseous boroxine exhibited only one B-H stretching frequency
suggesting planar structure, and indicating that distortion
of molecular symmetry due to interadtions in the solid phase
was responsible for the second B=H stretching band reported
by Gupta and Porter. ‘

Thus, the planar cyclic structure~0f the boroxines seems
to have been well established. The results of the present
Investigation should yield some conclusionsﬂregafding molec=-
ular geometry and should give some insight into the bonding

of these compounds,



CHAPTER III
EX PERIMENTAL

As stated previously, the experimental phase of this
study involved preparing the ehlorofluoroboroxines and re-
cording their infrared spectra. The exper;mental difficul-
ties encountered in fhe work resulted primarily from the fact
that the haloboroxines are not stable when lsolated at room
temperature. These specles are the products of high temper-
ature reactions, and Goubeau and Keller (21) reported that
trifluoroboroxine is stable only above 2500° Trichlorobor=-
oxine seems to be somewhat more stable than the trifluoro-
derivative, but it, too, decomposes rapidly if isolated at
room temperature., The preparation and infrared sampling
methods used in this study resembled those of Fisher, Lehmann
and Shapiro (25) who isolated trifluoroboroxine at liquid
nitrogen temperature. They reported that trifluoroboroxine
can be maintained at temperatures below -1350, at which temp~
erature the rate of disproportionation becomes negligible,

The low temperature infrared cell used for obtaining
the spectra of the haloboroxines was similar to one described
by Schoen, Kuentzel and Brolda (29). A diagram of the cell
and the apparatus used for preparing the haloboroxines is

shown in Figure 1. The low temperature cell was baslically

16



- - Silvered outer Jacket

- - Liguld nitrogen reservolr

- - Spectrometer beam portal

- - Ball and socket joint for rotating cold finger
- Copper box

~ = CsI cold window

- - Knudsen ceIi

- - Copper to glass seal

—i+
i+
!

- - Evacuation outlet

G HID®EE Y QWP
1
!

‘o = Inlet for boron trihalides

Flgure 1. Dlagram of Low Temperature Infrared Cell
and Trihaloboroxine Preparation Chamber

LT
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an evacuable glass Dewar which was designed for using liquid
nitrogen as a coolant. The cell consisted of a silvered outer
jacket A and an inner cold finger whieh included the liquid
nitrogen reservoir B. The outer jacket contained three
portals near the bottom of the cell. DPolished cesium lodide
windows were sealed to two of the portals C for transmission
of the spectrometer beam through the evacuated cell, The
third portal was simply a standard taper joint through which
a sample could be introduced into the cell. The cell was
designed so that the inner cold finger could be rotated
around the vertical axis, even when the cell was evacuated,
by means of a large ground glass Joint D. Attached to the
bottom of the cold finger was a copper box E which held a
CsI window F on which samples were deposited for infrared
investigation, This CsI window (cold window) was positioned
in a one inch hole through the center of the copper box,
The box was hollow so that liquid nitrogen could be circu=~
lated around the cold window and good thermal contact between
the box and the window was achleved by packing indium between
the window and the box. The temperature of the cocld window
was monltored by means of an iron-constantan thermocouple
imbedded in the window. o

The trihaloboroxines wére prepared by the reaction

Q
68X, + 3310,—=229 4 5 (Box)

3 3

Boron trifluoride and trichloride were obtained from the

o + BSiX4,

Matheson Company and purified by vacuum distillation. The

purities of the boron trihalides were checked by recording
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their inffared spectra., After purification the appropriate
boron trihalide was allowed to flow through a needle valve
into the rear of a graphite Knudsen cell G (Figure 1) con-
taining finely ground quartz. The rate of flow of the gas
was estimated by means of a 1/16" variable area flowmeter
with a sapphire fleat. The chamber in which the Knudsen

cell was located was actually a part of the vacuum system

of the low temperature cell. The Knudsen cell was positioned
go that its 1 mm. exit oriflce was directed toward the depo=
sition port of the low temperature cell. The Knudsen cell
was heated by a simple resistance heater consisting of about
18 turns of B and S No. 24 Chromel A wire wound around 25mm.
Vycor tubing. During the flow of the boron trihalide 1nto
the reaction chamber, the Knu@sen cell was maintained at
about BOOO, at which temperatﬁré the trihalide reacted with
the ground quartz in the cell. The resulting reaction

products, (BOX) Sif;X4 and unreacted BXB; passed through the

3
orifice of the Knudsen cell and impinged the cold CsI window
of the low temperature cell. The temperature of the cold
window was mainﬁéined such that the trihaloboroxine would
condense but the boron trihalide and silicon tetrahallde
could be removed by pumping. The temperature of the window
was controlled by incremental additions of liquid nitrogen

te the coolant reservoir of the cell. After deposition of a
sample, the cold window was cooled to about =~180° with liquid

nitrogen and rotated 900 so that it was perpendicular to the

radiation beam when positioned in the spectrometer. The
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spectrum was then recorded on the Beckman IR-7 spectrophoto-
meter. The spectrum of each compound was recorded using both
¥aCl and CsI optics of the spectrometer so that the spectral

region from 200 to 4000 on” !

was invegtigated. Trifluoro~
boroxine and trichloroboroxine were prepared simply by reacting
BF3 and BGl39 respectively, with the hot quartz. The mixed
halogen boroxines could not be prepared separately. Mix~-

tures of the trihaloboroxines, including the two mixed

halogen compounds, were prepared by using mixtures of BF3

3:BCl
ratio, bands of the spectra of the reaction products could

and BCl3 as the starting material. By varying the BF 3

be assigned to the proper mixed halogen boroxine. Typical
conditions for preparing trifluoro-, trichloro~ and the mixed

halogen boroxines for spectral analysis are given in Table I.

TABLE I
TYPICAL DEPOSITION CONDITIONS FOR THE

TRIHALOBOROXINES
(BOF) 4 (Bocl)3 Mixed
Nacl NesT Haloboroxines
region region ne
Bstimated Rate
of Flow of B -5 -5 -5 _
moles/min, 4x10 4x10 8x10 2%10"2
Deposition Time, )
min, 8 50 60 50

Cold Window o
Temperature, C =l45t0-150 <=150t0-155 =-90t0o~95 =120t0 ~125

Knudsen Gell0
Temperature, C ~H00 ~500 ~500 ~500
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10 11

The spectra of both B -~ enriched (ca. 96% B1O) and B

enriched (ca. 90% B11) trifluoroboroxine were recorded in
addition to the spectrum of the compound containing boron

in its natural isotopic abundance. The isotoplcally enriched
trifluoroboroxine samples were prepared from enriched BF3
which was obtained from Oak Ridge National Laboratory in

the form of the complex CaF2°BF3, The BF3 was released by

heating the complex at 250-30000: in a vacuum system and
collecting the evolved BF3 in a 1iquid nitrogen trap. The
boron trifluoride was then purified by vacuum distillation

and the purity was checked by recording the spectrum. In the

10 11

gpectra of both the B and B enriched samples of BF. there

3
was one impurity band which could not be removed by distill-

1

ation., This impurity band, at 1031 cm ', was probably due

to SiF, which could have been formed by the reaction of the

BF3 with the hot pyrex contalner during the evolution of the

gas.

10

The spectrum of B‘ enriched trichloroboroxine was also

recorded in addition to that of the natural compound. The

B1O enriched boron trichloride used to make the (B10

10

001)5

was prepared by heating B enriched boron trifluoride with

AlCl3 at 110° for about 20 hours (30). After several vacuum

distillations the spectrum of the enriched BCl
10

3 8till showed

the presence of B FGlQ, but no further purification was
attempted.
During the study of trichloroboroxine some interesting

observations were made concerning boron trichloride as a
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result of the routine checks on the purity of the reactant
gas. As stated previously the purity of each boron trihalide
was checked by recording the spectrum of the gas and comparing
it with reported spectra. The spectra of the gases were
recorded in a 10 cm. gas cell at pressures Varyihg from approx-
imately 1 torr, for observation of the very strorg bands, to

about 175 torr,

Preliminary spectra of BOl3 raised some questions con-
cerning reported assignments of the compound so a more de-
tailed study of the compound was made. In addition to the
gas phase gpectrum, the spectrum of a thin film of solid BOl3
was recorded by depositing a sample on the cold window of the
low temperature cell at liquid nitrogen temperature,' An attempt

was also made to check the BCl, for the presence of (BOOl)3 by

3 o
allowing the gas to impinge the cold window of the low temp~

erature cell under conditions for the deposition of the boroxine
compound. The resulting deposlt was cooled to about -180° and

the gpectrum was recorded.



CHAPTER IV
INTERPRETATION OF SPECTRA

Planar trifluoro- and trichloroboroxine belong to sym=-
metry point group DBh' Bach compound has 14 internal vibra-
tions which are of the following symmetry species: BA; +

2Aé + 245 + 5E' + 2B". Of these the E' modes are both in-

frared and Raman active, the Al

2
the A{ and E" are Reman active, and the Aé modes are inactive.

modes are infrared active,

Thus, there should be seven fundamental absorptlons (aAg +

5E') in the infrared spectra of the isolated molecules. How-
ever, since sampling was in the solld state there was the
possibllity of splitting the degenerate modes and activation

of certain inactive modes due to intermolecular intersctions.

Trifluoroboroxine

10 11

Although data was obtained for both B -~ and B = enriched

compounds, the assignments of the spectra willl be discussedin

terms of the B

isotopic compounds. The infrared spectrum
from thin f£ilms of trifluoroboroxine is presented in Figure
2 and Table II. The results of this work are in qualitative
agreement with the assignments reported by Fisher, et al (25),
for the four fundamental absorptions in the NaCl spectral

region. The band centers of somé of the broad bands were

23
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TABLE II

INPRARED SPECTRUM AND ASSIGNMENTS FOR (BOF)

3
(8'%7r), (3 Tor) Assignment
3 i 3 ‘
em” ! em™ !
1 1 _
319 mwW 316 mw Vis
465  mw, sp 462  mw, sp Vi
574 vW 570 W ?
603 W' 601 W ?
731 s, b 711 s, b V6 |
538 W 826 vWw, b v2(?), v3+v12(?)
896 w, b 903 w, b ?
966  m, sp 964 m, sp V1o
1125 VW 1123 vw Vo Vg (?)
1275 | W 1277 W ‘ V1O + v12
1403 m, sh 1373 ms, sh v9
1422 ms, b 1400 ?s, b Vio * Vi
1468 s, Vb - 1436 s, Vb Vg
1545,  mw 1535 mw vy o+ v12(?)
1781 W 1776 W Vo + v1o(?)

