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ABSTRACT

Following a brief introduction to charge-transfer complexes,
the far-infrared vacuum grating spectrometer used in this research
is briefly discussed,

The infrared spectra of the PyI,, PyIBr, PyICl and PyICN charge=-
transfer have been examined in a range of environments, The Raman
spectra of PyIBr and PyICl have also been examiﬁed. In polar
solvents the ionization

PyIX : [Py21]+ + IX;i
takes place, The vibration spectra of the complexes are assigned,

The infrared spectra of the compléxes y—Pich, v-PicIBr,
Y-PicICl and y-PicICN have been recorded in a range of environments,
In polar solvents the first three complexes ionize

2y-PicIX —= [y=Pic,I1V + IX,~,
The vibrations of the complexes are assigned on the basis of Cor
symmetry,

The infrared and Raman spectra of complexes formed by pyridine
with bromine, and bromine chloride have also been examined, In non-
polar solvents these complexes are predominantly un-ionized, In
polar solvents the additional bands are assigned to the cation
[Pyh%ﬁ+, and the anions Bry or BrCl, . The spectra of the solid

complexes are quite different from those in solution,
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Infrared and Raman spectra of salts of the cations bis-p&ridine
iodine(I), bis-pyridine bromine(I), bis~y-picoline iodine(I) and
bis-y-picoline bromine(I) have been examined, The spectra of these
cations are correlated with the vibrations of their respective bases,
pyridine and y-picoline, The linearity of the N-X~N atoms, and
the presence of a centre of symmetry are definitely indicated for
the first three cations,

The force constants for halogen-halogen and donor-acceptor
intermolecular stretching vibrations have been calculated using a
simple triatomic model, The frequency shifts and environmental
effects are discussed, These may be explained in terms of the
deéree of charge transfer,

The structures of the products from the reaction of y-picoline

with iodine are established by infrared, N,M.R, and mass spectra,

o+ .
These are 8o0lid Ia Me y—CHzoN, T;
/ ’ .
+ + : A
Solid Ib Me —<-:>N--CH2 -/\ >N—CH2-/‘ N, 21"

+ — -
and Solid Ic¢ Me LC\)\Y-CH.‘.); —<_>V’ \31
[N
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1, INTRODUCTION

Charge~transfer complexes or donor-acceptor complexes are formed
by molecules or ions or both, without a covalent bond participating in
the complex formations These complexes are generally very weak; heats
of formation are less than 20 kcal/mole. In many cases they are so
unstable at ordinary temperatures that they camnot be isolated in the
pure state but exist only in solution in equilibrium with their components,
A feature of such complexes is the transfer of an electron from one
component (donor) to the other (acceptor). These complexes can usually
be detected by a change of colour from the parent components and a
characteristic absorption band which is absent in both the components.

(1)

Besides three excellent books s Several reviews (2—10) of charge-~
transfer complexes have been published during the last three decades.

However, a short review will not be out of place,

1.1, Types of donors. Donors in charge-transfer complexes mey be
(10)

devided into three groups, according to the nature of donation

Increvelent or 'n' donors are lone-pair donors; the donation
taking place from the non-bonding lone-pair of electrons, located on
a key atom such as nitrogen, sulphur, etc. A large variety of nitrogen

containing organic bases including aliphatic amines, pyridine and
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substituted pyridines, piperidine, etc. are 'n' donors. These donors
usually form comparatively strong charge-transfer complexes with halogens
and are the most studied class of 'n' donors. Alcohols, organic

sulphides, organic iodides are also 'n' donors.

77/ donors, where the donation takes place from a bonding molecular
77 orbital, are also known as "sacrificial" donors, because as a result
of dbnation, the bonding within the dénor molecule is weakened. A large
class of organic compounds including unsaturatéd and aromatic hydrocar-
bons and their substituted analogues are 7U donors. This class of TU

donors generally forms weaker complexes than '‘n' donors.

The final class is the ¢ donor, and is also a "sacrificial" type.
In this case the donation takes place from the bonding moleéular
orbital, Aliphatic hydrocarbons, especially if cyclic, are '@ 'donors,
This class of donor generally form very weak complexes and is not often

encountered.

1.2, Types of Acceptors: Meny inorganic and organic substances are

known as acceptors in charge-transfer complexes. Broadly, they may

be divided into three classes according to the nature of acceptance of

electrons(lo).
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Increvalent acceptors which accept electrons into a vacant orbital
of a key atom, so that this atom can form an additional valency bond,
This class of acceptors includesIBRB,AlRB,A1X3,8n014,etc.,(R:alk;l group,

X:halogens).

Halogens, sulphurdioxide, oxygen, hydrogenhalide, etc., are &
acceptors. Halogens accept electrons into their S'antibondihg moleg-
ular orbitals, and as a result bonding within the halogen molecule is
weakened. This class of acceptor is also known as a "sacrificial
acceptor". The relative aceceptor strength or acid strength of halogens,
has been measured by Scott(ll) from thermodynamic data, The relative
acceptor strength depends upon their electron affinities, and it follows
the series 171))Br0l) Br))I)Br,)}%1,.  The fact that interhalogens
are stronger acids than the elemental substances must be ascribed to the
polar nature of tbe mixed halogens(a). In the case of interhalogens

the less electronegative atom, such as jodine iniCl, is the co-ordination

centre,

A large group of organic compounds accept electrons into their
antibonding 7r orbitals. These are known as " 77" or "sacrificial"
acceptorsi Many of the |7 acceptors are ethylenes, substituted with
higﬁiy electronegative substituents. The acceptor strength is related
to the capacity of these substituents to withdraw electrons from the

ethylenie groups. One of the strongest T7 acceptors is tetracyano-
ethylene,(NC)2C=C(CN)2; which gives brilliantly coloured complexes
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with aromatic hydrocarbons and other donors. Benzene is a 7r donor,
but when it is substituted with electronegative groups it becomes a 7~
acceptor. A great many coloured solid adducts of polynitroaromatic
compounds with organic donors have been propurcd. Some of these
molecular compounds are sufficiently stable to have a characteristic

(2)

melting-point® °.

1.3, Theory: Donor-acceptor complexes have attracted the interest of
‘chemists for a long time and a number of theories have been put forward,

to explain the bonding forces between the components of the complexes.

Pfeiffer (2.12) first tried to explain the bonding of organic
complexes by residual valency theory. According to this theory, the
residual valency forces were saturated by the comélex fqrmation.

Bawnett and Wills(l3) discarded this theory on the ground that it

failed to explain the occurence of simple stoichiometric ratios.

They, in order to explain some complexes of aromatic substances with
nitrocompounds, put forward the theory of co-valent bonding. However,
it became untenable when it was discovered that the separation disfances
between components in solid complexes were much longer than normal co-
valent bond lengths(l4).

b(2,3,15)

Briegle explained the interaction of nitrocompounds with

aromatic hydrocarbons, in terms of dipole-induced dipole electrostatic
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attraction; The molecgies with permanent dipbles; induces a dipole in
the polarizable hydrocarbon and they are held together by eleétréstatic
forces, This theory is supported by the fact that heats of formation
of a series of complexes with S-trinitrobenzene decreases with the
decrease of polerizability of the hydrocarbon in the order, anthracene)
phenanthreneJ} naphthalene > beﬁzene. He was able to estimate gram
molecular heats of interaction of the order of 2 kcal for assumed
intermolecular distances of the order of 34°, The experimentally
- determined heats of formation of some complexes of S-triﬁitrobenzene
with naphthalene, anthracene, etc., in carbontetrachloride are of this
order of magnitude. The attractive force between the polarizing and
polarized molecules varies according to the inverse sixth power and the
inference is that the interatting mplecules camot possibly get as close
together as is required for ordinary chemical bond formation. This
conclusion is supported by crystallographic evidence, However, it is
difficult to conceive that the formation of colour is only the result
of interaction between inducing and induced dipoles. Brieglel's
theory is also unable to explain the formation of complexes between

iodine and hydrocarbons such as benzene.,

(16) (17)

Gibson and Loeffley and Hammick and Yule presumed that the
colour phenomena are associated with the drift of electrons from one
component to the other when the reactive centres are appropriately

located during normal collisions..
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(18)

Weiss describeq the formation of deeply coloured molecular
compounds from gquinones and nitroguinoncs; and certain unsaturated
hydrocarbons on their derivatives; in terms of an electron transfer
from one component (D) to the other component (A), according to the
net reaction,

D:=a—>D7* ["a]"
The ions composing the compound, have each an odd number of electronms.
As a result transitions to excited states require less energy and can
be effected by the visible light. He also suggested that acceptor

molecules must have positive electron affinities and the donor molecules,

lcu. ionization potentials in order for complex formation.

The mechanism of the Diells Alder reaction has also been explained
in terms of an electron transfer from the diene to the dienophile with

(19)

the formation of an ion pair intermediate The term 'intermolecular
semipolar bond' has been used to describe the intermolecular overlapping

of the orbitals of the non bonded electrons in each half.

has discussed ‘'complex resonance' as the source of the
stabilization of fhe complexes. His concept, which requires only partial
ionic character in the complex is more realistic than those theories
previously describéd. According to this theory the donor compound can
also share an electron pair with the acceptor by a process comparable to
Lewis~acid-base interactions. The complex structure is regarded as a

resonance hybrid D:A«=+D':4” to which no bond and dative structures
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contribute. The physcial properties of such complexes cannot be
interpreted in terms of those of the separate components, Thé
pronounced ultraviolet absorption band is not the modification of a
band present in one of the componénts, but a néw characteristic band

of the complex.

The generally acCepted; pr:sent form of the theory is fhat presented

(21’22); He has explained the bonding in charge

by R.5, Mulliken

transfer complexes in terms of a general quantum mechanicai theory.

The wave function of the ground state charge—trénsferﬁcdntainihg one

donor (D) and one acceptor molecule (A) is described by the equation.,
e ¥, (Da)+b wl(D‘fA')

The ¥, is the no bond wave function and ¥, is the dative bond wave

function, a and b are the co-efficients of .>-bond and dative bond

states. In the no-bond state D and A are held together by classical

intermolecular forces such as dipole-dipole, icn-dipole, dipole-induced

dipole, etc., or Heitler-London dispersion forces. The dative bond

state is formed as a result of transfer of an electron from the donor

to the acceptor molecul§D+and A, 5esides all the forces mentibnéd above

‘are also held together by electrostatic force. For weak complexes

a }b2, but for strong complexes such as BX3;NR3, a and b are more peayly

equal;
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If D and A are weak donors and acceptors then a third term,
representing electron transfer from the aé'ceptor to the donor, may be
. . . ;o +, - -~ F
important. In this case, WN“a‘Vo(DA)'*bW,(D A7)+C Lyz(D --A )
2\ 2 : - C
where b »c . For self complexes such as benzene-benzene, b and 4 are

equal.

If Yy, ¥o and \¢, are all normalized then the equation relating a and

b is:- jv ; d{;=1=a2+2abs+b2

where S is the overlap integral given by S=|¥, ] d Q The energy B of
the ground state is given by the relation

(v -E) (Wl-E)=(Hol-ES)2

where WO=J%H%{,6,{): the energy associted with the no bond structure DA,
Wl{ 4 HY d).: the energy associated with the structure D -A .
Hol=jtr‘,H‘~H,,d'\): the interation energy of structures DA and D'-A”,

H is the exact Hamiltonian operator for the entire set of nuclei and
electrons, which comprise the complex.‘ Since the rground state energy
EEWN is not much less than Wo for weak complexes, Wo may be substituted
for E for all terms except (Wo-E)" Using these approximations the
energy of the ground state may be written as

(Hol -Swo) °

WNC":' Wo -

4, W)
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The energy difference (WO-WN) represents the resonance energy arising
from the dative bond contribution to the ground state and can be thought

of as the charge-transfer stabilization energy.

It can also be shown that -

b - Hol—WOS
a

W, W
e}

There also exists an excited state whose energy should be approx-
imately the energy of the dative resonance form. The excited state
wavefunction is given by

g % (DEA7)-b "o (Da)

The following relations may be established for the excited state

(8, -5, )? |
WE =W + of the energy of the excited state.
v, _woi ,
¥ .
and';;— = - (Hol—bW‘) ,—WO)

Here a*2)>b*2 and if overlap S is small a*¥=a and b*=b, The excited
state is largely ionic in character. The tfansition from the ground

to the excited state, which accompanies the absorption of light
corresponds to the transfer of an electron from the donor to the acceptor.
The spectrum associated with the transition is called an intermolecular

charge-transfer spectrum.
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If the donor and acceptor species are in their singlet ground state,
i.e. they have closed-shell atomic orbitals, then
2 vk
=25, /(1+s )
where
SDAi[H’DyEdQ
and is the overlap integral between the highest energy filled orbital of
the donor, HJD’ and the lowest energy unfilled orbital of the acceptor,
W The partners in a donor-acceptor complex tend to assume a relative
orientation so as to make S and SbA a maximum. For an orientation of
the partners such that SDA is zero, b also is zero, and the charge-

transfer interaction disappears.

1.4. Properties of charge-transfer Compiexes: The properties of charge

transfer complexes can be divided into two classes, dépending on whether
they are determined only by the structure of the ground state of the
complex or whether they depend on both the ground and excited state
structures. Properties of the complex such as geometry, dipole@pment,
enhanced intensity and frequency shift of %A the infrared and Raman
spectra, formation constant, enthalphy of formation and magnetic properties
fall in the first class. The electronic spectra of the complexes fall

into the second cléﬁgs

1.4.1, Blectronic Spectra: Detailed study of charge-transfer spectra

has strengthened the Mulliken's charge-transfer theory. Since an

electj}on moves from the donor to the acceptor in a charge-transfer
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process,; the energy of the complex and the process of complex formation
depend on the ionization potential of the donor molecule and the electron
affinity of the acceptor molecule. A linear relationship has been found
between the ionization potentials of several alkyl benzenes and the
charge-transfer frequencies of the corresponding iodine complelzsg 3’(“1g.1)
The charge-transfer band shifts towards the visible region as the donor

ionization potential increases.