1 .
w = weak, m = medium, s = strong, v = very,

sh = shouider, b = broad, sp = sharp
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very difficult to determine. In addition to the four
fundamentals, several weak bands were observed in this
region, Some of these bands were given combinatlon assign-
ments and one, oceurring at 826 cmnj, was assigned as the
activated A; mode, Ve

The assignment df the bands in the region near 1400 emm1
presented a special problem. The strong, broad absorption
in this region could not be sufficiently resolved to deter=~
mine accurately the centers of the separate bands. The
contour of the absorption indicated that there were at least
three strong overlapping bands in this region. From anaiogy
with molecules of similar structure, such as mesltylene and
trimethylboroxine, one would expect two furdamental absorp~
tions in this part of the spectrum. These are the two doubly
degenerate ring stretching modes, Vg and Vgs which were assigned

to absorptions at 1436 and 1373 om™

s respectively. A third
ecomponent at about 1400 cm"’1 was assigned as the combination,
Vio + Vi which 1s enhanced by Ferml resonance with the high
frequency fundamental. Bands at 964 and 711 cm"1 were assigned
as an E' out-of-phase B-F stretching mode, vips and an Ag out=
of~plane ring deformation mode, Vge |

In addition to the four fundamentals previously reported,
two bands occurring in the UsI spectral region were assigned
as fundamental absorptions. A sharp band at 462 em™ ! was
assigned as v,,, which is an B' in~plane ring deformation.,
The other major feature of the CsI region, located at 316*cm-1,

was assligned as the B-F in-plane bending mode, v As is the

12°



27

case for some of the weak bands in the NaCl regidn, the very

Wweak bands at 570 and 601 em™ |

could not be explained in the
absence of Raman data. Only a singie infrared active funda=-
mental, the B~F out~of-plane wag, remalns unassigned, and
probably occurs below the lower limit of observation of this
study.

As shown in Table IV, the assignments of the E' funda=-
mentals for both (B1OOF)3 and (-B”OF)3 are complete. Accor=-
ding to the TgllernRedlich preduct rule the ratio of the
product of the frequencies of the E' modes for (B1OOF)3 to
the product of the E' frequencies for (BHOF)3 should be
1.076 (31). The observed frequency ratio is 1.064. This
apparent discrepancy may be explained in part by the fact

10 11

that even though B and B enriched compounds were used in

" 410 the B'° en-

the investigation, the presence of some B
riched (BOF)3 would tend to shift the apparent absorption
frequencies to lower values and vice versa. Another possible
contribution to the low frequency ratie is the effect of the
Ferml resonance cited previously. If the Vio T Vi band is
in Ferml resonance with the high frequency fundamental, vg's
as was suggested, then the effect should be stronger in
(B”OF)3 and would, therefore, operate to diminish the fre¥

quency ratio.
Triechloroboroxine

The thin £ilm infrared spectrum of (BOCl)3 is presented
in Figure 3 and Table III. Tentative assignment of the funda-

mental modes was made through analogy with (BOF)3°' However,
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TABLE ITI

INFRARED SPECTRUM AND ASSIGNMENTS FOR (BOGl)3

Vv = very,

"3 egtimated

(1310001)3
o -1 2
392 W=
675 W, Sh
686 s
_ 716 m
760 m
771 m
786 m
815 mw
830 W
844 W
897 W
975 mW, b
1125 W
1148 VW
1192 ms
1220 8, b
1385 s, b
1414 m, sh
1481
1493
2 W, M, 8 =

weak, medium, strong

(8" oc1)
-1 '3
cm
390 W?
664 s
674 ]
683 sh
697 VW
755 8
766 m
782 mw
949 W
1140 VW
1161 W
1183 8, b
1241 ']
1345 s, b
1390 m, sh

sh = gshoulder, b = broad.

as 820 from product rule

Asslignment

Y11
v6,B;1
v B BY]
v6’B;oB11
v6,B%°

?

v + Vv

11 13

10

10
3 0301,
?

B Cl,F

29
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the (BOCl), spectrum displayed features which had not been

3
observed in the spectrum of the trifluoro~ c¢ompound.

The assignment of bands at 1345, 1183, 760, and 390 c:mm1

to the Eal fundamental modes, v8 through Vigs Was straight=-

1

forward. Similarly the strong band at 664 cm ' was readily

H"

2
_red active fundamentals, a chlorine ln-plane rocking mode and

assigned as the A, ring puckering mode, Ve The other infre-
a chlorine out-of-plane wagging mode were expected to have
frequencies tpo low to be observed., However, the E' rocking
mode Vio has been reported at 150 cm"1 in the Raman spectrum
ot (BOCl)3 (24).

‘An interesting aspect of the trichloroboroxine spectrum

was the observation of isotopic splitting for Vge Since the
11_,10

natural abundance ratio of boron isotopes, B ":B = 4:1, the
relative abundance of B;1, B1OB;1, B;OB11, and B;O species

of (BOCl)3 prepared from natural BCl3 should be approximately
64:48:12:1. The spectrum of (BOOl)3 (Pigure 3) containing

boron in its natural isotopic abundance exhibits a strong

1

band at 664 cm-1, a slightly weaker band at 674 cm ' and a

weak shoulder at sbout 683 cm~|. The positions and relative

intensities of these bands 1s concordant with their assign-

11 10,11 10,11,
ment as Vg for 33 03013, B B2 03013, and 32 B 03013, re=-

spectively. On the other hand, the spectrum of B10
1

enriched

(BOCl)3 exhibits a strong band at 686 cm ' with a single

shoulder at about 675 cm~'. The B'1:8'0 ratio in the B'°

enriched samples was approximately l:24 so that the abundance

11 10

ratio of the four isotopic species, from B3 to B3 » Should
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be aboutml:72:l728313,824° Thus, the 686 cm-1'band was

assigned as vg for 3%003613 and the shoulder as Vg for
10,11

B2 B 03013. The apparent incongruity in the assignments of
Vg for B;OB“OFQI3 from the spectra of natural and B10 enriched
(BOGl)3 can be explained by the fact that in both spectra the

band occurs as a weak shoulder, but on opposite sides of
strong bands. Thus it was not possible to observe the true

position of this band, but its center probably cccurs at

about 680 cm-1. Similar isotopic shifts undoubtedly produce

splitting in vg of (BOF)3 which was not detected because of
the greater bandwidth in the fluorine compound.
The region near Y10 alse contains gtructure which has

no counterpart in the spectrum of (BOF) Here, however,

3'
the insensitivity of the Intensitles of the components to
isotope ratios eliminated isotope shifts as the cause of the

structure. The splitting of the pair of bands at 755 and

1

766 cm ' was diminished, but not eliminated, in =z matrix of

BC1 Thus, these two components have been assigned to the

3.
E' mode, Vigr SPLlit by a static field which must be less in-

tense in a BClz matrix than for the pure (BOC1) The third

30
band in this region, located at 782 cm-1, was then assigned
as the first overtone of Vi The intensity of the overtone
band can be explained by Fermi resonance with Vio®
Although the two fundamentals, Vg and vg, were teo
broad to allow the resolution of any crystal splitting,
crystal effects undoubtedly contribute to the assymetry of

these bands.
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'As noted previously, the Raman spectrum of (3001)3 has
been reported by Goubeau and Keller (24). These workers ob=~
served five Raman lines agsignable as (BOGl)3 fundamentals.

! which they assigned

They reported lines at 390 and 150 cm
as v, and Vg the former of which was also observed in the
infrared spectrum. The other three Raman lines, located ét
1037, 807, and 333 cm-1 were assigned as the totally symmetric
A; modes, v,, v, and vB;ﬁ | |

As shown in Table III some of the weaker bands have been
given comblnational assignments. Other weak bands which were

10

observed in the spectrum of B enriched (BOCl)3 have been

assigned to BBOBCIEF' Since the BC1l

enriched (BOGl)3 was originally prepared from BFB’ small

% ugsed to prepare the

amounts of B303012F could result from residual fluorine. In

fact, as noted previously some B1OF01 could be detected in

10

2

enriched BGlB.

Table IV lists the fundamental frequencies which have

the gas phase samples of the B

been observed for trifluoroboroxine and trichloroboroxine.
There are a total of nine observed fundamentals for (B11001%,
eight of which are due to planar vibrations. For (B“OF)3
there are only six observed fundamental frequencies, not.
ihcluding Vo which 1s a questionable assignment. Thus, there.
are a total»of 13 fundamental frequencies available for use
in a normal coordinate analysis of the planar vibrational
modes of the two symmetric trihaloboroxines. The difference

10 11

in the masses of the B and B compounds is too small for

the isotopic frequencies to be of any value in furnishing
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TABLE IV

FUNDAMENTAﬂ VIBRATIONS FOR THE HALOBOROXINES

D3 KNumber Deseription’ (BKbFé @"or)

Species 3 (B10001)3 (31%01)3
A, 1 B-X stretech - ~ - 1037%
2 ring def. 838 826 ° 815° 8o7 *
3 ringvdef. - - - 333 %

Ag 6 ring pucker 731 711 686 664

“ 7 B-X 0.p. bend - - - -

E' 8 ring stretch 1468 1436 1385 - 1345

9 ring stretch 1403 1373 1220 1183

10 B-X stretch 966 964 765 760

11 ring def. 465 462 392 390

12 B~X i.p. bend 319 316 1515 150 *

4
from Raman spectrum
5 from product rule
6 activated in solid state infrared

7 i.p. = in-plane, 0.p. = out-of-plane.
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additional data for the normal coordinate calculations,
Mixed Halogen Boroxines

v?he mixed halogen boroxines, _3 3ClF and B303012F,
belong to symmetry point group 02V° Since there will be
no degenerate vibrational modes in these molecules, each
molecule has 21 internal vibrations of the following sym=-
metry species: 8A1 + 2A2 + 4B1 + 7B2., A1l except the A2
modes should be infrared active and all species should ei-
hibit Raman activity. Thus, there should be 19 infrared
active fundamentals in each of the mixed halogen molecules,
15 of which are due to planar (A1 and B2) vibrational modes.

Study of the mixed halogén boroxinés was complicated by
the fact that they could not be prepared and studlied sepa~

rately. The reactions of mixtures of BF3 and BCl, with Si0

3 2

yields not only B30 3ch and Bz03C1,F, but (B_OF) and (Boczl)3

3
are also possible produots° Because of the instability of
these boroxine derivatives, they could not be conveniently
separated after preparation; therefore, the infrared spectra
of the mixed halogen boroxines ﬁére enriched by the presence
of several compdunds° Bands were assignéd to the proper
mixéd halogen molecule by varying the BF33B613 ratio of the
reactant gas, but detalled assignment was possible only in
the light of the force constant calculations. Figures 4 and
5 show the results of two attempts to obtain the speectra of
the mixed halogen compounds. Figure 4 is the spectfum of the

product of a reaction for which the initial BF3:3013 ratio was
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B3 O3ClyF, ' P:Cl=1:1 -120
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Figure 5. Infrared Spectrum of Mixed Halogen Boroxine

for which the initial F:Cl ratio was about
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about 1l:6; for Figure 5 the initial BF3:BCly ratio was about
1?1. Except for the qualitative discussion that follows,
the specific assignments of the mixed halogen boroxines will
not be considered until the results of the force constant
calculations are discussed.

Since only planar modes were to be considered in the
normal coordinate caleulations.of this study, it was neces~
sary to attempt to détermine which bands were due to planar
vibrations and which were a result of out-of~-plane vibrations.
The symmetry species of the 'vibrations of the mixed halobor-
oxines may be considered to be derived from the trifldbro=w

and trichloro~ derivatives in the following way:

(B0X) 5 —  B305,¥

34y —— . 3h,
2a, —+ 2B,
‘ DAy
58’ <: -
2A§ —> 2B;
. 24

2B" <: 213?

Each of the mixed boroxines has a total of 6 out-of=-plane
vibrational modes, 4B1 + 2A2, but only the B1 modes are
allowed under infrared selection rules. As indicated abové
two of the B1 vibrétions may be considered to be derived

from the two Aj modes of the symmetric boroxines. The Ag
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vibrations are infrared active, but only one of these modes
has been assigned in each of the symmetric boroxines studied.

The out-of~plane ring puckering mode has been assigned to a

i 1

band occurring at 711 cm ' in (BOF), and at 664 cm “in (B0C1)5.

3
Thus, one of the B1 bands in eachbof the mixed boroxines would
be expected to occur in the region between these ﬁwo.extremes.
Bands were observed in this region, but because of the over=-
lapping of the bands, 1t was difficult to make exact assign-
ments. The frequency of the ring puckering mode appeared to
be about 700 cm”' for B;0;C1F, and 675 cm | for B
The frequency of the other B

3030123’.

mode "derived" from an A" mode

n
1 . : 2
was probably below the lower limit of observation of this

study since neither the B~F nor the B~Cl out-of-plane bending
vibration was observed in the symmetric compounds.

The other pair of B1 modes -0f each mixed boroxine is
"derived" from the E" modes of the symmetric compounds.
From anaiogy with meéitylene and trimethylboroxine one can

conclude that one of the E" modes of the symmetric boroxines

1

is probably well below 300 cm ', thereby indicating that one

of the resulting B1 modes of each of the mixed boroxines is

below 300 cm-1, A second B" mode is probably somewhat higher

in frequency for the symmetrical trihaloboroxanes (597 cm"'1

for (BOCHB)B); therefore, one of the B, modes of each of the

mixed boroxines which is "derived" from an E" mode might lie
in the range of infrared observation with CsI optiecs. It
appears quite probable that not more than a total of four

(two from each compound) of the infrared bands above 3000111-1
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which are assignable to the two mixed haloboroxines are due
to out=of-plane vibrations. Two of these modes have been
assigned since thelr counterparts in the symmetric boroxines
are also infrared active, but the other two which probably
absorb in the CsI spectral region have not been definitely

agsigned.
Boron Trichloride

Boron trichloride has four fundamental vibrations,
three of which are infrared active, Two of the fundamentals,

v, and v3, have been observed in the infrared spectrum, and

2
agslignments have been made for several overtone and combi-

nation bands (32-34). Anderson, Lassettre, and Yost (35)

assigned a Raman line occurring at 253 cm-1

1

as v, for liquid

BOlB. A gas phase value of 243 cm ' has been estimated for

N from combination tones in the infrared spectrum.

The gas phase data obtained during thils study is pre-
sented in Table V, together with the assignments reported by
Seruby, Lacher, and Park (33). A band observed at 256 cm” |
was assigned as Ve This band showed PQR structure with a

1

20 cm ' separation-of the P and R branches,

The present assignment for the quartet of bands from

714 to 736 cmm1

differs from that of Seruby, et al., The
bands at 714, 721, and 727 e~ are assigned as three com=-
poneﬁts of the combination tone, L + Vo which is split as

a result of a chlorine isotope effect. The natural abundance

ratio of 30125:301250137:301350127:30127 should be about
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THE INFRARED SPECTRUM FOR BClB IN THE GAS PHASE

40

A COMPOSITE OF NATURAL AND B CENRICHED SPECTRA
Scruby et al. | This work
em™] Assignment om™] Assignment
256 n® v411
PR
477 ms v21o\
524 W
624 W
715 v3-v411 714 m (v1+v4)3013501g7
722 v o, 721w (v +v,)Bo12P01 Y
728 3 Vl1 727 m (v1+v4)B01%5‘
735 3’v10 736 W R branch of (v, +v,)
955 vy 954 vs vyl
995 vy'© 993 vs wvy'O
1203 v v, 1205 m vy o+ v,
1241 v3'+ v41o 1245 W vﬁ + v41o
1304) w v, of B''FOL,
1317} W |
1376 3 v2” 1378 ms
1395 2 v, + v, 1408 m
1420. v+ vyt 30,10 1423 5 vy o+ vyl
1464 vy o+ v310 1461 ms v, + v310
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TABLE V
(Continued)
Scruby et al. . This work
em™! Assignment : em™ ! Assignment
1672 Vit Vg + v411
1916 2 vy'! 1909  ms 2 v
1948 2 v3‘° 1988 m 2 v310

8 w, m, s = weak, medium, strong and v = very.

27:27:9:1. Since the bands at 727 and 721 om |

have approx-
imately equal intenéities while the 714 cm"1 compbnent is
conslderable less intense,thelr assignment as Vet vy for

the three most abundaht lsotoplic specles seems feasonable.
These assignments are supported by the fact that Delhaye and
Delhaye-Bulsett (36) have observed isotepic structure for v,
of BCl3 in the Raman spectrum of the chpound. They reported
two lines of about equal intensity at about 470 em™! and a
less intense line at a lower frequency. Although the exact
frequencles of the lines were not reported, the separation of
adiacent'features appeared to be about 4 cm-1. The fourth
coﬁponeﬁ£ of the quartet of bands under conslderation occurs
at 736 cm”! in the gas phase spectrum, but it Was absent in
the spectrum of the solid., It has, therefore, been identi~-
fied with part of the band envelope (R branch) of the Vit vy
components.

Perhaps the most interestling observation cdnqerning BCl3
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was that previously reported BCl3 spectra apparently contained

a strong band which originated, not in BGlB, but in (B001)3.

Scruby, et al., observed the band at 1376 em™ !

the very improbable assignment of 3 v, for B11013. In this

and gave 1t

work a band was observed at 1378 cm” | in natural BCl; and at

1408 cn”' 1n B'0 enriched BOl,. The intensity of this band
could be reduced considerably, compared'to the intensity in
the spectrum reported by Scruby, et al., but it could not-be
completely eliminated by vacuum distillation of the gas, If
a sample of the "purified" gas was allowed to remain in an
infrared gas cell for sevéral hours, the intenslity of thils
unusual band increased as shown in Figure 6. i

The 1378 cm"1 band was believed to be due to the preseneé
of a small amount of (BOCl)3 vapor in the B013, The presence
of the trichloroboroxine was confirmed by passing the gas °
over a cold window of the low temperature cell under con-
ditions for the deposition of (B()_Cl)_3 except thatvﬁhe gas
was not heated. The spectrum of the condensed phase was weak,
but showed the two strongest bands of solid trichloroboroxine
at 1345 and 1180 cm™ .

The (BOCl)3 apparently enters the system through the
reaction of BCl3 with the 8102 of t@e pyrex containers, after
which some decomposes so thaﬁ the equilibrium conditions for

the following reactions are satisfied.

BCl3 +VSIO2 (BOOl)3 + 81014

-—
1)
B,0, + BCl

273 3
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Figure 6. Intensity Changes of 1378 cm™! Band

In the Spectrum of a Sample of BCl
Gas at Intervals after Purlficatlon;
175 mm pressure in 10 cm gas cell.
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CHAPTER V-
FORCE CONSTANT ANALYSIS

The basic Urey-Bradley Force Fileld for the pianar modes

of a trihaloboroxine is defined by the equation

3 ‘
2V = 28K’ (BX)r

2
UB )

3 6 .
Argy + ZK(BX) (Argy)® + 28K’ (BO)rggArg,+

BX BX

)2

BX

5

6 3 ,
TK(BO) (A-rBO + QSH'(BB)AOL_+ LH(BB) (A ) +

2§H’(oo.)AB + gH(OO) (aB)2 + 2%3’(ox)A¢ +

ZH(0X) (A¢)% + 25F"(0X)apy Aagy + ZF(0X) (Aqpy)® +

& ¢'(B0) . 6 o(BO) 2 3_,

2z ——21——)- qBOAqBO + 2 (A qBO) + 25F (O_O)qOOAqOO
3 3 ‘ 3 ,

+ £F(00) (Aqoo)2 + 22F'(BB)qBBAqBB + TF(BB) (AqBB)2 (8]

where the intexnal coordinates are defined in Figufe T

Figure 7. Internal
Coordinates for
Trihaloboroxines

A total of twelve Urey-Bradley force constants (UBFC) were
used in the overiay calculations for the four trihaloboroxinea.
These force constants are listed in Table Vi; Details of the
overlay calculation are discussed in the Appéndix. As usual
it was assumed that F9=-F/10, although, as noted in the intro-

duction, this practlce is of questionablé merit.