The energy required for optically induced intermolecular charge-
(9)

transfer may be expressed as

Hyc T_Wl—W +X. —X

W is defined as W +GO~’ where W is the energy of the separated molecules
and GO is the sum of several terms including - electrostatic enérgy and
van der Waals energy. Xb is the resonance energy of interactions

between the 'nb-bond' and dative states in the ground state, Similarly

W is defined as W I _EV-G. where Ig is the vertical jonization

DA”
potential of the donor, EK'is the vertical electron affinity of the

acceptor and G is the term involving all D'-A" interactions.
Xi is the resonance energy due t6 interaction with fhe no-bond state.
The authors derived the followéng equation

hQ’CT"ID'Cl'FfV-—é———
where C]and 02 are constants for a given acceptor. It followes that
when the energy thT is plotted against Iﬁ; a curve result, and C1 and
C, can then be evaluated.



1. Naphthaiene"
2. Mesitylehe
i 3. o-Xylene
4o ﬁ;Xylene'

5. 2-Methylbutadiene
6. Toluene A
Te Cycldhexene |
. 8. trans-Buiene-2
| 9., Bengene - ‘
10, cis-Butene-2
11. Chlorobenzene
12. Butadiene
13, Propene

cCoo0O®

14, cis=Dichloroethylene e
15, trans—Dichloroethylene 13,
16. Diethyl ether -/
17. Cyclopropane 0o
18, t-Butyl alcohol . . |

olz2

19

30000 Ner ' 40000

Pig. 1. ITonigation poten%ial of the donor'noledulés versu° the

frequency of the charge-transfer tran51t10n maximum of its complex

with iodines (HoConnel Ham,and Platt, loc. cit. ).
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In most cases where Cl and 02 have “been defermined; these values are such
that the last term is small for fairly high ionization potentials(24).
(}7.5ew)') and a linear relation between charge-transfer frequency and
vertical ionization potential may result e...

hyyg=0.921-5.12024)
Although a linear relationship has been demonstrated experimentally many
times, there are a few misfits which may be due to changing intermolecular

(24)

distance, steric or inductive effect of substituents groups, etec.

For amine halogen complexes, as V) is approxinately equal to L

a different relation has been suggested (9)
)2 ; Wl _WO

(hk’crp S F‘*’ iiﬁ_BQ;’
- 10" -
where S is the overlap integral, B0=H01-WOS and Bl.—_-Hol-WlS.
ks
The intensity of a charge-transfer band, or,oscillator strength, is

given the oretically(g)by

11, 2
{ t=(1.085X10 }Mol Yol
1

where -\\'ol is the frequency in CM ~, and Mol is the transition moment,
Oscillator strength{r may also be determined experimentally, using the
) i
relations( 5) .
.
= w i
fex_ 4.32X10 s ed )

or

j" ex=1.35X10-8 £ maw(-y mazé-—‘i 1 )

where Yis the freguency, £ is the molar extinction co-efficient.
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x 4 % ‘ A e p e .
mad and “mas$ are the frequency and molar extinction co-efficient

respectively at peak absorption; ﬁ;i is the half-width of the absorption
Z
band, There is satisfactory agreement between the values of/fé and ox

in some cases(l’zl).

The various aspects of chafge-transfer intensity
has been discussed by Mhrre]§6); According to him, the charge-transfer
band borrows some intenéity from the excited state of the donor.
Mulliken(lo) has pointed out that for amine halogen complexes the

oscillator strength cannot be accurately gauged by €max.alone, since

41 showes considerable variations.

L
*2

Mulliken's idea has been strongly supported by Nakamoto‘s(zs)

study
of the optical dichromism of single crystals of a number of molecular
complexes, such as guinhydrone and hexamethyl benzene, which have typical
intense new absorption bands. The spectra of these complexes are |
polarised with the large component perpendicular to, and the small
component parallel to the plemes of the two interacting molecules.

These results are in marked contrast to those obtained by Nakamoto for
ordinary aromatic compounds. The difference is to be expected from
Mulliken;s theory, since electron transport between the rings can only be
brought about by that component of the incident light which is oscillating
perpendicular to the ring plane, In transitions bf aromatic systems on
the otherhand only the component in the plane of the ring system is

(3)

effective .
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1:4;2; Infrared Spectra: Infrared absorption and to a limited extent
Raman spectra have also been used to study a variety of molecular
complexes, though not as extensively as the ultraviolet or visible spectra.
On complex formation, the spectra of both donor and aceeptor changes.

Three types of changes are found to occur: (1) the vib:ational frequencies
in donor and acceptor may be shifted, (2) the intensity of bands may be
changed, and (3) new low frequency bands appear due to the vibration of

one molecule of the complex against the other. Furthermpre a decrease

in total symmetry is usually associated with complexing, causing some nev
infraged bands to appear which are inactive in the isolated molecules due

to symmetry requirements,

1.4.21 The donor Spectrum: The changes of the spectra of donor molecules
are not very obvious. ‘AThere are so meny things which can cause frequency
shifts without any very large change in electronic structure. For example,
the change in symmetry on complexing can cause vibrafions which are
isolated in the free molecule to mix in the complexed molecule,resulﬁing

in large changes in the appearance of the spectrum, However, some

changes in the donor spectra can be accounted fore

(26-32)

. The most intensely studied donor molecule is benzene .
The vibration frequencies of the benzene molecule do not shift on cbmpléx’
formation. However, the intensity of some bands change. The 850 and
9}92(:111_1 peaks of benzeﬁe are enhanced both by bromine and iodine.
| These intensity changes are presumed to be due to changes in symmetric

(1v)

ring breathing modes .



23,

The infrared spectra of trimethylamine; on complex formation with

iodine has been found to change remarkably(Bj).

The C-N stretching
vibration frequency decreases; the degenerate C-H deformdation splits
into three lines, and the C-N deformation vibration shifts towards higher

frequencies. These changes are attributed to the weakening of C-N band

and repulsions between the iodine and nitrogen atoms.

Interaction of pyridine with halogens are accompanied by changes of
(34-39)

intensity and shifts of certain infr:yed bands The totally

symmetric 990c3;n_1 band of pyridine, shifts to higher frequency upon
addition of iodine and appears as a sharp intense band at'10050m715
The 1027cm > bend shifts +o lO'p’lcm"'l and markedly diminishes in intensity.
There is a ﬂ~100m7; shift of the 1070cwt pyridine band to a lower
frequency upon the addition of iodine., This band is extremely wéll
defined and its intensity is almost equal to that of the 10050m-'1 band.

The 605 and 4050m-L (40)

bands of pyridine are also observed to shift to
higher frequency on addition of halogens by 10—30cm-1 depending upon the
electron affinity of the halogen. These effects are noted for all the
pyridine halogens or interhalogens complexes that have been studied.

It has also been observed that when pyridine forms complexes with 1-X
(X=F,C1,Br and I) the shift in the 990cm'1 band is directly related to the
electronegativity of the X-atom. This band of pyridine has been observed
at a maximum frequency of 1014cm-1 for IF, shifting gradually to slightly
lower frequencies of 1012 and 1011<:m-1 for IC1 and IBr and finally to

lOOE(:m_1 for the iodine pyridine system.
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It is obvious that for all the pyridine halogen complexes there is a
remarkable consistency in frequency changes. The complexes between

Picolines and halogens behave similarly.

The changes in intensity of the infra-red spectrum of pyridine on
complex formation with halogens have been discussed by Person et a1§38)
The redistribution of charge which results on complexing is not symmetrical
over the pyridine molecule. Thus, vibrations with n§ resulting
dipolemoment change in pyridine suddenly appear with rather large moment

changes in pyridine complexes. This gives rise to the very great changes

in the appearance of the spectrum.

1.4.22 The Acceptor Spectrum: Halogens accept electrons to an
antibonding molecular orbital when forming charge-transfer complexes;
as a result the halogen-halogen bond weakens with an accompanying decrease

in the vibration frequency of the halogen fundemental.

1

The fundamental vibrational frequency of chlorine, at 557em — in the

igolated halogen is reduced to 5300m-l when chlorine is dissolved in

(42-43) Similarly, the 217cn frequency of iodine is reduced

(44)

benzene,
to 207cu™ in benzene and to 174cm~ in the pyridine iodine complex.
The frequency of these bands is lowered and absorption intensity increases
as the ionization potential of the donor decreases., Furthermore these

bands, normally only Ramsn active, are now observed in the infra-red.



~ This is what iS expected if the halogen molecules are bound in a
charge-transfer complex, Similar changes in position and intensity of
the fundamental frequencies of 1C1,1Br,1CN and Br2 teke place when. they

form complexes.(43’45-50)

The frequency change in the acceptor spectrum has been explained

by Person et al.(46)

The structure of the complex between donor
molecule D, and the halogen,l-X may be described in terms of resonance
structures,

De-+I-X and (D-I)*...x”
For weak complexes the no-bond structure is most important. As the
strength of the complex increases the ionic structuré becomes more and
more important. From this model it is obvious that the 1-X force

constant will decrease as the ionic structure becomes more and more

important.

The enhancement of the infra-red intensity of the halogen-halogen
stretching vibration has been explained by Farguson and Matsen.(zg)
According to them, the electron affinity of the halogen changes during
the vibration and as a result the energy difference between the no-band
and dative bond states changes, so that the extent of nixing of these

two wave functions changes during the vibration. As the halogen-halogen
bond vibrates, there is an oscillating flow of electrons from donor to

acceptor; the resulting large change in dipole moment causes the

intensity enhancement.,
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(51)

Frederic and Person have also explained the intensity enhancement

with emphasis on electron reprientation during the vibration.

1.4.23 Intermolecular Vibrations: The intermolecular vibration bands
for charge-transfer complexes is due to the vibration of one molecule
in the complex against the other, ii.e, the D-A stretching vibration.
Only a very few examples of such bands have been observed and they are
all for the complexes of 'n' donors and halogen acceptors. 4s the
interaction forces of charge-transfer complexes are very weak, they»

generaliy appear in the low frequency region. For example,

1

(CHS)3N-IZ gives a new band at 135cm — which has been identified as N-I

(33) For the pyridine 1-X complexes the N-I

(52)
21

134ci> for PyIBr and 147 for PyIcl.®8) It is obvious that the

stretching frequency.

stretching bands have been found to be at 94(:111"l for Pyl

stronger is the complex the higher is the N-I stretching vibration.

(52)

However, the N-I vibration band is a function of the mass of the donor

and also depends on the nature of the solvent.(48)

1.4.3. Dipole Moment: In complexes such as benzene and iodine, in

which both components are nonpolar, the dipolemoment of the no-bond
structure will be alﬁost zero; and the observed dipolemoment must result
entirely from a dative bond structure. For the case where one of the
components is initially dipolar, the situation'bccomes more complicated
and the dipolemoment of the complex may be either greater or less than

(5)

that of the dipolar component.
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The dipole moment of the complex, if both donor and acceptor are

(21)

//ON=/“]’_(b2+abS)

non-polar is given by

where S is the overlap integral between‘go andyyl;/ﬁi is the dipolemoment
of the dative structure and can be estimated from a knowledge of the
geometry of the complex. If the value of S and/ai are known, one can
evaluate a,b and the percentage ionic character of the ground state,
10002

-5:35-*; from the observed dipolemoment. For weak complexes; as the
a :

value of overlap integral S is very small, /‘ﬁh:lb?/‘is

The dipolemoment of charge~transfer complexes should increase with
an increase in the contribution of the dative state to the ground state.
As expected the iodine complex of pyridine is considerably more polar
than the benzene complex, but less polar than the trimethyl amine complex,

(53,54)

The dipolemoment and percentage ionic character of pyridine-iodine,

(5,55) (56,57,58)

benzene-iodine and tri-ethylamine-iodine complexes are

4.5D; 25%; 1.8D; 8.2% and 11.3D; 59% respectively.

1le4.4, Crystal Structure: During the last 15 years the crystal structures
of several 1l:1 donor-acceptor complexes have been determined.(59)
The most interesting are the /T and n donors-halogen complexes, 4s the
halogen accepts electrons into its antibonding molecular orbital, the
bonding within the halogen molecule weakens, This weakening of the bond
should be accompanied by increase in bond length. The stronger is the

complex the longer should be the halogen-halogen bond length in the complex.
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On the other hand the DX (donbrshalogen) bond should lie between the
sum of Van der Waals radii and the co-valent bond length: The difference
between the length of the co-valent D-X bond and the observed D-X distance

should diminish as the strength of the interaction increases.

The study of several n donor:héidgen complexes has proven the above
predictions; In the case of amine halogen complexes, it is generally
found that the donér atom=-halogen~halogen linkage is linear, and that the
more electropositive of the two halogen atoms is the acceptor

(59)

co-ordination centre. Taking crystalline Py-IBr as an example,
Hassel et al have found that the nitrogen atom of Pyridine is linked
to the iodine atom of 1-Br; the N+««I-Br arrangement is nearly linear
with & I-Br distence of 2.664° as compared with 2.4174° in free 1-Br.
The N-I distance is é.26&9 which is less than sum of the Van der Waals
radii (3.65A°) and slightly larger than the value of the co-valent bond
(2.03A°).(60) This indicates a very strong interaction between the
nitrogen atom and the iodine atom directly attached to it. For weak
'n' donors like the oxXygen atoms of ethers or Ketones, both halogen atoms
of a particular halogen molecule are simultaniously involved and an
intermolecular halogen molecule bridge between the oxygen atoms of two

donor molecules results.(6l’62)

The most interesting structure found in 77" donor- & acceptor complexes
is the benzene-bromine complex. The study of a single crystal of the

1:1 benzene-bromine complex at -40° to -50°c, has shown that the
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benzene and bromine moleculeé are alternately arranged and that the axes
of the bromine molecules are nearly perpendicular to the planes of the
benzene rings and pass through the symmetry centres of adjacent rings;(63)
however, this structure is not supported by Muliken's charge-transfer
theory. The distance between the bromine atoms and the nearest benzene
plane is 3;36A° as compared with 3.654° for the Van der Waals separation

and the bromine-bromine distance is almost the same as in free bromines

‘A number of complexes of aromatic 1T donors with aromatic or
aliphatic 77 acceptors have been studied, ~ In all cases the nearest
distance between the two components is slightly smaller than the sum of

the Van der Waals radii.(l)

1.4.5. Equilibrium Constant: Most of the equilibrium constants of
donor-acceptor complexes reported in the literature have been determined
by the spectropbotometric method. The absorption spectrum of a solution
containing a donor-acceptor complex (pa) differs markedly from the

(64)

Spectrum of either component. Benesi and Hildebrand were the first
" to use the new strong peak in the U.,V. region to caleculate the equilibrium
constant and the extinction co-efficient. Applying the law of mass
action to the donor acceptor reaction
Drh T DA
the equilibrium constant K may be written as

ko Lol
(o] - (247 )(T4) —24] )
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where |D! and [ A} are the total concentrations of donor and acceptor;
both complexed and uncomplexed and [ DA] is the concentration of the
complex, The optical density is related to the concentration of the
complex and the cell path-~length by the equation

a={Di 1€,
where 1 is the path length of the cell and QDA is the extinction
co-efficient of the complex at some wave length where neither D nor 4
absorb. Using the above equations Benasi and Hilderbrand derived the
relationship, valid under the condition LP]}){:A:[.