44
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TABLE VI
FORCE CONSTANTS FOR THE TRIHALOBOROXINES

Force Constant Description
K(BF). . « « v + + « « B=F Stretching
H(OF). « v+ «+ « « + « + O0=B~F Bending
F(OF)+. + ¢« «+ « « « «. « O-F Non-bonded
KsBO). + + + + « « + + B=0 Stretching
H(BB). « « «+ « « « + . B=0-B Bending
H(O0)+« + « « &« « &« « + 0-B-0 Bending
F(BB)+ ¢+ +« « « « + « « B=-B Non-bonded
F(OO)+ ¢« ¢« « « + + « « 0=0 Non-bonded
C(BO)+ « « » « +« « + « B=0 Non=-bonded
K(BOl)s « + « « &« » « » B=Ol Stretching
H(OCl)at . . . . . . . O-B-Gl Bending
P(OCl)s « » « +» +« &« « o+ 0=Cl Non-bonded

The exact geometry of the trihaloboroxines has not been
determined, but trimethylboroxine has been examined by elec-
tron diffraction (37). The results of the electron diffrac-
tion study gave a value of 1.39 ¥ 0.024 for the B-0O bond
distance and 112 ¥ 4° for the B-0-B bond angle of trimethyl-
boroxine., This B~0 bond distance was assumed to be transfer-
able to the haloboroxines, but the assumption of a value of
112° for the B-0-B angle in the haloboroxines resulted in a
negative B-Q-B bending constant. More feaslble results were
obtalned by assumling a value of 120° for all of the ring angles,
and these are the resulté which are reported. Values for B-F
and B~Cl bond distances were.transferred frbm BF3 and_BClj,
respectively. Thus, the_following values were. assumed for

the equilibrium bond distances and bond angles:

B~-F bond 1.30 A
B-~C1l bond 1.75 A
B_O bOIld lc 39 A
B-0~-B angle - 120°
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The filrst step in the force constant calculations in-

. volved a zero order calculation of the frequencies of tri-
chloro~ and trifluoroboroxine. That is, initial guesses. for
the force constants were used to calculate the frequencies
df the two molecules. The 1nitial force constants were
transferred from molecules héving similar bonds such as EFE,

BCl, and B,0

3 2°3°
with the observed frequencies vgypg in Table VII. The initial

The zero order frequencies v(0) are compared

force constants €(0) are also presented in the table. Although
the agreement between observed and zero order frequencies Was
not good, the frequency assignments seemed to be satisfactqry.
The next step was to adjust the initial force constants

by a two molecule overlay calculation to give the best agree=~
ment between observed and calculated frequencies. The initial
force constants were adjusted by an iterative procedure to
give a minimum value for the_weighted sum of squaré errors,

S, of the frequency parameters. The quantity 8 can be ex-
pressed as

a - . A - 0.2 [9]
S ip.k ()\k. + )\k'. )\k. )

0
where the P, are welghting factors, the XK and hk are the
calculated and observed frequency parameters, respectively,
and A hk is a correction to be added to the calculated

frequency.



TABLE VII

RESULTS OF TWO MOLECULE OVERLAY

u7

CALCULATIONS
FPrequencies
11
_?)3 (B 9?1)3
cm cm
Symmetry Vobs v (0) v(1) Vobs v(0) v (1)
A 1522 1384 1037 1270 1067
845 854 807 804 807
569 511 333 360 342
Aé 1696 1438 1673 1409
581 632 389 423
B’ 1436 1649 1463 1345 1598 1359
1373 1498 2339 1183 1343 1146
964 1032 961 760 761 738
462 435 452 390 366 376
316 325 338 150 160 171

Force Constants

(The units are in mdyne/A except for
bending constants which are in 10~ 1

erg/rad<)
2(0) ¢ (1)

K(BF) 6.0 5.470
H(OF) 0.35 0.641
F(OF) 0.9 0.708
K(BO) 7.0 4,873
H(BB) 0.4 0.352
H(00) 0.4 0.250

F(BB) 0.5 0.092
F(00) 0.4 0.807
C(BO) 0.1 0,288
K(BCL) 3.0 2,260
H(0C1 ) 0.24 0.215
F(0CL 0.25 0.679
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Initial attempts to adjust all twelve of the force
constants simultaneously in the two molecule problems were
unsuccessful because the problem would net converge to a min-
imum value for S. The problem could be made to converge by
constraining the bending force constants to reasonable values
and allowing a2all other force constants to be adjusted. The
non-bonded constants were then constrained to the values
which were obtained in the initial calculation and the bending
constants were adjusted. By alternately constraining the
bending and non-bonded constants the fit was lmproved until
there was little change in S on successive trials. Table VII
presents the results of the calculations for the two molecule
overlay. The table gives the final calculated frequencies
v(1) for trifluoro- and trichloroboroxine together with the
final fofce constants €(1) from the twovmqlecule overlay,

The force constanté obtained from the two molecule over-
lay were used to make a zero order calculation of frequencles
of the two mixed halogen boroxines. That is, the frequencies
of B,0,ClF, and B O_Ol

33 2 373772
force constants. €(1). obtained from (BOF)

F were calculated directly from the
3 and (BOCl)B,
These zero order frequencles were used to make specific assign-
ments of the observed frequencies of the two mixed halogen
molecules., Table VIII presents the calculated zero order
frequencies v(O') together with the observed fréqueneies.
After making assignments of the observed frequenciesof

the mixed trihaloboroxines, a four molecule overlay calcu-~

lation was performed, again by alternately constraining bending



TABLE VIII

RESULTS OF ZERO ORDER CALCULATIONS

11

11
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FOR B5'0,017, AND 3105017

B3 05017, 310,017

em™ ! cm

Symmetry vobs v(0 ) vobs O(O/)
A, 1435 1439
1374 1358 1242 1296
1157 1107
847 862 832 885
788 783 803
481 434 463
385 357
312 317 175
B, 1457 1427
1413 1429 1352 1380
1267 1299 1197 1173
950 949 762 745
579 483 518
457 451 394 377
215 250
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and nonbonded force constants in successlive trials. A total
of 29 observed frequencies were used to determine 12 UBFC.
The results of these calcu}ations are shown in Tables IX
and X where v(2) are the frequencies calcﬁlated from the
resulting force constants &(2).

Thus far, the potential funection which was used for
the trihaloboroxines contained only Urey-Bradley type terms.
There have been suggestions by some workers that the:boroxine
ripg might possess some aromatic character in which case a
modified UBPFF might give better results. Lehmann, Wilson,
and Shapiro (38) have reported mass spectral data which indi=-
cates that trimethylboroxine exhibits some aromaticity.
They observed a striking similarity between the fragmen-
tation pattern of trimethylboroxine and mesitylene{ and
concluded that (BOOH.),)3 has considera?le aromatic character

with resonance involvingstructures of the type

¥e %e
B B~
N N
0" o of N
l : I «—> IL I_ ’
B B B B
Me \0/ N\ Me Me \0/ NMe
+

Fisher, Lehmann, and Shapiro (25) pointed out that the in=-
creased electronegativity of fluorine over the methyl group
should make trifluoroboroxine even more aromatic than tri-
methylboroxine. This conclusion 1s supported by the increase
in ring~-stretching frequencieé of trifluoroboroxine (1436

and 1373 cm_1) over trimethylboroxine (1384 and 1227 cm-1L
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TABLE IX
RESULTS OF FOUR MOLECULE OVERLAY

(B”OF)3
-1
cm _
Symme try Vobs v(2) v(3) v(4) v(5)
¥ 1376 1372 1372 1373
' 853 854 860 864
494 493 495 497
Aj 1426 1417 1416 1415
643 643 646 637
B 1436 1469 1471 1470 1461
1373 1336 1337 1342 1344
964 939 940 939 942
462 448 448 Li7 449
316 338 338 339 336
Average % error 3,44 3. 44 3.45 3.04
11
(B -001)3
em
Symmetry " Vops v(2) v(3) v(4) 'v(5)“
Af 1037 1071 1070 1070 1086
- 807 798 797 795 795
333 339 339 346 349
Ay 1389 1380 1379 1381
390 288 375 382
B/ 1345 1340 1344 1343 1343
| 1183 1141 1142 1139 1148
760 T4l 741 741 745
390 371 371 372 376
150 159 159 155 158

Averagé % error - 2.95 2.86 2.89 2,96
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TABLE IX
(Continuned)
(53 0301F )
cm 1
Symmetry Vobs v(2) v(3) v(4) v(5)
A, | 1433 1435 1435 1430
1374 1350 1350 1353 1355
1165 1165 1166 1172
847 857 858 862 869
790 789 788 788
471 470 472 474
379 379 380 382
312 318 318 320 320 .
B, 1464 1465 1464 1455
1413 1418 1409 1409 1408
1267 1276 1277 1276 1283
950 923 923 922 925
577 577 576 571
457 448 447 iy 449
200 200 195 198
Average>% error 1.54 1.57 1,76 1.78
11,
(B3 3 F)
Cm'1
. Symmetry Vopa v(2) v(3) v(4) v(5)
A, Lhbk 1444 1443 1436
1242 1267 1268 1266 1273
1105 1105 1103 1115
832 868 868 869 877
783 797 796 794 793
434 457 457 457 459
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TABLE IX
(Continued)
11 P
(B3 03012F) (Coptinued)
em™ !
Symmetry Vobs v (2) v(3) v(4) v(5)
A 353 353 358 361
163 162 158 161
}32 1415 1409 1410 1409
1352 1363 1363 1362 1363
1197 1182 1183 1185 1189
762 754 754 756 758
483 505 505 500 500
394 371 371 371 375
238 237 233 286
Average % error 2.97 2.94 2.75 2.75




TABLE X
FORCE CONSTANTS OBTAINED FROM FOUR
MOLECULE OVERLAY CALCULATIONS

Force Constant ¢(2) 2 (3) & (4) ¢(5)

(The units are in mdyne/A exoe$t for be%ding constants

: which are in 107 erg/rad
K(BF) 5.517 5.483 5.416 5.318
H(OF) 0.763 0.765 0.779 0.741
F(OF) 0.585 0.583 0.577 1 0.586
K(BO) 4,758 4,776 4,796 4,825
H(BB) 0.138 0.136 0.095 0.067
H(00) 0.460 0.461 0.474 0.381
F(BB) 0.008 -0.007 0.043 0,146
P(00) 0.807 0.806 0.849 0.923
c(BO) 0.296 0.302 0.276 0.294
K (BCL) | 2.604 2.598 2.530 2,485
H(001) 0.149 0.140 0.039 0.039
F(0C1) 0.618 0.623 0.704 0.731
R 0.018 0.023 0.026
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However, mass spectral data for trifluoroboroxine does not

verify this (39). There appear to be several major broken

| ring fragments in the mass spectrum of trifluoroboroxine

while broken ring fragments are much less prominent in the

spectrum of trimethylboroxine.