Pt

._L‘gf_=‘ +l 'y'
¢ TR Yo )

If values of [A}l/d are plotted against l/[Dj for solutions of 1:1

complexes a straigth line should be obtained. The values of &, and

DA
of K may be calculated from the intercept and the slope of the line,

Where absorption due to the acceptor molecule cannot be neglected

(65)

Ketelaar et al. have proposed the following relation

i {

; T e oy + s
Vamkn KD (S-¢)  Eopréa

where Qa is the apponent extinction co-efficient of the acceptor in the

donor solution.

The B-H equation cannot be applied to weak donor-acceptor complexes.
Mulliken and Orgel(ss) suggested that there are two types of charge~
transfer absorption, one associated with real complexes'which satisfy

the law of mass action, and the other with DA pairs, which happen to be
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together just through chance collisions: However, there is little

justification for assuming two kinds of complexe3¢(71’]2)

Recently a new theory for weak charge-transfer complexes has been

proposed by Carter.Murrell and Ro§h€67)

According to them solvation
coupetes with complexation in weak complexes, and the effect of
neglecting the solvation in treating the data is to decrease K and to
increase the extinction co~efficient, Assuming the free donor,
éee acceptor and complex occur in solution each wifh a well-defined
.gbIVation shell the equilibrium is given by

ASnfDSm‘;:irmSp+q§

vwhere gQ=n+m-p.

The equilitrium constant for this equation is determined by

(&)1 = 1 L i f’..._ q(m+1) \j
I S W 13

where!:S] is the total concentration of solvent when.[ﬁj:O. It nay
also be shown that B-H equation underestimates K by an amount
a(e+1)/ 5] and overestimates ©, by the ratio (K/K; ;). For strong

complexes K)Qq(m+1)/[$1, the B-H equation may be applied.

' Infra-red speééféécoﬁﬁ has ‘al'so béen used for the determination of
the formation constant of charge-transfer complexes.(52’69’7o)
The value of K is calculated from the known initial concentrations of

donor and acceptor and the concentrations of the complex. The

concentration of the complex in a particular solution is determined from
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the intensity of a characteristic vibration band. The integrated

intensity of an absorption band im given by

* 4= _1___ 1 10g I d\
C1 /1

where C is the concentration in moles pef litre of solution, 1 is the
path length in cm, and Y is the frequency in oL, By using a large
excess of donor and an amount of acceptor sufficient to yield a
concentration of complex which gives a band of same intensity of that
found in the particular solution, A can be calculated, In determining
4 a correlation is made for the non-infinite concentration of donors

For this purpose a guessed value for the formation constant is used.

The equilibrium constant serves as a basis for a discussion by
changes in the acceptor, the donor and the solvent. The equilibrium
constant increases as the ionization potential of the donor decreases
for a particular acceptor br'donor._ For examéle,‘the equilibrium
constant of Py12 in cyclohexane is 131+ 30l/mole, and of‘\“pic;é in the
same solvent is 478: lZOl/mole.(52) The best value of the equilibrium

constant for PyI2 in cyclohexane has been reported to be 317:51/ﬁole.(71)

1.4.6. Thermodynamic Constants: Most of the ﬁ&hmodynamic_conStants of.
charge-transfer'complexes have been obtained by spé%rophotometric'study
c

of solutions of the complex components at several different temperatures.

Values of heats of formation are generally evaluated from a graph of data

taken at any wave length and temperatures Tl and T2 using the equation€72>

(Slope)T, a8

2.30310 =-_ = 1 1
.iSlope’T2 R N Ty )

2
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The slopes of these graphs are the reciprocals of the products of
equilibrium constants and extinction co-efficient of the complex.
The entropy change is calculated from the complex equilibrium constant

and the enthalpy change in the usual way.

Heats of formation of many charge-transfer complexes are reported
in the literature, but very little data is available for amine halogen
(73)

complexes. The heat of formation of trimethylamine -iodine is very

high, H= -12.3Kca1/mole in heptane solution; the value for the

(54)‘ On the otherhand

pyridine-iodine complex is<d H= -7.8Kca1/m01e.
the heat of formation of Jr donor-halogen complexes are very low,

generally of the order of 2 or 3 Kcal/mole.&l) ‘

1.5, BSolvent Effects: The solvent plays a great part in the stability
and strength of a charge-transfer complex. For a complex DA,'whose
excited state resembles ﬁfA', the effect of increasing the polarity or
dielecfric constant of the medium should be to stabilize the excited
state,'despite the restriction of the Frank-Condon principle.(6’74)
Therefore, the charge-transfer band should shift to lower énergies in
polar solvents. However, experimentally it has been shown that on
increasing the solvent polarity, the charge-transfer band shifts to

higher energies.

wsne )
Davis et al have explained the solvent effect by giving more ecmphasis

to the *dative bond' structure of the ground state. In solution the

complex is surrounded by a shell of solvent molecules whose dipoles define
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the ground state. A polar solvent favours the 'dative bond' structure
and so this mekes a larger contribution to the ground state of the
complex than it would in non-polar solvents. However, the excited
state of the complex in polar solvents is stgbilised nmch less than the
ground state, This is because the time interval for an electronic
transition to a Franck-Condon state is not sufficient for effective
reorientation of the permanent dipoles of the solvent to their most
stable arréngement arround the polar excited state of the complex.
Hence, the energy of the charge-transfer transition is raised on

increasing the polarity of the solvent.

v

Rosenberg et al(77)

have found that transition energies of complexes
decrease with increasing solvent refrgactive index. Charge-transfer
transition energies for a given complex show a linear dependence on

2 2 . . .
(n -l)/(Zn +1) for varying solvents of refractive index. The
magnitude of the decrease is a function of the donor strengthe It has

been inferred that the cxcited state dipol%poment decreases with

increasing donor strength.

(48,49)

A few authors have observed that the halogen-halogen
stretching frequency has a lower value in more polar media, which
reflects the stronger donor-acceptor bond in polar media. The
iodine-iodine stretching frequency for the pyridine-iodine complex in

benzene solution is at l7lom-1, and in pyridine solution it appears at

l67cm'l.
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Kobinta and Nagakura(78)

have also explained the increase in
dipolé@oment of charge-transfer complexes in polar media by considering
that the contribution of the charge-transfer configurations in the

ground state of the complex increases with increasing dielectric

constant of the enviromment.
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2. INSTRUMENTAL

Two instruments were used to obtain infra-red spectra.

4 Grubb-Parson's spectromaster was used for measurements from 40(‘5—‘{0?‘?“:—;\

A single beam vacuum grating spectrometer designed and constructed in
the department was used for measurements from 400 to 60cm_l. The
T9-82
instrument has been described in detail( a?nd o)nly a brief outline will be

given here.

Pigure I §howes the optical path of the spectrometre. (The
description of the figure is based upon that given in references 79,80).
Radiation from the source A, a Phillips 125 watt fused quartz mercury lamp,
is reflected from the mirror B to illuminate the entrance slit C.

It passes to the Ebeak Spherical mirror D for collimation, then to the
reflection grating E. The diffracted beam is focussed on the exit

slit C by the other side of the mirror D. After leaving the exit slit,
the beam passes to a five part image slicer F which focusses the beam on
to the five narrow, plane 'matchstick! mirroré ‘assembled side by side.
The beam, after reflection from other plane mirror G is brought to a
focus in the middle of the sample area S by a concave mirror J, the height
cf the slit image in the process being reduced from 3" to 4. The beam
is then focussed by a spherical mirror K in the detector unit on to a
reststrahlem reflector M, from which it passes to a spherical mirror N
and is reflected on to a second reststrahlem plate P crossed with respect

to M. This directs the beam through a 4 to 1 Greenler image reducerq
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into the diamond window of the Golay detector R, The resulting AC
electronic signal is amplified, rectified and fed to a Honeywell-Brouen

'Electronk' strip chart recorder,

2.1. TIiltering: The removal of unwanted higher freguency radiation is
extremely difficult. It has been discussed by Oetjen et al(82).
The problem is solved by using the combination of filtering aids given

below.

2.1.1. Potassiumbromide chopper: This modu :.:“es the radiation emitted
by the mercury lamp of frequency less than about 400 cm-l at 10 cycles/

second. The AC electronic amplifier is tuned to the modulated frequency.

2.1.2. Black PolyM.eme: 4 sheet of 500 gauge (o0.125mm) black polythene
absorbé UeV., Visible and near infra-red radiation and transmits radiation
of freguency less than 600 cmfl. With the combination of KBr chopper

and black polythene, very little radiation of frequency greater than

"~450c:m"1 is detected.

2.1.3. Manley filter: A single sheet of polythoma (thickness 250 )
embedded Cuzo(la%) and Wo3(ls%) greatly attenuates the near and middle
infra~-red radiation and transmits radiation of frequency less than

~140cmL,
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2.1.4. Reststrahle'z'i:_ Many drystallim_a materials are almost perfect
refiectors o:'f;w;lizand of radiation in the far infra-red spectral region.
This isolation of a range of frequencies is based on the fact that
cystals reflects radiation at the frequency of thel r fundamental crystal
lattice vibrations. This property may be used to isolate far infra-red
radiation of narrow band-width., In order to improve spectral purity
two reststrahlem reflectors are used. In Table I, the frequency range

covered by the reststrahlem crystals are given.

Table I
Grating. Reststrahlem Other filter useful frequency range.
2LiF Black Polythene 4-340cm_1
80 lines/em 2NaF Black Polythene 380-240cn™
2NaC1 Black Polythene 265-160cm
2KC1 Black Polythene 190-120cm —
200 tines/cm 2KBr Black Polythene 150-105¢m ™
2CsBr Manley 120--'75»::m':L
2CsI Manley 90—60cm"l

2:2. Sample Cells: The sample compartment is fitted with windows
made of 1,000 gauge polythene, a material which is transparent to far
infra-red radiation. Liquid samples were contained either in a
varieble path length cell fitted with regid polythene windows or in

sealed polythene bags. Solid semples were examined in Nﬁjl)l Mulls
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in a polythene bag. The cell compartment was dried with P205 and

by passing dry nitrogen. The dry nitrogen was obtained from liquid
nitrogen held in a dewar. A heating element evaporates the nitrogen
and any water is left behind in the form of ice as long as some liquid

nitrogen remains in the flask. On carefully drying in this way no

background absorption due to water vapour was observed.

In the normal infra-red range (4OG}JK03ﬁ'l)samples were usually

examined in cells with KBr or AgCl windows.

The Grubb-Paron's spectrometer GM3 were also used for running

some of the spectra in Mulls,

2.3. Raman Spectra: Raman spectra were recorded with a Cary 81
spectromaster equipped with a 'Spectraphysics' model 125 He-Ne laser.
giving 6328A° radiation. The solutions were contained in a 10cm
long capillary glass tube of approximately lmm internal diameter
sealed in one end. The sealed end was flattened with a fine file,
After filling the tube with solution it was sealed with plasticine,
leaving a small gap of about 2mm between the solution and plasticine.
Glycerol was emplo&ed between the flat end of the capillary cell and
the spectrometer lens to assur: good contact and thereby reduce

reflection losses. Solid samples were run in a sample tube.
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3, CHARGE-TRANSFER STUDIES

3.1, The spectra of pyridine-iodine, pyridine-iodine-
bromide, pyridine-iodine chloride and pyridine-iodine-

cyanide complexes,
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3.1.1. INTRODUCTION

Pyridine~halogen charge;transfer complexes have been the subject
of much discussion during the last two decades. Most of the
investigations have been made by uw.¥. and conventional infra-red
spectroscopy, to a lesser extent by conductivity measurements and more
recently by the widely used technique of far infra-red spectroscopy.(1)
It is now generally accepted that pyridine forms relatively strong

complexes with iodine, iodinechloride, iodine-bromide and iodinecyanide.

Their heats of formation vary from 5-10Kcal/mole.(1)

The geomstries of PyIBr, PyICl and PyICN in the crystalline state
have beeﬁ established by X-ray diffraction.(sg’GO) In all these three
complexes a linear arrangement N-I-X has been established, Hassel was
unable to prepare the l:leI2 complex, isolating instead the compound
(Py21)+1%'.(83) It seems that the Pyl, complex does not exist in the

pure solid state.

When iodine is dissolved in excess of pyridine or solutions of
pyridine in polar solvents, the I; ion is found to be present.(48’54)
However, the nature of the other ion is a matter of some controversy.
In order to know the origin of every band one has to study the entire
range of spectia. The purpose of the preéent study is to account for
the molecular origin of all the observed bands, to provide an

assignment of the vibrational fundamentals and to see the envirommental

effeets on some sensitive bands.
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In this section results are reported for the PyIX complexes,
frequencies assigned and the nature of the species present discussed.
Consideration of the frequency shifts of the pyridine ring vibrations,
solvent effects and force constants is deferred until a later section

vhere a general comparison with the other complexes studied is possible.

3,1.2. Experimental,

3,1.21, Purity of Materials: ‘'Analar' pyridine was dried over sodium

hydroxide and bariumoxide for several days, The dried liquid was
then distilled from fresh bariumoxide. The infra-red spectrum of
purified pyridine obtained in this way did not show any bands of

picolines which are the most likely contaminants.

'Analar' benzene and carbontetrachlordie were dried over_rPZO5

and distilled, General purpose reagent grade (¢.P.R.) Cyclohexane
and n-hexane were dried over P205 for a few days and distilled.
Acetonitride and nitromethane (G.P,R,) were dried over potassium
. carbonate and distilled., Methylene chloride (G.P.R.) was first dried
over anhydrens calcium~chloride and then over §205 and distilled.
'Spectrograde' carbondisulphide (B,D.H), analar iodine, analar methanol,
snalar nitrobenzene, iodinechloride (B.D.H.) and iodine bromide (B.D.H)
were used without further purification. MNujol (liquid paraffin) was
kept over molecular seives 'type 4A' for several days prior to use

and ‘spectrosol' hexachlorobuta-l,3-dine supplied by Hopkins and

Williams Ltd., was used without further purification,
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3.1.22 Preparation of Complexes:

Pyridine-iodine: Measured equimolar quantities of pyridine and iodine

dissolved in appropriate solvents were mixed together just before

running the spectrum.

Pyridine-iodinechloride: The preparation of this complex has been
(84)

discussed by Willams and others, It was prepared by adding a
solution of pyridine in carbontetrachloride to a solution of
iodinechloride in the same solvent. The yellow solid obtained thus
was washed thoroughly with carbontetrachloride and recrystallised from
methancl, The crystalline yellow compound was washed with sodium
dried ether and dried in a vacuum desiccator over 3%05. The melting

point was found to be 133°%c (1it.134-135%c).

Pyridine-iodinebromide: This was prepared by mixing pyridihe and

(84)

iodinebromide dissclved in carbontetrachloride and was purified

and dried as PylCl, m.pt.116% (1it 116-117%).

Pyridine-iodinecyanide: The preparation and isolation of the solid
pyridine-iodinecyanide has been reported by Zingaro and Tolberg.(36)
As the complex is unstable no attempt was made to prepare the solid

compound. Spectra were examined by mixing appropriate quantities of

pyridine and cyanogen iodide, and diluting with another solvent where

required.
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Cyanogen iodide was prepared by slowly adding powdanmdaieﬁﬁne to
an aqueous solution of NaCN.(SS) The ICN thus formed was obtained
by extracting with ether and evaporating to dryness. The solid
compound was then dissolved in wafer and heated at 50°c under reduced
pressure. The mixture was cooled to 0°c and a light yellow solid
was filtered out and dried. It was further purified by

recrystallisation from chloroform, m.pt14600 (1it.l46—l47°c).

3.1.23, Spectra: All the solutién spectra refer to freshly made up
solutions. Sdme attack on the KBr windows was observed in all runs
in which pyridine was used as a solvent. However, no appreciable
differences in the spectra were found when polythene bags, or AgCl
windows werc used., On standing for some hours, changes in all the
spectra occurred. For the example, PyICY changes were more marked,
and some new bands developed. To get a reliable spectra of PyICN

several spectra were run, each time using freshly made solutions.

No decomposition of any kind were observed while running the

Raman spectra or far infra-red spectra in mulls or in solution.

3.1.3, Results: All the four cémplexes were examined over the
frequency range 3500 to 400cmfl in a range of solvents and some of
the earlier low frequency (below "100cm71) workA§as repeated in mills.
Many of the bands of solvents and mulling agents overlie those of the

complexes. In all cases only bands that can be clearly distinguished
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Infra-red Speetra of the Pyridine-iodine System in various mecia,

Iodine Equimolar Equimolar Equimolar Eguimolar Interpretation

in Pyridine Pyridine Pyridine Pyridine

excess and and and and

of iodine iodine iodine iodine in

Pyridine in CS2 in in Cyclohexane

benzene n-heptane
3149w 1594 x 2
3085m bi fundamental
3065s a; fundamental
3042w ay fundamental
3052w 1445 + 1594
29995m
2952w 1351 + 1594
1990w 746 + 12%6
1911m 694 + 1209
1868w 694 + 1151
1594s &y fundamental

14458 14450 b, fundemental

1351w 1351w bl fundamental
620 + 746

1295vw 420 + T46

1240w 1236m b1 fundamental
12098 1209s 1212w 8y fundamental
1151s

bl fundamental
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TABLE 2 (Cont'd)

Iodine Bguimolar Eguimolar Equimolar Egquimolar Interpretation

in Pyridine Pyridine Pyridine Pyridine
excess and and and and

of iodine iodine iodine iodine in
Pyridine in 082 in in Cyclehexane

benzens  n-heptane

1067s 1067s 1067w a., fundamental

1
1038w 1038vw (Py, D)
1030m a, fundamental
1007s 1005vs 1006vs 1003w ay fundamental
939w 944w b, fundamental
T46vs 748s T46s b2 fundamental |
694vs b2 fundanental
677w |
653w b, fundamental
636n 639w (py,1)"
625s 620vs 617s 617s ay fundamental
436w (PY21)+
421 420w 420s b, fundamental

2
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Infra-red Spectra of the Pyridine-iodinebromide in various media

Saturated Saturated Saturated PylBr in PylBr in Interpretation
Solution Solution Solution Nujol Mull Hexachlo-
of PyiBr of PylBr of PylBr rebutadiene
in in €8, in G E mull
Pyridine
3159w 1597 x 2
3089w 2093w bl fundamental
3067m 3065s &y fundasmental
3034w 3034w a8y fundamental
3021w 3020w 1449 + 1572
2909w 1346 + 1572
1914nm 693 + 1210
1848w 693 + 1152
1597w 1597s 8y fundamental
1572w bl fundamental
1445s 1449s 1447s 1449s bl fundamental
1353w 1351w 1346w 1348m bl fundamental
625 + T47
1242m 1245m 1250m bl fundamental
1210s  1210s  1209s 1209w 1212w a, fundamental
1194w 1202m
11528 1153w 1156w bl fundamental
1067s 1066s 1057s 1058s al fundamental
1031ms 1032m 1034w a., fundamental

1
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TABLE Cont'd

Saturated Saturated Saturated PylBr in Py1Br in Interpretation

Solution Solution Solution Nujol Mull Hexachlo-

of PylBr of PylBr of PylBr robutadiene

in in €8, inGH mall

Pyridine

1010s 1009s 1010s 1012s 1013s a; fundamental
490w 944w b2 fundamental
7478 749s 751s 7518 ; b, fundamental
701sh T04vw )
693s 689s 689s b2 fundamental
675vw 676vw

670vw

655w bl fundamental

6378 (By, 1)

629vs 625s 627s 632s 6358 &) fundamental

436w (py,1)*

4208. | 420s 420s 420m 420m b2 fundamental
200s 1-Br stretching
160s N-I stretching

94w N-I-Br bending
68s N-I-Br bending
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TABIE 4
Infra-red Spectra of;*".the Pyridine iodine-chloride system in various media

Saturated Saturated Saturated PylCl in PyliCl in Interpretation
solution solution solution MNujol Mull Hexachloro-

of PylC1 of PylCl1 of PylCl butadiene
in in 032 in C6H6 mll
Pyridine (4000- 3
2000em )
3149w 309%m
3085w 3089m by fundanmental
3068m 3065m ay fundamental
30538 1449 + 1597
3039w 2039w ay fundamental
2599w 2999w
2952w 1347 + 1597
2928m 1347 + 1592
1980w | 748 + 1239
1910w 1915w 692 + 1209
1838vw 692 + 1150
1647w 627 + 1011
1597s 1597s &y fundamental
1569m by fundamental
449s 1449s 1449s by fundamental
1390w 630 + 749
1347w 1350w 1344w b, fundamentel
244w 123%9m | 1247s b, fundemental

1209s 1209s 1209s 1209s
1197s

al fundamental

N N’
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TABLE 4 (Cont'd

Saturated Saturated Saturated PylCl in PylC1 in Interpretation
solution solution solution Nujol Mwll Hexachloro-

of PylCl of PylCl of PylCl butadiene
in in 082 in CéH6 oull
Pyridine (4000~ I
2000cm™ )
11508 1154w bl fundamental
1087w bl fundamental
1067s 1064s 1056vs 8 fundamental
1030ms 1035m ay fundamental
1011s 1009s 1011s 1013s a, fundamental
941vw 94§y b, fundamental
86§yw b, fundamentsl
851w
T48s 749s T52vs. b2 fundamental
702w 704w
692s 689vs b, fundamental
675w
655w 649w bl fundamental
632s 627s 630s 636vs ay fundamental
434w - (D
424s 421s 421s 426s b2 fundamental
2658 1-C1 stretching
170s N-I stretching

928 - N-I-Cl bending



Infra-red Spectra of the Pyridine iodinecyanide in

various media

Equimolax

Todine Todine Equimolar Interpretation
cyanide cyanide solution solution
in excess in excess of of
of of Pyridine and Pyridine and
Pyridine Pyridine iodinecyanide  iodinecyanide
after in 082 in C6H6
2 days
3150w 1597 + 1557
30858 ' b, fundamental
3065m a, fundamental
3048m a, &‘bl
fundamental
3015m 1445 + 1597
2001w 1445 + 1557
2155s C-N stretching
1914m 698 + 1213
1856m 617 + 1235
1597s & fundamental
1557w bl fundamental
1488s
1445s 1445s bl fundamental
1371w 617 + 748
1350w 1357w b, fundamental

1290w

1



TABLE Cont'd
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Iodine Iodine Equimolar Equimolar Interpretation
cyanide cyanide solution solution
in excess in excess of of
of of Pyridine and Pyridine and
Pyridine Pyridine iodinecyanide Iodinecyanide
after in CS in C.H
2 66
2 days
12%8w 1250w 1235m bl fundamental
1213s 1216s ay fundamental
1149s b1 fundamental
1068s 1068s ai fundamental
1039w 10328 & fundamental
1003s 1006s 1003s 1004s &y fundamental
778w
T48vs b2 fundamental
698vs b2 fundarental
677w
636sh 656w bl fundamental
+
(Py,I)
6238 628s 617s ‘ 617s a) fundamental
564w
551m
430m 429w 4238 1-C stretching
420m 420w 413s b2 fundamental
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TABIE 6

Raman Spectra of the Pyridine-iodine chloride.

Solid Solution in
CH,C1,,Pyridine,
or CH3CN '
1598s 1600w(P?) a, fundamental
1576m 1567w fundamental
1474w fundamental
1248w ) fundamental
1238w g
1202s 1208n (P) ) fundamental
1192w g
1156n ‘1156m (ap) fundamental
| 1034s 10%9s (P) fundamental
10138 1012s (P) fundamental
980vw fundamental
948w fundsmental
872w fundamental
754w fuadamental
688w fundamental
648m 646m (dp) fundamental
636s 633s (P) fundamental
425w fundamental
388 fundamental
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TABLE 6 (Cont'd)

Solid Bolution in

Gﬂgcﬁa jpyridine,

oF CH,0N
272 g 2753 (P) 1-01 stretching
254 )

264sh 101'2' symmetric stretch

178 (Py21)+ skeletal
174n g 160w N-I stretching
164n )

92s bending

728 bending
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TABLE 8

Low frequency Raman Spectra of the Pyridine-iodinebromide and

the Pyridine~iodinechloride in different medis.

Solvents PyICl ' PyIBr
1-C1 101, (Py21)+ N-I 1 3r 187, (Py21)+ N-I
Stretch~ Stretch- Stretch- Stretch-
ing ing ing ing
Benzene 292s 204s
1:4
Dioxane 290s 270w 202s 146w
Acetone 280s 270w 197s 159m 179vw 146w
CH2012 178w 160w 199s 160m 180w 144w
Pyridine 275s 196s 159m 180w
CGHSNOZ 2768 264sh 1958 158m

CHBCN 2748 262sh 178w 162w 194s 158m 176w

CH3N02 272s 264sh 178w 162w 193s 160m 180w
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from the solvent background are noted in tables 2 to 5, Table 6 shows
the Raman bands of pyridine~iodinechloride. Figures 3 and 4 show
the higher frequency infra~red and Reman spectra of PylCl and figure 5

shows the low frequency Raman spectra of PylCl and PylBr.

3.1.4. Nature of Species Present: The low frequency range is the
most useful for identifying the species present. In this section
only low frequency Raman spectra is discussed in detail while
mentioning only briefly the infra-red spectra, as the latter has

(48)

been discussed elsewvhere. Detail discussion of higher

frequency spectra is also given here,

The low frequency infra-red spectra of PyL,, PyIBr or PyICl in
non polar solvents like benzene, cyclohéﬁane, etc., show only two
bands. These bands‘are assigned to the I-X (X:I,Br or Cl) and
N-I stretching vibrations of unionised charge-transfer complexes.
The presence of additional low frequency bands of PyIZ, Pinl and
PyIBr in polar solvents, such as pyridine, nitrobenzene, etc., at

137, 174 and 2230131-'l respectively have been assigned to the
(48)

antisymmetric stretching vibration of I;, Ic1,

The formation of these polyhalide ions has been explained in terms of

and IBr; respectively.

the reaction
—_ + -
2PyIX &= (Py,I)" + IK.
This scheme suggests the formation of the ion (prI)+. The vibration

spectra of salts of this ion have been examined (ref.sec;4) and show
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two stretching bands occur in the low frequency range, 172cm"l

{infra-red) and 180cm ™ (Raman). However, for solﬁtions of the
complex in polar solvents the infra-red band at l720m—l is expected
to be weaker. It also lies very close to the I-I stretching
vibration of Py12 and 167cm‘1, the IBr-?: antisymmetric stretching

vibration at l74cm.—l

, and the N-I stretching vibration of PyICl at
160cm—l. Thus it is not possible to distinguish this N-I-N

antisymmetric stretching vibration at l72cm.~l from the above bands,

However, the symmetric IBr2 stretching freguency at ~158cm 1’(91)

and the N-.I stretching frequency, at 16Ocm._l for the PyICl complex in
pyridine solution, do not interfere with the symmetric stretching
frequency for the (pyZI) ion observed at 180cm -l in the Raman spectra.
To take advantage of this, low freguency Raman spectra of the pyICl
and pyIBr were run (Table 8). A further advantage of the Raman
spectra is that a wide variety of solvents can be used. In polar
solvents such as CH3CN CH3N02, C6H O etc., the Raman spectra of

pyIC1l show four bands in the frequency range 400-100cm . By

comparison with the infra-red spectra of pyICl in pyridine solution,(48)
the strong polarised band at ~274ct and the weak band at 160cu™
mey be assigned respectively to the I-Cl and N-I stretching freguencies

(48) Similarly by comparison with the

of the unionised pyICl complex,
Raman band at 182em™ for the (psz) Es (ref.sec.4), the weak band

at l78cm."l may be assigned to the NIN symmetric stretching frequency
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of the (PyéI)+ion. Also by comparison with the Raman band at

254cm™" of the (CH3)4N*(1012)‘(91) the band at ~.264cn™> which appears
as a shoulder may be assigned fo the symmeiric stretching frequency
of the ICl; ion, In benzene solution, only the I-Cl stretching band

of PyICl at 292cn™! is observed.