The baslc Urey-Bradley force field has been found in-

adequate for aromatic molecules. However a modification of

the UBFF including terms which take care of the stretch=-

stretch interactions characteristic of aromatic systems has

been applied successfully to a number of aromatic molecules
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(40=43)., Since there is some evidence for aromaticity in

the boroxines, force constant calculations were made using

a modification of the UBPFPF, known as the Kekulé model.l The
Kekulé model was introduced by Scherer and Overend (4O)Vin
the study of the planar vibrations of benzene. The potential

energy for the trihaloboroxines can be expressed in terms of

!
the Kekule model by

o7 =2vUB +2p[E(A rBO)i(ArBO)1+l + E(ArBO)i(ArBo)i_,_B

"S(ATBO)‘i(ArBO)Hzl [10]
where O 1s known as the Kekul; constant. If there is actually
resonance stablilization of the boroxine ring, it should be
reflected in the value obtained for the Kekulé constant. In
Tables IX and X the results of calculations obtained using

the Kekulé potential function are compared with the results
obtained using the basic UBFF. The force constants presented
under ¢(2) (UBFF) and &(3) (Kekulé model) were obtained by
alternately constraining bending and non-bonded constants as
previously described. The corresponding calculated frequen-
cles are listed under v(2) and v(3). The force consﬁant set

¢ (4) was obtained by using &(2) as initial force conétants

and allowing all 13 force constants, including @, to be
adjusted simultaneously. By using-the refined force constants
as input, the problem could be made to converge while allowing
all force constants to be adjusted.

As shown in the Appendix the observed frequencies are

part of the input for the computer method used in the force
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constant calculations. When a moleculé possessés doubly
degenerate modes of vibration, each obsérved frequency of
the degenerate vibrations can be entered twice 1in thé fre~
quency input. This, in effect, gives the degenerateifre-
quencles twice the weight of nondegenerate frequencles 1in
determining the force constants of the molecule. The force
constant sets @(1) through ®(4) were obtained from calcu-
lations in which the degenerate frequencles were welghted
on the same basls as the nondegenerate frequencles. The
force constant set €(5) and the calculated frequencieé v(5)
were obtalned from a four molecule overlay in which the E’
frequencies of (BOF)3 and (BOOl)3 were given double welghtv
(entered twlce in input), and in which all 13 force constants
were adjusted simultaneously.

All force constant calculations were made using data
from boron-1ll isotopic compounds. The ffequency shifts due
to the boron isotope effecﬁ are not large enocugh for the fre-
quencies of the boron-l1l0 compounds to be of any value as
additional data for the evaluation of force constants, but
they can be used to confirm the frequency assignments. The
force constant set €(4) was used to calculate the frequencies
of the boron-1l0 trihaloboroxines. Table XI presents the
observed and calculated frequencies for the B-10 compounds
together with the calculated and observed isbtoplc shifts
(v&o-v;1). The largest discrepancies between observed and

calculated isotopic shifts occur for vg and vg of (BOF)

9 3°
This 1s probably a result of the effect of the Ferml resonance
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which has been discussed previously and of the difficulty in
locating the band centers of the two broad fundamental bands.

The potential energy distribution (PED) in Urey-Bradley
space gives the fractional contributions of each UBFC to the
different normal modes. The determination of the PED is
discussed in the Appendix., Examination of the PED allows
one to roughly deduce the contributions of the various in-
ternal coordinates to each normal coordinate. The PED for
the trihaloboroxines calculated from thé force constant set
&(4) togethér with a quélitative description of the normal
modes 1s tabulated in Table XII.

TABLE XI
. FREQUENCIES OF BORON~10 TRIHALOBOROXINES
AND ISOTOPIC SHIFTS

Isotopic ghifts
10 .11
(1310015')3 Vi Vi |
Symmetry Vobs v (4 )(Calcd.) Observed Calculated

A'1 1426 | 54
860 0

499 4

Aé 1462 46
: 652 6
E 1468 1519 32 49
1403 1395 30 53

966 941 2 2

465 451 3 4

319 339 3 0
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TABLE XI
(Continued)
Isotopic Shifts
10 11
(310001)3 Vi V4
Symmetry Vobs v(4)(Calcd;) Observed Calculated

Ay 1114 44
798 3
- 3AT . 1
A, | 1418 39

382 7
B’ 1385 1380 4o 38
1220 1181 37 42
765 751 5 10
392 374 2 2
155 ' 0

10, .
(B3 05C1F,)

A, | 1484 . 49
- 1427 1406 5% 5%
- 1261 1204 38
855 864 8 2
798 ‘ 10
476 S 4
382 ' . 2
314 321 2 1
B, . 1513 | 49
1465 1454 . 52 45
1323 ‘ 47
954 924 4 2
582 6
462 451 5 4
‘ 196 1




59

TABLE XI
(Continued)
Isotopic Shifts
10 10 11
(B3 03012F) ViV
Symmetry Vobs v(4)(Caled.) Observed Calculated
A1 1478 1492 49
1311 45
1122 1145 42
833 (?) 873 1 4 .
787 800 4 6
440 461 6 4
359 1
158 0
B, 1457 47
1394 1401 4o 39
1239 1223% 42 38
770 767 8 11
484(7) 506 1 6
374 3
234 1




TABLE XII

DISTRIBUTION OF POTENTIAL ENERGY AMONG PLANAR INTERNAL

COORDINATES OF THE TRIHALOBOROXINES

(’B”OF)3 , ,
_— A1 7 ‘
V1 V2 V3 l V4 V5 l V8 V9 . V1O V11 V12

Vopg OO 1436 1373 964 462 316

v(4), cm”] 1372 860 495 1416 646 1470 1342 939 447 339
K(BF) 66.9 1.6 20.1° 0.0 0.0 31.6 20.2 29.3 6.6 1.0
H(OF) 3.5 9.1  10.4 7.2 63.7 6.7 15.6 6.6 . 1l4.7  46.2
F(OF) 0.9 1.8 24,4 3.2 32.8 1.1 2.6 18.7 9.1 31.1
K(BO) 18.2 31.9 18.7 92.7 3.6 50.6 59.4  34.6 3.1 20.0
H(BB) 0.8 2.2 2.5 0.0 0.0 0.5 0.2 0.5 3.8 0.2
H(00) 4,2 11.0 12.6 0.0 0.0 4,9 0.6 0.0 17.6 0.0
F(BB) 0.9 0.2 1.6 0.0 0.0 0.0 0.5 0.0 1.2 0.1
F(00) 2.0 37.1 5.9 -0.8 0.0 2.5 0.2 8.9 24,8 1.0
C(BO) 2.6 4.9 3.6 0.0 0.0 1.8 0.3 1.2 19.0 0.2
P 0.1 0.2 0.1 -2.2 =0.1 0.2 0.3 0.2 0.0 0.1

Description].  Sym. Sym. Sym. Ring  B-F Ring Ring  B-F  Ring B-F

of normal B-F Ring Ring Str. Wag Str. Str. Str. Def. wag

mode Str. Def. Def.

09



TABLE XII (Continued)

(13”001-)3 y o ’
_— A A E
¥ V2 V3 ! Yy Vs l V8 Y9 Yot 11 Y12
Vobs 1037 807 333 1345 1183 760 390 150
v (4) 1070 795 346 1379 375 1342 1139 741 372 155
K(BO1) 36.4 9.7 28.6 0.0 0.0 4,1 14.4 42,2 13.0 0.8
H(0C1)| 0.2 0.9 0.4 0.2 6.9 0.4 0.7 0.5 0.7 5.9
F(0C1) -0.4 4.8 42,6 4.6 92.6 4.5 3.2 - 21.4 24,9 88.6
K(B0) 46,5 12.6 10.6 98.5 0.5 83.2 72.5 9.8 2.5 3.6
H(BB) 0.8 4,3 1.7 0.0 0.0 0.6 0.2 1.7 3.3 0.1
H(00) 4,0 21.4 8.6 0.0 0.0 3.7 3.1 4,3 16.3 0.0
F(BB) 1.4 0.7 1.0 0.0 0.0 0.1 0.6 0.3 1.1 0.0
F(00) 5.1 41,7 4,2 -0.8 0.0 2.1 3.9 13.0 21.3 0.8
¢ (B0) 5.8 3.9 2,2 0.0 0.0 1.0 1.1 6.8 17.0 0.2
P 0.2 0.1 0.1 -2.3 0.0 0.4 0.3 0.0 0.0 0.0
Description Sym. Sym. Sym. Ring B-C1 Ring Ring B=C1 Ring B=01
-0of normal B=-C1l Ring Ring Str. wag Str. Str. str. Def. Wag
mode Str. Def. Def.

{9



vobs
v(4)

K (BF)
H(OF)
F(OF)
K(BC1)
H(001)
F(0c1)
K(BO)
H(BB)
H(00)
F(BB)
F(00)
0 (B0)
/O

Description
of normal
mode

TABLE XII (Continued)

11
B} 0501F,,
A B
v v v v AY . . . . . .
1 2 3 4 "5 V6 " V7 " Vg Y150 Y16 Y17 0 Y18 T Y19 Y20 Va2t
1374 847 312 1413 1267 950 457
1435 1353 1166 862 788 472 380 321 | 1464 1409 1276 922 576 447 195
%6.3 33.3 5.3 6.0 3.4 14.0 0.3 0.0| 35.6 2.6 16.0 26.8 0.2 7.2 0.2
7.4 11.5 5.3 5.4 5.8 11.1 11.9 34.0| 5.3 6.5 4.2 4.6 50.3 14.6 4.5
1.2 2.1 2.5 4.4 5.4 17.6 6.7 22.9| 0.7 2.2 1.6 17.2 27.5 10.0 3.5
0.6 0.1 18.2 3.9 30.8 2.7 10.1 8.1| 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.2 0.0 0.3 0.0 0.5 0.1| 0.0 0.0 0.4 0.2 1.0 0.0 5.4
0.7 0.1 0.2 2.5 8.9 2.4 18.7 12.4] 0.3 1.1 2.7 1.9 11.5 0.2 79.5
55.0 48.2 54.3 36.5 6.7 13.0 6.8 17.3| 47.5 90.0 T74.4 37.5 8.2 3.6 5.4
0.7 0.5 0.4 1.3 2.6 2.7 3.2 0.1| 0.4 0.0 0.3 0.6 0.2 3.5 0.1
41 1.7 4.7 5.9 11.6 13.8 11.8 2.4| 5.2 0.2 0.2 ‘0.0 0.0 17.6 0.0
0.2 0.6 0.7 0.2 0.6 1.4 0.8 0.3| 0.1 0.0 0.5 0.1 0.0 1.2 0.0
1.9 0.6 5.6 28.6 19.7 12.1 17.3 1.0| 2.8 -0.6 =0.5 9.5 0.8 23.6 1.0
1.6 1.1 2.4 4.9 4.1° 9.1 11.8 1.2| 1.9 0.1 0.1 1.4 0.3 18.5 0.3
0.3 0.2 0.3 0.2 0.0 0.1 0.0 0.1| 0.2 =2.0 0.2 0.2 0.0 0.0 0.0
Ring B-F Ring Ring B-Ol Ring Ring: B-F | Ring Ring Ring B-F B-F Ring B-Cl
Str. Str. Str. Def. Str. Def. str. str. Str. Str. Wag Def. Wag

Def. Wag

c9



Vobs
v(4)

Description

K (BF)
H(OF)
F(OF)
K (BC1)
H(0C1)
F(ocl)
K(BO)
H(BB)
H(00)
F(BB)
F(00)
C(BO)

f)

of normal

mode

TABLE XII (Continued)

11
B3 03012F
A, | B,
Vi Y2 Y3 Yy VY5 Vg Vo Vg Y150 Y16 V17 Y18 Y19 V2o Vot
1242 832 783 434 1352 1197 762 483 394
1443 1266 1103 869 794 457 358 158] 1410 1362 1185 . 756 500 371 233
39.9 20.1 2.1 13.6 2.7 9.9 0.2 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0
4,0 0.2 0.0 0.9 2.6 12.5 0.1 0.0 8.9 1.4 7.1 5.2 36.8 0.1 11.4
0.2 1.4 0.8 8.2 2.9 1l2.8 0.4 0.2 2.3 0.2 1.6 3,1 20.6 0.2 T.7
0.3 1.1 25.0 4.8 18.0 1.8 23,2 0.4 0.4 1.8 14.3 43,6 0.3 1l2.5 1.6
0.0 0.5 0.4 0.3 0.7 0.0 0.5 5.9 0.0 0.3 0.3 0.2 2.1 0.9 ‘ 4.4
1.0 3.0 1.0 5.3 6.3 2.1 36.6 88.3| 1.2 4.3 1.3 17.2 26.1 26.2 66.4
43,6 70.9 56.5 40.6 9.2 7.5 8.1 3.7 87.7 89.2 64.0 8.0 8.7 2.6 7.8
0.4 0.5 0.6 0.9 3.8 3.2 2.3 0.1 0.3 - 0.4 0.0 1.3 0.6 3.2 0.1
5.3 0.9 3.9 1.9 17.7 15.8 1l.2 0.0/ 0.6 1.9 4.1 4.1 0.7 15.9 0.0
0.2 0.5 1.0 0.2 0.7 1.3 1.1 0.0 0.0 0.0 0.5 0.3 0.1 1.0 0.0
3.0 ~0.1 4,8 19.2 31.6 18.5 9.7 0.9 -0.4 0.5 5.2 11.0 2.7 20.8 0.4
2.0 0.6 3.5 4.1 3.7 1l4.5 6.7 0.2 0.2 0.6 1.3 6.0 1.4 16.5 0.1
Q.2 0.3 0.3 0.2 0.0 0.0 0.0 0.0 -1.3 =0.6 0.2 0.0 0.0 0.0 0.0
B-F Ring B-Cl Ring Ring - Ring Ring B-Cl Ring Ring Ring B~Cl B-F Ring B-0Ol
Str. sStr. 8tr. Str, Def. Def. Def. Wag str. Str. Str. 8Str. Wag Def. Wag

€9



' CHAPTER VI
DISCUSSION OF RESULTS

'The‘agreement between the observéd and calculated fre-

quencies of the trihaloboroxines is not exceptionally good,

‘ “the average pa?cent error of the frequencies is about 2. 7

for v(4) - This 1s not an unexpected result considering the
‘_source and nature of the experimental data. The observed
1vibrational data were condensed phase frequencies where 3
'intermolecular interactions must certainly have an effect
on the vibrations of the molecules.' In addition, the exact
‘;r;frequencies of some of the observed bands Were difficult to
determine because of broadening. | - | .. "

v As noted in Ohapter IV frequencies have been assigned;g‘“
for all- planar infrared active modes of trifluoro-vand tri-;f L
f:,chleroboroxine, although it was necessary to rely on Raman

’:data for v12 of (BOOI) Assignments of»the mixed halogen
borcxines were made by comparing the. observed frequencies:7"
with the frequencies calculated from force constantsvtransff5
bferred from (BOF)3 and (BOCl)3 (Table VIII) | ﬁach'mixed o
halogen boroxine should have 15 in-plane infrared active |
F.modes-—eight (v -v8) ova symmetry and seven (v15 21) of
2 symmetry. Only three observed frequencies were assigned

F,

as A1 modes and four as B2 modes for BBOBClF Por 3303012

- 64
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four A, and five B, modes were assigned frequencies. This

1 2
leaves eight planar modes for 3303013‘2 and six modes for

B304

Absorptions of some modes were probably too weak tb*béﬂbbsérved

012F which have not been given frequency assignments.

under the existing experimental conditions; others, espec=
ially those in the region from 1300 to 1500 cm-1, were
undoubtedly masked out by other absorptions.

1 in the spectras

There was one band occurring at 892 cm_
of the mixed halogen boroxines which defied assignment. This
band was not origihally assigned to elther of the mixed
halogen boroxines because of the apparent insensitivity of
its intensity to the F:Cl ratio. Re=-examination of the
- gpectra indicated that the Intensity of this band was more

closely related to the intensities of the B;0.Cl,F bands

373772

than 1t appeared to be on first glance, The overiapping of
bands of different compounds complicated the estimation of
intensities, but it is possible that the 892 cm~ ' band 1is

- assighable to BBOBClgF.' If this 1s the cage the most logical
assignment isvv4 which was originally given a frequency assign-

ment of 832 om™ ! 1

. All calculations were made using the 832cm
assignment for v, of B305C1,F; but, except for its uncertaiﬁ
intensity behavior,the assignment of 892 cn” ! for Va is more
desirable. |

The calculated fregquencies v(4) (see Table IX) give
the best least squares f£it of calculated to observéd fre-

quencies for the case 1n which the degenerate and nondegen-

erate modes were weighted on the same basls. The average
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per cent error in frequencies 1s slightly less for v(5), the
calculated frequencies for the case in which degenerate fre=-
quencles were doubly welghted. However, there is no real
Justification for doubly welghting the degenerate frequencies.
The differences in the values of the force constants obtained
for the two cases are within the uncertainties of the results,
Thué, one set of force constants is not necessarily better
than the other.

The force constants which have been determined for the
trihaloboroxines are certainly not to be interpreted as the
true harmonic force constants of the isolated molecules.

They must be regarded as apparent force constants since
intermolecular effects present in the condensed trihalobor-
oxines have not been t;ken 1nto'consideration, nor have the
frequencies been corrected for anharmonicity. In gddition,
the geometrical parameters used to evaluate the G matrix
were approximate since the exact geometry of the trihalo=-
boroxines was not known..

Despite the uncertaintles in the values of the force
constants, present results permit some interesting conclu~
slons. For one thing the question of the aromaticity of the
boroxine ring may be considered in the light of information
which has been obtained.

The force constant of the B-0 stretching motion should
be directly related to the bond order of the B~0 bond and,
hence, to the aromaticity of the ring. According to Goubeau
(45) the value for the B~0 single bond stretching force con=-
stant is about 4.6 mdynes per Angstrom. This is comparable
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to the value of 4.64 for K(BO) of Bog' which 1s probably a
fair representation of the B~0 single bond. The K(BO) value
for the trihaloboroxines was found to be about 4.8 mdynes per
Angstrom which 1s not far removed from the guoted single bond
value. In general the force constants of a bond are qulte
sensitive to the bond order. For example, the C-C single
bond ferce constant is about 4.5 mdynes/A while the force
constant for the C~C bond in benzene ls approximately 5;6
mdynes/A and that for the double bond is nearly 9.5 mdynes/A
(31,40).

Another factor to be considered 1s the very small value
which was obtalned for the Kekulé constant. The value of PO
for the trihaloboroxines is in the neighborhood of 0.02
mdynes/A. This is very small compared to values of O for
organic aromatic compounds; 1i.e., the values of P fér ben=~
zene, pyridine, and pyrazine are respectively, 0.35, 0.41;
and 0.23 mdynes/A. Thus, these results suggest that the
boroxine ring in the trihaloboroxines has very 1ittle, if
any, aromatic character. Thils argument for nqnaromaticity
is by no means conclusivé, but should definitely be taken
into consideration.

Taking a rather naive approach, Beyer, et al, (46) have
suggested that the frequencies of the ring stretching vibra-
tions of structurally similar compounds might give an indi~
catlon of the relative aromaticity of the c&mpounds. Table
XIII presents thelr comparison of some symmetrically fluor-

inated ring systems together with the ring frequencies of
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trifluoroboroxine.

TABLE XIII
DEGENERATE RING STRETCHING VIBRATIONS OF
SYMMETRICALLY PLUORINATED RING SYSTEMS

=1

Compound Phase vV cm

1,3,5~Trifluorobenzene Gas 1618 1473
Cyanuric Fluoride, (FGN)3 " 1585 1427
B-Trifluoroborazine " 1510 1401

Trifluoroboroxine Solid 1436 1373

Although the solid phase ring frequencies are guoted for
(BOF)B, it is probable that the gas frequencies are also
lower than those of the other compounds cited. If the ring
vibration freqguencies can be directly related to the aroma-
ticity, then the boroxine ring has less éromatic character
than the boragine, triazine, or benzene rings. |

It 1s interesting to compare the final force constants
of the four molecule overlay &(4) With similar force con=-
stants of other molecules. Table XIV presents such a com-
parison. Inspection of the table indicates that the force
constants for the boron-halogen stretching motion K(BX) are
about 10% less in the trihaloboroxines thén‘in the boron
trihalides. There is evidence that the bonds in BF3 and
BGl3 have some double bond character (47,48). Thus, the
decrease in K(BX) on going from BX, to (BOX)3 indicates
that the B~X bond in the latter has less double bond charscter;



TABLE XIV

COMPARISON OF TRIHALOBOROXINE FORCE CONSTANTS

WITH SIMILAR FORCE CONSTANTS FROM OTHER MOLECULES

Trihaloboroxine Comparative Force Constants
Modified UBFC
F.C. 2 (4)’ F.C. Value' ;g:§§3 Molecule Reference
K(BF)  5.416 K (BF) 6.04 UB B11F3 (49)
H(OF)  0.779 H(FBF) 0.3582 UB 'y, (49)
F(OF)  0.577 F(FF) 0.927 UB 'y (49)
K (BO) 4.796 K(BO) 4,64 UB Bog‘ (49)
H(BB) 0.095
H(00) 0.474 H(0BO) 1.376% UB BO5 (49)
P(BB)  0.043
F(00) 0.849 F(00) 1.05 UB Bog‘ (49)
c(B0O) 0.276
K(BC1)  2.530 K (BCL) 2.963 UB B”Cl3 Unpublished®
H(OCL) 0.039 H(CLBCl)  0.245 UB 'c14 "
F(0C1) 0.704 F(C101) 0.536 UB 801, "
P 0.023 P 0.35 Kek Benzene (40)

P 0.41 Kek Pyridine (42)

P 0.23 Kek Pyrazine (43)
! The units are in mdynes/Ao except for bending constants which are in

10" erg/rad?,

Bending constants have been multiplied by the appropriate factor to
make the unlts conslstent with @(4).