The Raman spectra of the PyIBr complex also show four bands in
polar solvents in the region 400—100cnrl. By comparison with

infra-red spectra of PyIBr in pyridine solution(48)

the strong
polarised band at ~192cm Y and the weak band at 146cm™t may be
assigned respectively to the I-Br end N-I stretching vibrations of
un~ionised PyIBr complex. The other two bands at ~1€0 and

~.-180cm™t mey be assigned to the IBrE(gl)

sympetric stretching and
the NIN'symmetric stretching of the (Py21)+ion. Again in benzene

solution only the I-Br stretching band of PyIBr at 205cm.—1 is observed.

In the frequency range 3500~400cm T all the observed bands of
PyIX(X:Cl,Br or f) in non polar solvents can be assigned to the
unionised complex. However, solutions of iodine in excess of
pyridine show some additional bands. In the 600(:111"l region fwo new
bands are observed; a strong band at 625cm—1 and a medium band at
6360mt (Table 2), In the 400cm ™+ region &lso, two new bands are
observed; a strong band at 420cm,"l end a weaker band at 4360m;1;

With equimolar solutions of pyridine and iodine in n-hexane,

cyclohexane or benzene the bands at 636 and 4360m71 disappear and
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- o)
only bands at ~417 and ~.617cm . are observed. Sharp et al have

noted only one band in the 600c:m-'l region and a single band in the
4OOcm.-l region for a series of pyridine metal co-ordinated complexes,
where there is only one species present. To establish the origin
of the bands at 636 and 436cm71, which appear in polar pyridine
golution, the vibration spectra of the salts of the ion (py21)+
which is the most likely ionised product, has been independently
examinod (see 4). The additional bands (436 and 636em™—) that are
observed in excess of pyridine are also found in the spectra of

(py21)+ salts. The other complexes PyICl and PyIBr behave similarly.

From the above discussions it may be concluded that the bands
present in non polar solvents can all be assigned to species PyIX,
The spectra of freshly prepared solutions in polar solvents can be
entirely accounted for by the eqﬁilibria

2pyIX = (Py,1)" +(IK,)”
However, the possibility of formétion of small amounts of species

like PyI+ cannot be eliminated.

The presence of a weak band at 636cn L in a freshly made wp
solution of ICN in pyridine indicates the presence of (Py21)+.
However, no bands which could be attributed to the (I(CN)2)_ion
corresponding to the IX; ion were observed.' In every respect the
PyICN complex appears to be less stable than the other pyridine-halogen

complexg. After some hours the band at 636cm—l completely disappears
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and the bands due to the complex become weaker, new bands appearing
e.g. at 551, 564 and 14880ur1. These new bands are considered to
arise from the products of a slow reaction, probably that of

substitution in the pyridine ring.

3.1.5. Clagsification of modes and assignments: In the crystalline
(59,60)

state the symmetry point group of the PyIX units is sz.
In solution it is not theoretically impossible for the same structure
to be retained. The infra-red data also supports the C2v symmetry
in solution. The presence of a bent N-I-X in the complex would
reduce the symmetry to 02, and allow the vibrations derived from the
a, class, which is infra-red inactive for 02# point group, to become
infrg-red active. The absent in most of the observed spectra of
any bands near tb the a

2
(986, 891 and 375cw L) supports a C

class frequencies of pyridine
our structure of the complex.

For C2v symmetry the vibration fall into four classes al,bl(in-plane)
and a2,b2 (out of-plane). For pyridine-IX the 33 fundamental
vibrations are distributed among the classes as follows.

In plane vibrations:

Class ay: twelve vibrations Raman (polarised) and

infra-red active,

Class b,: eleven vibrations Remen (depolarised)

and infra-red active,
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Out of-plane vibrations:

Class a2: three vibrations Raman active

(depolarised) only.

Class b2: seven vibrations Raman (depolarised)

and infra-red active.

Most of the vibrations will be similar to those in pyridine which

has 108-1+9b1+3a2+5b2 normal vibrations. Since the interaction
between pyridine and halogen is relatively weak, these vibrations
will have frequencies close to their counterparts in pyridine.

Govirg from pyridine to Py—IX(X:Cl,Br or I) results in the appearance
of six new modes. These six vibrations 2al+2bl+2b2 comprise five
intermolecular modes and the alIK stretching vibration, all lying
below 400cm ™. Adopting a C, structure the vibrations of PyICN
classify as 1331+3a2+12b1+8bl. The nine additional vibrations

comprise five intermolecular vibrations (a1+2b1+2b2) and four

vibrations derived from internal modes of ICN (2a1+bl+b2).

The normal vibrations of pyridine have been assigned by several

(86)

authors and recently by Long et al.(87) We have followed the

assignment of the latter authors since this assignment is supported

by a force constant calculation. The notation of Green et al,(88)

however, is used partial assigmments of the complexes PyIX vibrations

have been given by Watari et al.(39)
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Comparison with pyridine engbles one to meke an almost complete
assigmment of the infra-red and Raman active fundamentals of the

PyIX complexcs, Table 7 shows the assignments for the complexes

and also includes that for the pyridinium ion, given by Cook.(89)

The Reman polarised data of the PyICl confirms this assignment.
(Table 6), Most of the infra-red frequencies in this table refer

to solution in CSZ' In regions where CS, bands occur other solvents

2

are utilised.

(39)

‘The band at 1219cm™* was assigned to and is possibly

9
dve to pure pyridine, the solvent used. This band was not observed

in other solvents such as CS, (Table 2-5), Therefore despite the
arguments put forward by Wateri et al(39) the l2lOcm."l band has

1

been é%signed to ‘ﬁga(él) and 1240cm ~ to Y 3(bl). This assigrment

1

has been confirmed by the fact the band at 1210cm — of PyICl is

found to be polarised.

The two very low frequency bands of crystalline PyICl and
PyIBr at 92 and 94cm™t respectively, which have not been previously
reported, may be assigned to the N-I-X in-plane bending mode. The
expected positions of the bending frequencies of PyICl and PylIBr
may be roughly estimated from known stretching force constants and

interatomic distances, using the relation
! 2 2
Negw? 922 1 L opD, vy, (b b,

2.2 /nm m. m
b1 b2 (_ X T Py

2
) L ks,

LI
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IABIE 7
Assignment of fundamental vibrational frequencies of
Pyridine complexes, and cowperison with Pyridine and

Pyridinium ion.

Designation Pyridine Pyridine Pyridine Pyridine Pyridine Pyridinium"'
1CN I, 1Br 101 (17)

aN(CH) 2 3054 3065 3065 3067 3067' 3060
N(CH) 20a 3054 3065 3065 3067 3068
N(ce) sa 1583 1597 1594 1597 1597 1638
J(cc,oN)19a 1482 1474 1484
p(cE) 92 1218 1213 1209 1210 1209 1194
(CH) 18a 1068 1068 1067 1067 1067 1030
Ring 1 992 1003 1005 1009 1009 1010
X sens 13 3036 3048 3042 3034 3039
X sens 12 1030 1032 1030 1031 1030

X sens 6a 605 617 620 625 627 633
N-I stretching 94 134 147

I-X Stretching 423 171 204 290

C~N stretching 2155

b (CH) 20 3083 3085 3085 3089 3085
J(cE) 7o 303 3048 3042 3034 3039 3045
d(ce) 8 1572 1557 1572 1569 1608
J(cc,oN)190 1439 1445 1445 1449 1449 1535



TABLE 7 (Cont'd)

Designation Pyridine Pyridine Pyridine Pyridine Pyridine _P-yi‘iginium"'
1CN I 1Br 101 (17)

A (0c,0N)14 1375

i(cH) 3 1218 1235 1236 1242 1239 1326
F(cE) 18 1085 1087 1050
4 (cee)  6b 652 656 653 655 649

X sens 15 1148 1149 1151 1152 1150 1161

Py-I-X bending 94 92
ICN bending 536
az“‘t‘(CH) 17a 981 980
~v(CH) 10a 886 : 872
¢(cc) 16a 374 368
b(cH) 5 942 939 940 941
~v(CE) 10b 886 | 869 855

yoo) 4 749 748 746 749 748 738
g(ee) 11 700 698 694 693 692 671
X sens 16h 405 413 420 420 421
PylX bending ‘ 68 72
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where bl and tb are the distances of N (of pyridine) and X respectively
from I, The bending force constant, K%, , is taken to be one tenth
of the stretching force constant, KﬁI' Using KNI force constant

(40) and the NI and I-X distances of Hassel et al,(59’60)

value of Watari
the bending frequencies of PyICl and PyIBr are calculated at 98 and
83cm-l. These may be compared with the observed values of 92 and
94cmt respectively. The infra-red band at 68cm T of the PyIBr and
the Raman band at 72em * may be assigned to bending or crystal

lattice vibrations.
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3.2, y-Picoline-halogen complexes,

3,2.1. INTRODUCTION

“"~Picoline-halogen complexes have not been as extensively studied
as pyridine-halogen complexes, “vy-Picoline forms stronger complexes
than pyridine. The stability constant and heat of formation of the
~v:picoline-iodine complex in m-heptane solution have been reported
to be 3681/m01e and 8.93 KCal/ﬁole respectively, compared with
160.Sl/mole and 7.47 KCal/mole for the pyridine-iodine complex in
the same solvent and at the same temperature(93). This increase in
stréngth is due to the fact fhat the methyl substituent of ~-picoline

increases. the electron density through induction and hyperconjugation

and as a result the ionization potential drops.

(35)

Glusker and Thompson observed changes in the frequencies of a

number of ‘v-picoline bands on addition of iodine providing evidence of

(92), and Lake and Thompson(52)

complex formation. Recently Lorenzelli
have observed the I-I stretching and N-I stretching vibrations of the

“v-picoline-iodine complex in cyclohexane solution.

Glusker and Miller(94) have reported the formation of two distinct
solid compounds when iodine is dissolved in excess of “y:picoline.
One compound (I), (C6H7N)2I2, is water-soluble, alcohol-insoluble, and
contains no I-I covalent bond. The second compound (II),06H7N.12, is
insoluble in water but soluble in organic solvents, and was found to
contain a pair of iodine atoms separated by a distance close to the

covalent bond length, The structure of the compound II has been
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examined in more detail by Hassel et al,(94)

confirming Glusker and
Miller's conclusion. In addition, he found that the N-I-I arrangement
is linear with the I-I distance 2.834° and the N-I distance 2.3AP.
Compound II, which is the charge-transfer complex is discussed in

this section and the compound I will be discussed in detail in a later

section,

As an electron acceptor 1CN is weaker than 12. The vertical
electron affinity of 1CN has been predicted to be about 0.9ev which

(97)

is about O.8ev less than iodine. The u.v. spectra of a number

of 1CN complexes with 'n' donors have been reported.(97) The infra-red

spectra of v~piclCN complex has been discussed by Glusker and Thompson(35)

and a number of 1CN complexes have been reported by Person et a1(46)
who extended observations of the infra-red spectra up to CsBr region
(280cw™).  The two 10N stretching modes were found to shift to lower
frequencies and the bending mode to higher frequency on complex
formation. The 1C stretching mode appears at 486cm'_1 in chloroform
solution, and shifts to 430 and 3980nf1 on _complex formétion with
pyridine and trimethylamine respectively. The ICN bending mode which
appears at 32Ocnr1 in chloroform solution shifts to 336cnr1 on complex

formation with pyridine. The CN stretching mode becomes weaker and

shifts to a slightly lower frequency on complex formation.

In this section results are reported for a series of v-picIX

complexes (X:Cl,Br or I). The nature of the specizse present is
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discussed and the frequencies assigned. Consideration of frequency
shifts of the \ :picoline ring vibrations, infensity changes, solvent

effects, and force constants is deferred until a later section.



T3

3.2.2. EXPERIMENTAL

%.2.21. Purity of Materigls: \ﬂPicoline(GPR)_was dried over KOH and
B=0 and finally distilled under reduced pressure. The purity of
~~picoline was found to be 9% by V.P.C. Purification of other chemicals

has already been discussed in section 3.1.21.

3.2.,22, Preparation of Complexes

~-picoline-iodine: wy:picoline iodine solutions were prepared by

mixing the components in suitable solvents immediately before use.
Solid \,cpicoline-I2 vas prepared as described by Glusker and Miller.(94>
A saturated ethanolic solution of iodine wes added to excess of
~=picoline, Water was immediately added and the resulting precipitate
filtered and washed with water containing a little v=picoline. After
drying in a sfream of nitrogen the product was recrystallised from

sodium dried anhydrous ether by evaporating slowly at a low temperature.

The melting point of the compound was found to be 83°c(1i+.83.2-83.4%).