The force constants for B11CI

obtalned in this study.

!
‘UB = Urey Bradley; Kek = Kekule Model

3 Were calculated from the frequencles

69
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i.e., resonance structures involving B-X double bond are less

important in (BOX)., than in BX..

3 3

The values obtained for H(BB), H(00), F(BB), and H(OGCl)
are of questionable significance because thelr dispersions
are of the same order of magnitude as the force constants
themselves. One interesting observation was made concerning
the non-bonded 0-0 force constant., Janz and Mikawa (49) have
published a paper concerning Urey-Bradley calculations of
planar XY3 type molecules in which they plotted the distance
between ﬁon-bonded oxygen atoms versus the valde fof F(00).
Out of six points representing six molecules and ions, five
lay on a smooth curve. The F(00) value for the boroxine ring
lies very near this curve. This may be fortultous since the

geometry of the trihaloboroxines was assumed initially.



SUMMARY

The primary purpose of this investigation was to perform
a vibrational analysis of the fluorine-chlorine derivatives
of boroxine. This was achieved by first recording the in-
trared spectra of (BOF)s, 330301F2,‘3303012F and (BOC1),, and
then applying the data to an overlay calculation of the Urey-
Bradley force'constants of the four molecules. |

Because of the unstable nature of the trihalobofoxines,
the infrared spectra were recorded from kinetically stabi="
%igeisblidfilmsmaintained at about -180°. Complete frequency
aésignments were made for the planar infrared active modes of
énd (BOCL)

(BOF) and partial assignments were made for the

3 3’
two mixed halogen boroxines.

The infrared data, together with some Raman data obtalned
from the literature, was then used to determine the Urey-
Bradley force constants of the four fluorine~-chlorine bor-
oxines. The overlay technlque was employed by necessify since
there was insufficlent data to solve the vibrational problem
for each molecule separately. The Urey~Bradley force constants
were céidulated by means of a.iéast squares iterativé pro-
cedure programed for a digital computer. The results of the
célculatibns also included the potentlal energy distribution

and the transformation matrix from normal to internal coor=-

dinates for each molecule, as well as the dispersions of fhe

71
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force constants and calculated frequencies.

Although the fit of the calculated vibrational frequen-~
cies to the observed frequencies was by no meaﬁs excellent,
the results were good considering the fact that solid phase
anharmonic frequencies were used and that broadening made
frequéncy assignment difficult. These results show that the
overlay technique can bé applied to this molecular type.
While the UBFF appears to provide a falr vibrational model
for the trihaloboroxines, 1t is known to have certain defic~
tencies and could probably be improved by inclusion of ad-
ditienal terms. »

More experimental data would be needed to better deter-
mine the values of the force constants, l.e., to décrease the
dispersions on the calculated force constants. .Additional
Ramen frequencies for these compounds would probably be an
accessible type of data. It would be interesting to compare
observed Raman frequencies with the frequencies which are
p;edicted by the present calculations.

It would also be advantageous if the gas ﬁhase fiej
quencies of the trihaloboroxines could be applied to the
vibrational problem instead of condensed phase frequenc;es.
The results from‘gas phase data should give a more realistic
description of the trihaloboroxine molecules. The instablility
" of the gaseous trihaloboroxines would Present experimental
difficulties which must be surmounted before meaningful results
could be obtained. As noted in Chapter II, Wason and Porter(28)

were successful in maintaining gaseous (BOH)3 for a limited
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period of time by dilutihg with inert gases. A similar
approach might be applicable to the trihalobor@#ine systems.
After a thorough study of the trihaloboroxines, a logi—
cal step would be the application of the information and
techniques to other boroxine derivativés and related mole=-

cules.
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APPENDIX
Wilson's FG Matrix Method

The molecular vibrational problem involves setting up the
molecular eqﬁatiohs of motion ffom expresslons for the kinetic
and potential energy of the system of nuclel of a molecule,
and then solving the equations of motion for the vibrational
properties of the system. The solution of the equations of
motion yields expressions for the vibrational frequencies of
the system in ﬁerms of the nuclear masses, geometry anﬁ force
constants of the molecule, and allows one to deduce thé normal
coordinates of the molecule.

The treatment of molecular vibrations can be systema-
tized by the use of the FG matrix method introduced by E. B.
Wilson (3). Under this method both the kinetlc and potential
energles are expressed iIn terms of the internal coordinates
Ry of a molecule, The potenﬁial energy (harmonie approxi-
mation) can immediately be written in terms of the internal
coordinates by _ |

2V = ZEf, /R, Ry fa-1]

where the coefficients fi++ are the force constants for the
general valence force field. In matrix notation equation

LA-1] can be expressed as

2V = R'PR La-2]

7
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where F ig the force constant matrix and R’ 1s the transpose
of R which 1s the vector of internal coordinates.

The eXpreséion for the kinetic energy of a molecule in
terms of the internal coordinates is not as obvious as that
for the potential enérgy. .However, in terms Sf'the cartegian
displacement baordinates A x; of the nuclei the kinetic energy

has the simple form

2N .
27 =iz1 mijf [a-3]

or if mass weighted cartesian displacement coordinates qi are
used the expression becomes

3N

21 = £ f}? [a-4]
=1

‘Sinee A'ii = ii’ the delta can be dropped in the discuésion
of the time derivatives of the qartesian displacement coordi-
nates. By inspection of ﬁhe geometry of a molecule, one can
relate the time derivatives of the'internal coordinates to

the ii by an expression of the form

. 3N ' .

Ry iE Bti L La-5]
or iﬁ matrix notation

R = Bx. | [4-6]

R is a column matrix or vector with 3N-6 rows, X 1g a vector
with 3N rows, and B is a 3N-6 x 3N transformation matrix.
The Rt can be expressed in terms of the qi by

. 3N
Rt i§1 Dt iql LA-7]
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where

or
R = ng*. [4-8]
The inverse transformation of equation [A-8] is the desired
relation for inserting into the kinetic energy expression;
but, since D is not a square matrix, the 1n#erse transfor~
mation cannot be readily obtained. The coordinate system on
which the qf are based is defined such that there is no net
translational or angular momentum of the molecule with respect
to the coordinate system. Thus, the transformation matrix
from mass weighted coordinates to internal coordinates can
be made square by introducing the conditions of zero trans-

lational and angular momentum into the expression to give

R = [§]= B;lel* = 4" [4-9]

DO is an additional six rows which correspond to the six:

conditions of zero momentum and I is a column of six zeros.

His 3V x 30 and the inverse can, in principle, be calculated
L1 = [ry [A-10]

& ! has been arbitrarily partitioned into Y which is 3N x 3N-6
and Y, which 1is 3N x 6.

The desired relation can now be written as

o -1

T =& R La-11]
and the kinetlc energy can be expressed as

v wly . - LN
21 = o* 4" = % (") 5% [a-12]



80
This expression for the kinetic energy can be expanded as-

(R:3[Y! [YYOJ[:Rj] [4-13)
ol L

2T

- H

= [R'Y' + 1)) [YR + Y, 7] [A-14]
= R'Y/YR + RY/'Y r + 2'Y/YR +

Al 2 © 0

r'Y Y, (a-15]

Sinee r is a zero matrix, the last three terms are zero and

21 = R'y'vR [4-16]
Thus, the problem has been reduced from 3N to 3N-6 dimensions.
The evaluation of Y is the next step.

The matrix Y can be deduced by first considering the

relatidns
-1 _ [ —
& = Lyy,] [g :I~ [y + ¥ D]
0.
= 13N % 3N [A-17]
and
-1 _ : -
/8 = B:l [yy ] = I:DY DY, |-
0 DY DOY0
= Iy x 3y | [a-18]"

where I is the ldentity matfix. From eduation [A-18] one can

deduce that
DY = Iy 6 x 3y-6° (a-19]
If equation [4-17] is transposed to give

IYI

topd _

and then multiplied on the left by D and on the right by Y to
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give

DD'Y'Y + DDJY Y = DY = Igy g o zy.g LA-21]
another useful relation can be obtained. The matrices D and
D0 must be orthbgonal g0 DDé is a zero matrix. Therefore,
the second term on the left slde of equation [A&21J"is elimi-
nated and

m'r'y = I. | f L4-22]
It follows that |

'y = (pp’)"" = ¢! [4-23]
where the matrix G is defined as DD’.
The kinetlc energy can now be written as
27 = R'¢™ k. | (a-24)

In view of the relation between the components of D and B, the

elements of G are

Gpy! = )X ti7t 1 . e fa-25]

The eiéménts of G can now belcalculaﬁed Siﬁce'tﬁeuéieménts df.
B can be determined from consideration of molecular geometry.

Now both the potential and kinetic energies have been
expressed in terms of the internal coordinates as

!

27V = R'FR La~26]
and

- - [A-27]

27 = R'G"
The equations of motion of the molecule could be obtained di-
rectly fromhthese expressiong for T and V by the. application

of Lagrange's equation

4 27 ., 3¢ _ _ o
it R, + 3R, 0 $=12,....38-6. {a-28]
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However, it is probably more informative to consider the

vibrational problem in terms of the normal coordinates.
The Vibrational Secular Equation

The normal coordinates of a molecule are defined such
that the expressions for the potential and kinetic energies

have the foim

A A 2
2V = Q'AQ = £ M, Q [4-29]

and
‘ L

_’. _ D Ao
27 = Q'Q = EQK {4-3%0]

where Q is a column matrix of the normal coordinates Qk and
/N 1is a diagonal matrix of the Mo

It has been stated previously that the A are related

: k
to the vibrational frequencies vé by

A = 4n2v§. [a~31]
This relation 1s easily verified by considering the equations
of motion in terms of the normal coordinates

5k + A Q. =0 k=1,2,...,3N-6. [A-32]

These equations are obtained from ILagrange's equation and the
expressions for V and T in equations [A-29] and [A=301]. Possible
solutions of these equations are the vibrational type solutiouns

Q. = A, cos(2my, t + ¢) LA~33]

Wwhere Ak‘is the amplitude, t the time, and ¢ the phase. Sub-

stitution of this solution into the equations of motion gives
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-4n2v§Ak cos (Eﬂvkt + €) +
| M A, cos (EWvKt +€) =0 La~-34]
and obviously
' ' Ak = 47 Vk. [A“B?]