Y-Picoline-iodinechloride: Preparation of this complex has been
discussed by Whittaker(gé) ét al. It was preparedvby adding a solution
of ~vzpicoline in carbontetrachloride to & solution of iodinechloride

in the same solvent. The yellow crystalline solid was washed with
carbontetrachloride and recrystallised from methanol. Washing finally
with anhydrows ether and then dried in a stream of nitrogen. The

' melting point was found to be 106°c(1it.107-108%¢).
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N-Picoline-iodine b omide: This compound was prepared by adding a

solution of *yZpicoline in carbontetrachloride to a solution of

iodine .romide in carbontetrachloride. The orangs yellow crystalline
substance thus obtained was washed with carbontetrachloride and
recrystallised from methanol, washing finally with sodium-dried ether,
and then dried. The melting point was found to be 79-80°c;

calculated from Y-piclBriIodine, 42.3% found 41.%.

v-Picoline~iodinecyanide: This compound was prepared immediately
before use by mixing equivalent amounts of vrpicoline and cyanogeniodide
and diluting with another solvent where required. The preparation

of .0!" has already been discussed in section 3.1.22.

3.2.3. Spectra: No decomposition was observed while running the

" spectra in Mulls, All the complexes were found to be stable for at
least 30 minutes in polar or non-pol-r solvents provided there was no
excess of wyzpicoline present. Nevertheless the spectra usually showed
some change after the solution were left to stand for several hours.
Consequently, all measurements were made on freshly prepared solutions,
However, when ~vpiclBr or wv:ipiclCl were dissolved in “~picoline or
vhen iodine or cyanogeniodide were dissolved in excess of Y-picoline,
noticeable changes occurred within 15 minutes. All the spectra for
vhich v-picoline was used as a solvent were carefully repeated, using
freshly made up solutions every time for each section of spectrum.

In this ﬁay it was possible to get reproducible spectra.
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3.2.4, Results: The general features of the infra-red absorption
of \upicoline-halogen complexes are shown in Figures 6 and 7.

All th2 bands ascribed to the complexes are summarized in Tables 9-12.
In all cases, only bands clearly distinguished from the solvent

background have been. included in the tables.,

3.2.5, Nature of the Species Present: The most notable solvent

effects of the gpectra occur in the far-infra-red region, which thus

is most usefully considered in discussing the species present.

3.,2.51. X -Picoline-iodine: An equimolar solution of iodine and

v--pi:oline in non polar solvents such as benzene show only one single
gtrc .g band at 169cm—l in the 100-2OOcm—1 range compared with the

1

band found at 1750mfl by Loranzelli(93) and at 18lcm — by Lake and

Thompson(52) in cyclohexane solution. This band at 169cm—l can be
confidently assigned to the I-I stretching frequency of the unchanged
“(%piolz charge~transfer complex, In contrast freshly made up solutions
of iodine in excess of ~v=picoline show two absofption bands in the
100-200cn™> region; a strong band at 162cn" and a medium bend at
137cmf1; Spectra in a second polar solvent, nitrobenzene, also show
the additional band at 137cmfl. The band at 162cm — is assigned to
the I-I stretching frequency of the inionised complex, and can be
compared with the I-I stretching frequency at 167cnt of PyI, in

(48)  Tue new medium intensity band at 13Tem > is

(48,91)

pyridine solution.

assigned to the antisymmetric stretching vibration of the Igion.
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Table 9

Infrared spectra of the y-picoline-iodine system in various media

Equimolar y-picoline and iodine in | Todine in Tnterpretation
; excess of
CS, |penzeneiCHCl; !hexane ! CHp,Cl, | y-picoline
3060m .: g, and b, fundamental
2042vvw g fundamental
3025w ‘ :' | b, fundamental
2992w | o ji9x 2
1927m s 193 | . | 9%68=x2
1835w | 1841w | 802 + 1039
16670 ; 1667w
116158 |1613w | 16168 {a, fundamental
i ; 1562w b, fundamental
,’ § 1499w a, fundamental
|1382w | a; fundamental
| ; 135% 545 + 802
! o 13520 | 531 + 802
1286w | | 485 + 802
1249m i 1243w ib, fundamental
12125 [1212m 1213w | 12128 8, fundamental
1202sh E | 485 + 7k
10678 {l067s i1067s %1069w '10675 b, fundamental
1039m ; : 1040w 'a, fundamental
1026 : 10278 | 1025w ' [y-pic,I1'
10125 go10m 10125 '1013s | 1012n e, fundamental
968m L 970w | 970w | ~ ib, fundamental
952w g : :az fundamental
802vs | 802m I f 805vs : ‘81 and b, fundamental
775sh | ' ; l




Table 9 (continued)

9.

Equimolar y-picoline and iodine in ! Iodine in

Interpretation
: excess of Rt
CS, |benzene |CHC1l;  hexane | CH,Cl, | y-picoline
740vw i .,
' i
gégz f gbz fundamental
i
Shilw 545ms |  Shhsh [Y-pic21]+
531s 2338 | 533s i 536s £, fanfnmental
k85s | 485s | 483s | 485s | 4858 | | b, fracnrAntal
169s f 162s I-I stretching
| 137ms I~
]
j
c




Table 10

Infrared spectra of the y-picoline~iodine bromide system in

various

media

Saturated solution in In hexa- |In
T, ibenzene CH, 01, yb?ico— gﬁ%:zg;ne 233;1 Interpretations
2 line mull
|
3150w | ! 1560 + 1613
3080w " | 3082n 15 4+ 1620
2063s | | 305%n a and b, fundamental
3042vvw a, fundamental
3028vvw ' b, fundamental
Fo%0u | 1498 x 2
1930w 1937w 1923w 1927w | 973 x 2
1838w 1845w 808 + 1039
1667w | 1667w 1674w 1673w | 540 + 1115
1620s 1613s |a, fundamental
1602sh
1560w |b, fundamental
1498vw a, fundamental
1445sh b, and b, fundamental
1418s 14205 |b, fundamental
1385w 1371w a, fundamental
1355w 1353w 540 + 802
1333w 1319w 1319w | 663 x 2
1289w 487 + 808
1250w i 1250w | 1250m  |1250m |b, fundemental
1213s |l212s 1212s 1202s 1203s }a, fundamental
1201w f 1194s 1195w L&7 + 712
llllvvwg 1115vv% 1111vw 111lvw {b, fundamental



Table 10 (continued)

Saturated solution in In hexa- {In S
« —_ e g | antemetation
CS, | benzene :(;Heclz Yl:I':;:o a1l
1093vw 1096w 1094w 109w | Sk x 2
1068s | 1067s {1067s 1060s 1061s |b, fundamental
1038w 1039w 1038m 1039w |2y fundamental
:1026sh [y-pic, I]*
101bs |10198 {10198 | 1021s {10225 |a, fundamental
969w | 970w | 973w 975w |b, fundamental
e 956w |ay fundamental
80he | 806s | 808s 812w |ay and by fundamental
793sh |
71ihm 706m 707m |b, fundamental
663w |by fundamental
- 535s | 5378 | 540c | S540s Shikes 540s |a, fundamental
485s 4858 486s 487s 487s |b, fundamental
01s 189s 189s !1-Br stretching
{ 168m 1-Bry”~
124m 131m 146s |N~I stretching




Table 11
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Infrared spectra of the y-picoline-iodine chloride system in

various media

Saturated solution in In hexa-|{ In
] chloro- | Nujol Interpretations
CS, {C¢Hg CH,Cl, {y=pico~| butadiend mull
: 1ine mull
3131w 1560 x 2
3084s 1445 + 1623
3067m 3066m 2, and b fundamental
3045m a, fundamental
3018w ! 3009m b, fundamental
; 2982s b, fundamental
295ks | E 2960m b, fundamental
2923w . a; fundamental
2855m 2857w _ 1418 + 1445
1918w | 1934w 1937m 1937m | 974 x 2
1837vw ! ' 1840w 1844y 1841w | 808 + 1039 -
1764w 711 + 1066
1667w 1675w 1675w 543 + 1117
: 1623s 116235 |) a, fundamental
1613s 1607 3
! | 15644 1560m | b, fundamental
| 1498w 1497 1297w | a fundamental
1445s  11466sh| b, and b, fundamental
: § 1418s 214208 b, fundamental
% i 1383w . 1375m | a, fundamental
11355u | 1352m | 543 + 808
1333w | 132bn 11326n | 663 x 2
1250m ' ! | 1254s  11256s | o fundamental
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Table 11 (continued)

Saturated solution in | In hexa- | In
S R — .chloro~- ! Nujol Interpretations
CS, [ CgHg | CH,Cly| y-pico-! butadienei mull |’
line | mull |
. t
12128 i:12133 1212s 1213m 1213m }a, fundamental
1201sh I 487 + 711
| i 1117w 1116w "lll6w b, fundamental
! ;1097w | . - | 1096w 1096w | Sh3 x 2
10675 | 1068s | 1066s 1066s  |1065s |b, fundamental
1039ms 1041w 1038ms 1037ms |a, fundamental
1017s ' 1023s | 10228 102ks 10258 |a, fundamental
97m 97k 976n b, fundamental
! 960w Ie. fundamental
804vs | 809s 809vs | 808vs iz and b, fundamental
793w | N ‘.
7ikm | 71ims 7llms | 7llms |b, fundamental
5358 | 540s ; 5435 | 543s 5475 i 549s ‘2 fundamental
485vs { 486s | 487s L486vs : L4B6vs ib2 fundamental
. 28ks | | 2768 | 2815 |1-C1 stretching
«§ ; f . 222s z1 c1,”
: 1 ) ; 167wsh} [y-pic, I1* skeletal
135ms§i ’l lh46ms I 166s ?;_N-I stretching
i | i L




Table 12

Infrared spectra of the y-picoline-ICN

' Equimolar y-picoline + ICN in | ION in
' excess of | Interpretation
CS, CgHg CH,C1, Y~-picoline
30778
3059sh gy and by fundamental
3041m a, fundamental
3028m b, fundamental
2995s 1503 x 2
2857w : 1420 x 2
'! L 2146y ON stretching
1931w 1938w 972 x 2
1842w 1845w | 802 + 1040
1667m 1667m 526 + 1162
1639m 1639w 526 + 1111 (?)
1610s a, fundamental
: 1503m &y fundamental
: 1420m ‘hy fundamental
1287w 486 + 802
1239w 526 + 722 b, funda-
mental
1224m l224m 1228m a, fundamental
1216s 1216s 1216s a, fundamental
1208m 1207w 1200m 486 + 722
1160w 1162s b, fundamental
1070s 1068s 1068s b, fundamental
1040m 1039w : 8y, fundamental
1008s 1009s | 1008s i 1010s a, fundamental
972w { i b, fundamental
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Table 12 (continued)

Equimolar y~-picoline + ICN in |{ ICN in
excess of Interpretation
052 CSHG CH2 012 Y—Pic oline |
806m 806sh ) & and b, fundamental
800s 802s 803s )
722m b, fundamental
5268 528s 529s 5308 a, fundamental
486s 4868 488s b, fundamental
420s 420s 420s IC stretching
336s 338s ICN bending
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The Ig ion observed to be present in excess of ~=picoline or solution
of wvipiceoline and iodine in nitrobenzene, by comparison with pyridine
and icodine, is probably formed by the reaction.

2 v2picl, T (lei021)+ v I
This scheme needs the formation of the ion (v2piczl)+.  The ion
(vzpi021)+ is found to have only one infra-red band in the low
frequency range (400—lOOcm-l), the antisymmetric NIN stretching
vibration at l68c:m-l (ref.sec.4). Unfortunately this frequency
coincides with the I-I stretching vibration of the un-ionised complex
and so cannct be separately distinguished. However, supporting
eviden e is provided by the higher frequency. Here two distinct
additioal bands can be distinguished in polar solvents such as
1

methylenechloride,;ylpicolihe etc., one is at ~545cm’ ‘and the

other at ~1027cm ~ and they are found to correspond to the 3, and

'36a modes of (v%pi021)+ ion (ref.sec.4). But these bands are not

observed for an equimolar solution of iodine and y=picoline in benzene.

The other higher frequency bands of the (V%picel)+ ion lie close to

the corresponding bands of wﬁpicIZ complex. If it is assumed that

the complex is un-ionised in non-polar solvents, and ionised thus
vrpicL (v pic,I)" +I

in polar solvents, all the bands mentioned in Table 9 are accounted for.

The spectrum obtained from a benzene solution of the solid

\f-picI2 adduct which has been named by Glusker and Miller,(94)
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solid II is found to be identical to that of an equilibrium mixture of
Y-picoline and iodine in benzene; This agfees with the X-ray date;

confirming that this is the solid donor-acceptor complex.

3.2.52. ¥>Picoline-iodinebiomide: As in iodide the spectra in polar
and non-polar solvents differ. Low frequency spectra in benzene
solution (Fig.6a)show two bands (Table 10). By comparison with the

(48) the higher frequency band at 20lcn ™ is assigned

PyIBr complex,
to the I-Br stretching mode of the complex and the lower frequency

band at l2dem ™t assigned to the intermolecular N-I stretching vibration.

In Y-picoline solution, an additional band at lGScm_l is present.
Both the IBrE antisymmetric stretching vibration, which appears at
174cn™" for PylBr complex in pyridine solution and the NIN
antisymmetric stretching vibration of tho ion(w:piczl)+ at l680m-l,
are possible assigmment for this band. The antisymmetric IBrg stretch
is the more intense band and comparison with the v-picICl system
indicates that it contributes most to the observed absorption.

However, a contribution from the antisymmetric v:pic-I-ypic stretching
vibration cannot be ruled out. Im a aujol mull of the solid complex
only two bands are observed in the 100u4OOcm,-1 frequency range; one at
189cn™t and the other at 146cm51, these may be compared with the 200
and 160cm™* bands of pyIBr complex in mujol mill, and indicate that

the solid complex is un-ionised.
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In the higher frequency region an additional band at 1026cm'_'1
is observed in methylene-chloride solution which is a polar solvent.

Fhis band may be assigned to the y ., mode of the (wﬁpic2I)+ ion

1
(ref.sec.4). Assuming the éomplex is un-ionised in non-polar media
and mills, and ionised in polar media, all the bands mentioned in

Table 10 are accounted for.

3.2453. Y-Picoline-iodinechloride: Low frequency spectra of this
complex in non-polar solvents such as benzene show only two_bands.
The higher frequeﬁcy band at 284cm-1 can be assigned to the I-C1
stretching vibration of the complex, and can be compared with.the
I-C1 stretching vibration at 29Ocm"l for pyICl complex in benzeﬁe
solwtion. The lower freéuency band at 1350m_1 is assigned to‘the
N-I stretching vibration of the un-ioﬁised complex, Furthermore,
only two baﬁds are observed in mujol mull in the frequency range

400—100cm71; one at 28lem T and the other at 166cm . The 28lcm™

1
band is assigned to the I-Cl stretching vibration and the 166cmflband
to the N-I stretching vibration of the complex. All the observed
higher frequency bands (Table 11) in benzene solution and in mulls

may be assigned to the un-ionised complex.