The normal coordinates are related to the internal co-

ordingtes by the transformation matrix L

R = IQ {a-36]

or

Q = L~1R. . [A"37]

Substitution of equation [A-36] into equations [A-26] and
(A-27]gives expressions for T and V in the form
- o1 = 9'z'e" 114 | [4-38]
- ov = Q'L'FIg [A-39]
Comparison of equations [A-38] and [A-39] with equations [4-29]
and [A-30] yields the equations :
t'eTly =1 o © [a-20]
L'PL = A\, - La-41]
Solving equation [A-40) for'Lf and substituting in equatioﬁ
La-41] glves
1

L"leFL = A [A-42]

or |
GFL = LA. - [A-43)

Thus, L is the matrix which diagonalizes the matrix GF by.a
similarity tranéformation.h The columns of L are the elgen-
vectors of the matrix GF and the elements of /\ are the eigen-
values. Equation [A-43] is one form of the secular equation

for the vibrational problem and the solution of this equation
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vields the vibrational properties of the molecule in question.
For a ﬁontrivial solution the secular determinant must vanish,
i.e., |

lgF —Al= 0. | [a-44]

Schachtschneider and Snyder (13) have reported a method

for the solution of secular ngation [A-44] by means of a digi-
tal computer. Although the maﬁrix GP is not symmetric, it can
be diagonalized by diagonalizing two symmetrie matrices. Pirst,
G is diagonalized by solving the secular equation

GA = A [A-45]

where A 1s the eigenvector matrix of G, and ﬁ is the diagonal
matrix of eigenvalues of G. A new matrix W can now be defined
by

Wo=am? [4-16]

and applied to F to give
H=w'm, La-47]

H is 2 symmetric matrix, since A must be:orthogonal and 7 is

diagonal, and it can be diagonalized by solving
HC = CA. . : LA-48]

Substituting the expression of H given in equation [A-47] into
equation [A-48] gives

WFHC = CA. La-49]
Multiplying on the left by W gilves

WW/FWC = WCA La-50]
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and since
i

WH o= G (A~51]

equation LA~50] takes the form

GRIC = WO A\ . o (a-52]
By comparison of équations LA-43) and LA-52] one can deduce
that
L = We. B T
Thus, the transformation matrix from normal to interﬁal co-
ordinates can be evaluated by diagonalizing the matrices G.
and H.
Schachtschnelder and Sanyder point out several advantages
of this method of solving the secular equation [A-43]:
(1) Very fast machine methods, such as Jacobi's method,
can be used for diagonalizing the symmetric matrices G and H.
(2) 17! i easily obtained as
1= oty [a-54]
since
AR MEst =y La-55]
(3) Redundant coordinates need not be removed before
diagonallizing G. Frequently, it 1s convenlent to use a set
of internal coordinates which includes more than the necessary
3N=-6 coordinates. In this case the matrix G will have a number
of zero elgenvalues equal to the number of redundant coordinates.
This will in turn yield a W matrix with zero columns corresponding
to the number of redundancies. The resulting matrix H which is
constructed using the transformation W will be a 3N-6 x 3N-6

matrix. Thus, the redundancies have been eliminated from the
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secular equation when it is expressed in terms of equation

La-487.
Symmetry Considerations

_ Through the application of grbup_theory the symmetry of
a molecule can be utilized to factor the determinant of equation
{A-44] into a number of determinants of lower order. This can
be accomplished through the introduction of symmetry coordi=-
nates, each of which belongs to one Sf the symmetry species
of the molecnlar point group.

Technigques have been published for systematically setting

up symmetry coordinates Ss as linear combinations of internal

coordinates Ry according to

Sg = T UgyRy ' La-56]
or in matrix form

S = UR La-57]
where U 1s an orthogonal matriz, l.e., U™ = U’ (3)
Thus, ¢

R=1U'S L4~58]
and

R’ =8'v La-59]

can be substituted into the expressions for T and V to give

21 = R'¢" 'R = §'ve”tu’s [4-60]
= 88718 [4-61]

and
2V = R'FR = $'UFU’s [4-62]

s 9s La-63]

H
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where
B! = ve~ Ty © [a-64)
F = uru'. {4-65]

The resulting,ﬁ-1 and F matrices will be factored into square
blocks along the diagonals, each factored block corresponding
to the symmetry coordinates belonging to one symmetry species
of the molecular point group} It can eagily be shown that
there can be no cross terms between gymmetry coordinsgtes Qf
different spécias in the expressions for T and V. As a result
of this each factored block can be considered separately and
a secular determinant can be formed for each symmetry species
where the order of the determinant is equal to the number of
normal vibrations of that partlcular gpecies. Thus, by the
use of symmetry coordinates, the vibrational problem can be
reduced to several smaller problens, each of which may be
solved separately. For example, the treatment of the pre-
vious section could be applied to the symmetrized gecular

equation

FFL= ;ZA . [4-66]

where £ = UL and each symmetry block could be considered

separately.
Bvaluation of Force Constants

The iteratlive method which was used to evaluate the
force constants 1s based on a procedure described by King

(50). The potential energy is expresse&'in the usual Urey-
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Bradley form

I 2-
2v = %‘:[EK_iriAri,+ Ki(Ari) J

{

| 3 J
‘ 2-
o+ §[2qukAqk + Fk(Aqk) ]

+glenine v H, (A 0,)?] [4-67]

and the redundant coordinates Asqk (displacements betiween non-

bonded atoms) are removed. Substitution of}the‘minimum con=

- gv =-§E- = 6) leaves V as a function of variables
Ty aaj_‘ _ -

which may be independent or may still include redundancies.

ditien

The potential energy now appears as
2V = R'FR - [4-68]
- in which the elements of the F matrix are linear functions of

the Urey Bradley force constants ¢

_ 3

Lege = ?ng'@; La-69],
the coefficients.zgt: belng determined by the meolecular geo-
metry. The Zit: can be defined so that the f, .+ are the ele-
ments of the F mafrix or the elements of the F matrix. The
elements of the F matrix caﬁ be arranged into an F vector
and the Zétf become the elements of a transformatioh matrix

defined by

P o= 7% {a-70]

where F' 1s the F vector and ¢ 1s a vector of UBFC.
If the exact UBFC are known, then ﬁhe F matrix can be
reconstructed from the F vector and the secdlar equation.
GFL = LA | [A-71]

can be solved for eigenvecfors L, and eigenvalues Ao Since
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the force constants are usually not known but are approximated,

the calculated A, will be significantly different from the

k
observed frequency parameters (X;bs“= AHQQE). The initial

force'constants are then refined so that the fit between ob-
served and calculated A's is improved. Assuming the zeroth
order normal coordinates (normal coordinates calculated from

the initial force constants) to be fairly close to the true

ones, then the secular equation can be written as
where A F are the‘corrections to the force constant matrix

and L, is the normal coordinate transformation for the zeroth

order secular equation
GF, L, = L A\ - La-73]
Combining equations {A4-72] and [A~73] gives

G(AF)L) = L (AP = A ) = (A A).  [4-74)
Since the eigenveetors of the secuiar equation are normaiized
so that | v

L'PL = A\ | ,, [4-75]
and | |

1

L'gT'L =1 {A~76]

equation LA-74] can be reduced to
L AFL, = A\ | La-77]

Equation [A-??] can be rewrltten as a series of equations,

one for each robt, of the form

Ak = IB(I ) g (L) v ALy L4-78)
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or a new matrix, the Jacobian J, can be defined by
AN =3(aF) | [4-79]

where the Ast and AN are column matrices or vectors. Since

the £ .,/ are linear functions of the Qj equation [4-69] also

holds for the difference form

AT = ZAe. | [4-80]
Substitution for AF' in [4-79] gilves

AN = gzhe [A-81]
The dimension of the matrix JZ is n x m where n 1s the number
of vibrational frequencles and m 1s the number of UBFC.

If n = m then expression [A-81)] gives n equations which
can, in principle, be solved to glve n corrections to the
force constants. If n>m, then the method of least squares
provlides a convenlent method of solving for the4&§j. The

least squares method consists of minimizing the welghted sum

of the squared errors S defined by

. 5 &
S = Zpg (o) + Ak = A)

(A-82]
and the A A, are the elements of the AL of equation
{A-81]). The minimization condition, leads to the normal

equation
(32)'2 AN = (32) P(J2Z) A @ [4-83]

where P is the dlagonal matrix of weighting factors Pp- The
solutions A & of this equation are the least square correc-

tlons to the UBFC. However, since the (Lo)tk of équation

/
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(A-78] were only approximate, the corrécted force constants
will still deviate from the best values and the perturbation
must be repeated using the revised normal coordinates to set
up a new J matrix. The cycle 1s repeated until further re-
finement produces no change 1ln the resulting force constants.

The program "Overend" was used for the calculation of
the UBFC. The prégram wiil not be discussed 1ln detall for
similar programs have been described in the literatﬁre by
Overend and Scherer (10) and bj Schachtschneider and sﬁyder
(13). |

As described previously, this program employs the W
‘matrix to introduce the kinetic energy in the vibrational
problem. The W matrix and the Z matrix are détérmined,by
separate programs and are part of the input for the program
"Overénd”. This program 1s capable of evaluating a set of
force constants for a series of molecules. The required
input 1s as follows: o

(1) A vector of approximate UB force constants Qo'

(2) A Z matrix.

(3) A W matrix.

(4) The values of the observed frequencles.

(5) A welght matrix P, usually taken as A\~
Items (2) through (5) are repeated for each molecule of the
series. The output from the program "Overend" includes the
following: _ | |

(1) The final UB force constants.

(2) The calculated frequencies for each molecule.



(3)
(4)

(5)

'The L matrix for each molecule.

The potential energy distribution for each molecule.
The distribution of potential energy among the internal
coordinates is determined by forming the matrix =
product | |

NLE T
wﬁere‘é* is a diagonal matrix of UB force constants
(51). |
Dispersions and co-error matrices for the calcu-

lated frequencies and force constants.

/ ™
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