However, low frequency spectra in \Cpicoline solution show two
additional bands (Table 11 column 6); one strong bend at'222(d51and
a weak band at 167cm_l. Spectra in nitrobenzene are similar, although

the band at 167cnrl is somewhat obscured by the strong nitrobenzene
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band at 178cm >, The weak band at 167cm ~ is also observed in
methylenechloride and a solution formed with equal volumes of CHBCN
and benzene. The strong band at 2220 can be assigned to the

(48,91)

antisymmetric stretching vibration of the lClg ion. The

formation of this ion suggests the ionisation

2V¢picIC].§3~Qv:pi021)+ +lCl; is occuring in polar media. The weak
ban%'at 16'Zcm"1 may be assigned to the NIN antisymmetric stretching
frequency of the ion Qy;pic21)+. This is confirmed by the presence

of a strong infra-red band at 168cmT for salts of the ion

(YipiczI)+(ref.sec.4).

411l the higher frequency bands of y:picICl in polar solvents lie
very <iose to the corresponding frequencies of the (‘v-”»piczI)+ ion,
For example, theZQl and.§6a bands of v'picICl, appearing at 1023 and
593(:111_l in methylenechloride solution (these two representing the modes
of v=picoline most sensitive to the nature of complexing at the nitrogen
atom) are still too close to the 1025 and 545cm — band of
(‘v’-piczI)+ ion (ref.sec.4.) in the same solvent for these latter bands
to be distinguished. However, all the observed bands (Table 11) in

freshly made up polar solvents are accounted for by the scheme,

2vpicItl & (vipic,I)” +I01;
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3,2.54. Y-Picoline-iodinecyanide: In the present work the frequency

range down to 80cn™ was examined, but no additional low frequency

1

bands were found, The lowest band found at ~338cm — can be assigned

1

to 1CN bending. The 1-C stretch is observed at ~420cm -~ in benzene,

nmethylenechloride and excess of ~ypicoline solutions. As the CN

stretching vibration of 1C¥ appears as a weakband and is expected to
(46)

be even weaker in y=piclCil complex, there is some doubt regarding

the position of this band. However in excess of v-picoline solution
a very weak band at 2146cm-l is observed and can probably be assigned
to the (I7 stretching mode. The intermolecular N-I stretching mode
is expeéted to be very low, perhaps even below the range of our
spectrometer, No evidence of ionisation of the \--"-pichN was found

in any of the media examined.

3.2.6, Assignments: In fhé crystalline state the symmetry point

(101)

group of v=picl, is CEV’ and it is expected that other Y-picoline-

2
halogen complexes will have the same symmetry point group. It is

also expected to rctain the same structurc in solution. The infra-red
data supports the 02v symaetry. The presence of a bent N-I-X chain

in the complex would reduce the symmetry to C., and allow the vibrations

2’
derived from the a, class, which is infra-red inactive for sz point

group, to become infra-red active. The absence in most of the observed

spectra of any bands near to the a, class frequencies of"ﬁpicoline

2
(937,866 and 384cm71) supports a C,  structure for the complex.
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For sz symmetry the vibration fall into four classes
al,bl(in-planc) and a2,b2(out-of-plane). For vpicIX(X=C1,Br orl)
the 42 fundamental vibrations fall into the classes

l4a1+4a2+l4bl+10b Of these vibrations l2a.l+4a2+l2bl+8b2 will be

2.
very similar to vibrations of free vy-picoline. The remaining six

vibrations 2a1+2b1+2b cororise five intermolecular modes and the

2

ay IX stretching vibrations, all lying below 400cm_l. Adopting a

sz structure the vibrations of ¥picoline-ICN classify as
1531+4a2+15b1311b2, the nine vibrations without being counterparts
in free ~:picoline being five intermolecular vibrations (al+2b1+2b2)

and four vibrations derived from internal modes of ICKN and lying in

the classes (2al+bl+b2).

Comparison of the spectra with those of yﬁpicoline(88’99) and

(102) enables one to make an

y-picoline metal co-ordinated complexes
almost complete assignment of the infra-red active fundamentals of

the v«picoline-halogen complexes. Table 13 which shows the assignments
for the complexes, also includes those for the iﬁpicolinium ion given

(100)

by Spinner with some nodifications. By comparing with y=picoline

and v-picoline-halogen complexes, some bands of y=picolinium ion

given by Spinner are reassigned., The l259cmfl

band of v:picH C1™

was assigned by Spirmner to the N'H in-plane bending, but presence of

a band at "‘--1250c:m-1 for all the v-picoline-halogen complexes suggest -
it should be assigned to the ;§9a mode. The frequencies of

?¥12'§18a’§193 and :ngb are also reassigned (Table 13).
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Table 13
Assignment of infrared active fundamentals of y-picoline complexes,

and comparison with y-picoline and y-picolinium ion (cm-l)

Designation  y-Pico- vy=Pic-I y-Pic~I, y-Pic-=I y-Pic-I (y-PicH) ¥

[11] line ~CN -Br -C1

2 |

v (CH) 2 3050 S059 3060 2063 2067 -
J(CH) 20a 3040 3041 3042 3042 3045" -
J(ce) 8a 1603 1610°  1616% 16205 1625 1633
J(CC, CC) 19a 1495  1503°  1499°  1498°  1498F 1504
p(CH) %a 1220 1224 1249 1250 1250 1259
B(CH) 18a 1042 1040 1039 1039 1039 1033
ring 1 99k 1008 1012 1014 1017 1007
X-sen. 13 1212 1216 1212 1213 1212 1220
X-gens 12 801 - - - - -
X-~sens 6a 514 526 531 535 535 521
methyl 2924 - - - 2923% -
methyl 1378 - 13825 1385 1385 1377
V(I-X) - yaott  1e9tt 201" ogytt -
V(N-I) - - - 124+t 135° -

Vv(C=N) - 2146 - - - -
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Table 13 (continued)

o .y

Designation y-Pico- y-Pic-I y-Pic-I, vy-Pic=I y~Pic-I (y-PicH) +
[11] line ~CN -Br -c1
by
v (CH) 20b 3050 3059 3060 - 3063 3067 -
y (CH) 7o 2029 328 025 3028 2018 -
y(CC) 8 1561 - - 15607 1560 -
y(cc, CN) 19 1417 - - 1520t 120" -
y(CC, CN) 14 1365 - - - 1355~ 1366
B(CH) 3 1283 - 1286 - - 1311
B(CH) 18 1114 - - 115° 17 -
a(Cce) 6b 669 - - - - 651
X-sens 15 3 - - - - 351
me thyl 2970 - - 2980 2982" -
me thyl 1449 - - - Cougst st -
methyl 1068 1070 1067 1068 1067 1069
a.(ICN) - 336 - - - -
b,
¥ (CH) 5 969 972 968 969 970 -
Y (CH) 10b 799 800 802 80k 804 793
g(ce) 4 728 722 714 714 714 -
g(ce) 11 485 486 185 485 485 477
X-sens 16b 211 - - - - 222
methyl 2960 - - - - -
methyl 1445 - - 1445 1445 -
methyl 1148 - - , - - -
a(ICN) - 336" - - - -

All frequencies refer to CS, solution except:

x
In CH;Cl,. i In benzene,
¥ In mul, £ 1n CHC1,
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3.5, Pyridine-brominc and pyridine bromime chloride complexes,

3.3.1. INTRODUCTION:

- The Raman spectra of 'solutions of bromine and bromine-~chloride
(47) N

(43)

in various media and the infra-red spectra of solutions of bromine

in various donors have been reported. The infra-red spectra of
equimolar pyridine-bromine, and pyridine bromine-chloride solutions
in chloroform have been examined over & small frequency range around
1000cn™t by Zingaro and Witmgr(BT . The far-infra-red spectra of

solutions of pyridine-bromine, “v-picoline-bromine and several other

(103)

similar complexes have been examined by Lake, Recently He-Ne

Laser Raman spectra of solutions of bromine in various donors have

(49)

been reported, Apart from these few investigations no other
infra-red or Raman studies of pyridine—Br2 and pyridine-BrCl complexes
have been reported. The purpose of the present study is to account
for the molecular origins of all the observed bands, to compare the

extent of charge-transfer in pyridine-halogen complexes and to examine

solvent effects on some sens&tive bands.

In this section results are reported for the pyridine-bromine
and pyridine-bromine-chloride complexes, The nature of the species
present is discussed and the fequencies assigned. Consideration of
frequency shift of the pyridine ring vibrations, intensity changes,
solvent effect, Back charge-transfer, and force constants is deferred

until a later section.
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5.3.2, EXPERIIENTAL

3.3.21. Purity of Materials: ‘'Analar' bromine (BDH) was used without
further purification. Chlorine gas was dried by bubbling through
concentrated sulphuric acid, The purification of other chemicals

has already been discussed in section 3,1.21.

3.3.22, Preparation of Complexes:

Pyridine-bromine: This complex has been isolated by Williams.(84)

To a solution of bromine in carbontetrachloride an equivalent amount

of pyridine in the same solvent was added dropwise with constant
vigoro_us shaking., After about 10 minutes the dark red solid was
obtained. This was filtered,washod ‘thcroughly with carbontetrachloride
and anhydrons ether (sodium dried), and finally dried in a stream of
nitrogen. The melting point was found to be 61°¢c (1it62—63°c‘5§
caleulated from pyBr,, bromine 66.9%; found 66%, This complex was
also prepared by mixing the two vcomp‘or'lents in suitable solvents

immediately before runmng the spectrum,

Pmidine—frominechldride: The preparation of this cbmplex has also

been described by Wil]iams;(aa‘) who obtained a white crystalline

solid melting at 10"('—8°c and stable in dry air, though decomposing on

recrystallisation.v Chlorine from a cylinder was passed through

concentrated sulphuric acid and then into ice-cooled carbontetrachloride
\

until a saturated solution was obtained. 4 slightly smaller amount

of bromine was then added., To the mixture of bromine and chlorine a
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solution of pyridine in carbontetrachloride was added slowly with
shaking. The white orystalline compound obtained thus was washed
with anhydrouws ether and dried in a stream of nitrogen, m.pt.
105°(1it.107-8°).  4n analysis was made for nitrogen and total

halogen content.

N Br C1 Total halogen
ECalculated
for PyBrC1(%) 7.2 41.1 18.3 59.4
Found 6.82 58.45

Found by Willams 40.8 17.8 58.6

The analysis is in reasonable agreement with Willam's results.

3e3¢3. SOpectra: Solid samples dispersed in mulls were examined

using A&Cl,KBr and poiythene windows., When KBr cell windows were

used changes’ in both colour and spectra were observed within 20 minutes.
However, no changes of colour or spectra were observed when AgCl or
polythene were used as cell windows. The solutions were prepared

as near to the time of measurements as possible, and mixing of the

two solutions (e.g. solution of pyridine in benzene) to achieve the
desired relative concentrations was done just preceding the measurement.
In no case was any change in the spectrum noticed during the first

30 minutes, For studying the infra-red spectra in solutions AgCl

cell windows were preferred to KBr windows., This is because changes
in both colour and spectra were observed within 15 minutes when KBr

cell windows were used., No such changes were observed at least during
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the first 30 minutes when AgCl cell windows were used. For the
far-infra-red measurements all systems were enclosed in sealed
polythene bags, and all spectrum were recorded within 30 minutes of

preparation.

No changes in spectra or colour were observed in the first
30 minutes while running the Raman spectra in solutions., However,
all the runs used were completed within 15 minutes, Visual
examination showed rapid discolouration of the so;id pyridine~bromine
complex exposed to the laser beam, In addition the band at 16631:1'"l
which is very strong to begin with disappears complétely after
30 minutes exposure, To minimise the decomposition a fresh sample
was used for each band in the spectrum thus reducing the time factor

t6 Half a mimites Solid pyBrCl gave no evidence of decomposition.

3:5:4: Hesults: The resuits ave presented in Tables L4 - 17,

in all 64888 6rly those bands wich can be elearly distinguished from
ths B1vent bacistound ave reporteds The recorded low frequency
Bpebt¥s ure Showh ifi Figures 8 and 9 and the higher frequency spectra
aYe Bhown ifi Figares 10 ond .

3.3.5. Interpretation of Spectra:

3.3.51. Exzidine-bromiﬁe system: We will first discuss the low
frequency range, as this is the most sensitive to the nature of the
species present. Fresh solutions of pyridine and bromine or solution
of solid PyBr2 in benzene show three infra-red bands in the range

400-100cm~t (Table 14).
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Infrared Spectra of the pyridine-bromide complex in different media,

Saturated Solution of PyBrszquimolar solution Bromine

!
|Solid PyBr, in

(s0lid) jof Py and Br, “in ex~ |
o of ot it
in CgHg iin CH,C1, ;in pyrji~. in C47¢ in CHpCly: mull lbutadiene

! e dine , ' ; i mull

N em™t | om™t om™t % cn™t !cm-l em
3162sh

; : '. 3146s

'. | ; 3142s

! ; v 3067s

2 "' 3053sh

| 2955w

§ ; ? 2931w

| | 28t2w

RUEYE 1912w 1912w

l 1841w 18k 18wl 1845w

| 1709m '1711m 1715w
1599sh %160251& 1599sh : 1602sh o
1591s | 1597s 15908 ' 1597s 115958 1597s

§ | !1521wl 1521m

| 1479ms i 1480ms ! 'l 14758

| 1455sh | E sssh L | 1452
Mih7s | 14508 | 1451s  1447s 14508 1451s | | 1402m
13600 | 1359 L
1349ms | 1340ms 1348ns  1351ms Ll 135w

o 1250ms | 1250ms  11254s| 125ks
1206s | 12065 | 12058 112055 11208 12055  1210m| 1210m

f i | l1202s| 12028
125% | 11558 |1154m 11528 (1156 1154 (11525, 1152
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Table 14 (continued)

Saturated Solution of PyBr,.Equimolar solution Bromine [Solid PyBr, in

(s01id) of Py and Br, i in ex= ! c
; , : - - cess of [Nujol thexachloro-
in CgHg in CH;Cl, in pyr§~ 'in CgHg in CH,Cl) pyridine mull lbutadiene
| " dine %  mull
| | | i 1102w
1062s | 1066s | ;10635 10678 110608 1061s
, 10418 ‘ | 10k b
. 10308 | 10308 | 10356  1036s
1009s ' 10128 ilOlls 310095 {10128 10115 1007e ~ 1008s
: ! f, 1004sh  100k4sh
9lim ! | . okm | 'g 98l
- ham | -. | 9kem 945m -
784sh | i | 784sh | | 830w
f : | ; o 786m
495 | ? | 7h8s | 756s 7578
f o 7498k
| | ! 69w
| | E | | 68k : 68k
, ; | | } 673sn| 6725
€8s | 6385 . 6395 | €388 6385 . 639 | 63, 3%

6275 ' 628s | 629s | 626s 6285 ! 629s

529vs | | 529vw ! 572w 572w
WS | uhems | Gh6m | MiSm  bh6ms | bhém | WhSs | bhés
418 | n0s | h2ls M8 heos ¢ h2ls

229s | . 2158 | 2298 . 2158 |

187w ; ‘ 185s - 187w . 1858 180s

e ; i 16580

128m | 1tom ! 128m © 140m |

i



Table 15
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Infrared Spectra of the pyridine-bromine chloride in various media

Saturated solution in % In Nujol In Hexachloro-
CeHs. | CHCL ; pyridine f mu;l butax?uizirlle
_ on™ " ; cm_ L oent cm™ T e+
| | | o
| : ! ,
? - 3062w
| . 2059
- oo
% % % : 2025ms
1915w 1912w |
15958 15975 | 15956 - 1597
L sm
! 1517 . 1517 ; 1521w
é 1488w : ; ; 1475w
14498 ‘. 14518 1449s ; 1449s
| | i L 1580
1346¢ | 13bom | ’] 13k2s 13kes
R e
i 1250m ! 12508 : 1251s
1206s ! 1206s | 12055 1206n | 1206
. 1154 i | 15m
‘ | 108w . 1089w
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Table 15 (continued)

|

—

Saturated solution in In Nujol i In Hexachloro-
; T null i butadiene mull
CeHg CHCl, |pyridine ) _
cm™ s " em~l cm™t en™t
T
1065s 106ks | 10608 10608
1041ms 1040s
10338 | 1034ms 1034ms
1011s 1012s 1012s 1015s i 1015s
| 1006sh | 1006sh
991w |
972w
942w 9h2ms
861w
784w
769sh
750s 750s 750s
700m 700m
684 68ls
675sh 677sh
635sh
6308 632s 636s 6ils 6lls
hiSns bh6m
422m hoss | 428s 430s 4308
207s L 27hs 2958 |
226s , |
14hms 160ms 196s |
104ms
i 85w
' : Tlvw |
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The weak infra-red band at 18'70.m“1 can be confidently assigned by

comparison with the work of Person et al(104) to the antisymmetric

vibration of the Br. ion. This is further confirmed by examining

3

the spectra of B*:*ANBr3 in benzene, which show a single weak band at

189cm71. The other two bands, one at 229cuf1 and the other at

128cm™" can be assigned to Br-Br stretching and N-Br stretching

respectively of the un~ionised PyBr2 complex;(103) The low frequency

Raman spectra of PyBr2 in benzene show three bands (Table 18).

The weak band at 308cnf1 is the Br-Br stretching of the complex

(47,49)

benzene-Brz. This is confirmed by the fact that the intensity

of this band increases as the concentration of bromine increases, and
decreases as the concentration of pyridine increases and Iimally

disappears when excess of pyridine %s adéded, The modiw Raman band

1

at 1€?cmfl by comparison with the Raman band at 162cm = of

Me4N+Br; can be assigned to the symmetric Br;

The strongest Raman polarised band at 226c:m—1 can be assigned to the

stretching mode,

Br-Br stretching vibration of the un-ionised complex PyBrz.

The Br3 ion in solution is possibly formed by the reaction scheme

D + -
2PyBr, > (PyzBr) +Br

However, the intensity of Br-Br and N-Br stretching vibration suggest
that in benzene solution the predominant species is PyBrz. A salt
of the (PyzBr)+ jon has been independently exsmined (sec.4). This

shows that ion (PyzBr)+ has two low frequency stretching vibrations.
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Table 16

Raman Spectra of the pyridine-bromine complex in various media

Solvent Observed bands cm-'1
Benzene 162m 226s 208w
Benzene and excess of bromine 235nm 208s

#penzene and excess of pyridine 163s 215s
1 ¢ 4 Dioxane 162m 221s 200w
Methylene chloride 163m(pol) 218s(p)
*pyridine 163s(p) 215s(p)
Acetone 162n 218s 200w
*Nitrobenzene 164s 21hs
*Acetonitrile | 163s 211s 252w
*Ni tromethane 165s  210s 258w
Solid PyBr, 166s 188w 198w

*

163 cn™ band in gtronger than 220 et band
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The antisymmetric stretching vibration of NBrN which is only infra~red
active, observed at 17Ocm.-1 and the symmetric stretching mode which
is only Raman active, observed at 195cm-1. Neither of these two
bands are observed in a benzene solution of pyridine and bromine or

a solution of crystalline PyBr. in benzene.

2

Most of the higher frequency bands of (PyzBr)* ion nearly
coincide with the bands of PyBr2 and are thus of little diagonestic

value, However, the ring modes and'§6a; which are the two

V16b
most sensitive to the nature of complexing at the nitrogen atom, arc
doubled in benzene solution (Table 14 column 1 and 2); For each

band, one component, viz, of . at 638 and of Vg at 4450m~1

V16b
closely coincide with the appropriate ring vibrations of
(PyéBr)+PFE , may be assigned to pyridine ring vibrations of the
(Pyp+)* ion. The other two bands in this region (418 and 627cn )
on comparing with the corresponding bands of Pr X(ref.sec.3.1.)
complexes can be assigned to the :;16b and.'§6a of the un-ionised
PyBr, complex, The band at 1599cm-1 which appears as a shoulder
also corresponds to the \g mode of the (PyzBr)+ion. 411 the

observed spectra in benzene solution can be accounted for by the scheme

- + -
2PyBr, (PyzBr) +Bry

In polar solvents e.g, in excess of pyridine the low frequency
infra~red spectra is identical to the sﬁectra in benzene solution.
However, in excess of pyridine the intensity of the band assigned to

the Br; ion increases to a great extent. The Br-Br stretching
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vibration drops slightly and the N-Br stretching frequency increases
slightly in pyridine solution which is to be expected on passing to
more polar solvents. The intensity of Raman active symmetric
stretching vibration of the Brg ion 8lso increases in excess of
pyridine or other polar solvents such as CH Cl CHBCN etc.

No band at 308cm"l is observed. However, the low frequency bands
of the (Py2Br)+ ion still cannot be distinguished. In the higher
frequency region also, apart from an increase in intensity of the

bands at ~-445, ~638 and -16000m71 no other changes are observed.

In a solution of 0.2M Br2 and 1,0M pyrindine in benzene, Klaboe(49)
observed.two low frequency Raman bands. The band at 3020m- has
been ascribed to the Br-Br stretching frequency of benzene—Br2
complex and the band at 281cﬁ~1'to the Br-Br stretching frequency of
PyBré complex. On repeated examination of the Raman spectra as well
as the infra-red spectra we could not observe any bands at 2810m"l

(Table 16).

The vibration spectra of the solid complex show differences from
the solution spectra. The most remarkable differences are observed
in the low frequency region; below 400cm-l. Low frequency infra-red
spectra of solid éyridine—bromine complex show two bands; a strong

end broad band at 180cmt and a weaker band at 169cm .
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Raman spectra show three bands; one strong band at 166cm™T and two

weaker bands at 188 and 195 cm-l‘-. The interesting point is neither

of these bands can be assigned to the un-ionised PyBr2 complex, 7
The absence of both the Br-Br stretching in the region 200-2300m"'l
and the N-Br stretching near lBOcm-l', which are both infra-red and

Raman active confirms that the solid is not composed of- the un~ionised

charge-transfer complex. In fact, all the observed low freguency

bands may be accounted for by the (PyzBr)+ and Br; ions, The strong

infra-red band at 1800m-l and the Raman band at 166cw™ can be

assigned to antisymmetric and symmetric nodes of the ion Brg. The
infra-red band at 169cm"'l may be assigned either to the symmetric

stretching mode of the Br'3' ion which is allowed in the crystalline

state or more likely to the antisymmetric stretch of NBrN of the ion
(PyzBr)+(ref.sec.4.). The ~-Raman band at J.S)Scm'"l may be assigned
t0 the symmetric NBrN stretch of the ion (PyaBr)"', The weak Raman
band at 188cm'"l may be assigned to the antisymmetric Brg stretch
which is aliowed in the crystalline state., Indication that the
solid containsf the ion (pyzBr)+ is supporfed by the presence of single
infra-red bands in the vicinity of N 8a'§ 6a and §l6bl

(Table 14 column 7 and 8) the frequencies of these bands corresponding
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with those of the (Py2Br)+ ion (refésec.4). From these facts ig can
be inferred that the solid is entirely composed of (PyzBr)+ +Brg ions,
In solution the solid gives spectra identical with those obtained

directly mixing pyridine and bromine solutions in appropriate solvents

(Table 14). This indicates that in solution the ionization is

reversible

Fo. -
(PyéBr) Br3 ;:_.ZPyBxé

3¢3.52« Pyridine-brominechloride: The low frequency infra-red
spectrum of this compound show only two bands in benzene solution.
The higher frequency band at 30801:1-1 is assigned to the Br-Cl stretching

mode of the complex, and can be compared with stretching fréquency of

(47)

BrCl at 431cm_1 in 0014 solution and 418c:m-l in benzene solution.

The band at l4dem ~ is assigned to the intermolecular N-Br stretch.(loa)

Since brominechloride can disproportionate 2BrCl_=Br,+Cl,, the question

2 T2?
arises whether the observed band at 308013-l might be due to the
benzene-Br,, complex, which has a band at ~308cn~Y.  Since pyridine
is a stronger donor than benzene, any bromine would be preferentially

complexed with pyridine, giving rise to a Br-Br stretching frequency

at ﬂ~220cm-l. The absence of any band near "--22Ocm.-l show that
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disproportion is not taking place. The Raman spectrum in benzene
solution {Table 16) below 400om—l shows only one strong band at
308cm—l, vhich is assigned to the Br-Cl stretching mode of the complex.
‘All the higher frequency bands in benzene solution (Table 15 column 5)

can be assigned entirely to a single species, the un-ionised complex.

Low frequency infra-red spectra of PyBrCl in pyrindine show
three bands (Table 15). Raman spectra also show three bands (Table 17).
Comparison with the other pyridine-halogen complexes suggests the
ionisation 2PyBrCl < (PyBr)” +BrC17 in polar media. Salts of the
ion (PyéBr)+ have two low frequency stretching vibrations; one at
1700m”1vwhich is observed only in the inf:a—red and the other at
195cm™+ observed only in the Raman (ref.sec.4.). The ion BrClE has
two stretching and one bending vibrations, all lying below 4000m71.(105)
The antisymmetric stretching vibration at-“~2200m—l is only infra-red
active, while the symmetric mode at “—'270cm"l ig only Raman active
end the bending mode at ~-140cm™! is both Raman and infra-red active.
All the low frequency vibration bands of PyBrCl in pyridine solution

may be assigned assuming the ionisation described above.  The 160cnf1

infra-red band and 162cm — Raman band may be assigned to the N-Br
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Table 17

Raman Spectra of the Pyridine-bromine-chloride in various media

Obsérved bands om *

Solvent
Benzene 3088
1 ¢ 4 Dioxane 280sh BOOS(p)

Methyléne chloride
Pyridine
Acetonitrile

Solid

192w  270sh™
i62vw 192w 278s(p)

190w  276s
102w 17im  198m  255s

appears as & shoulder on the band of CH,Cl,
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stretching vibration of the complex; The infra-red band at 274cm-1

can be assigned to the Br-Cl stretching vibration. However, the

Raman band at 2780m—1 may be assigned to either the symmetric stretching
mode of the BrClE ion or the Br~Cl stretching mode of un-ionised

PyBrCl. The fact that this band is also observed as a strong ‘infra-red
band, suggests that it should be assigned to the Br-Cl stretch,

However, a contribution from the symmeti‘ic ﬁode of vthe .BrCJ.'?: ion

cannot be ruled out, In 1:4 dioxane solution the two contributions

(Table 17)

to the Raman band are more clearly resolved. The sharp

infra-red band at 226cm * is assigned to the BrClE ion. The weak
Raman band at l920m—1 can be assigned to the symmetric NBrN stretching

mode of the ion (PyzBr)+.

In the higher frequency region the additional band at 635cm-1

which appears as a shoulder in methylene chloride solution can be
assigned to 3 o mode of the (PyZBr)"' ions The other higher fréquency
bands of the PyBrCl in polar solvents nearly coincide with the
corresponding vibrations of the (PyzBr)"' ion and so cannot be separately
distinguished, Thus it may be concluded that the spectrum in benzene

solution is entirely due to the un~ionised PyBrCl complex and the
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spectra in polar solvents such as pyridine and methylene chloride are

due to PyBrOi, (PyzBr)+ and BrC1;.

The vibration spectra of the solid complex, which has been

reported by Williams(&)

to be PyBrCl, present several difficulties
in interpretation. The solid compound prepared, is identical ﬁith
William's compound in appearance, melting point and micfoahélyéis of
nitrogen and total halogen. The solubility of this compound in
organic solvents is similar to the other pyridine-halogen complexes,
As the solution spectra of this compound can be easily interpreted,
it may be concluded that no substitution reaction has taken place
during the preparation. The higilei' freéuency infrae-red spectra of
the solid complex in mulls is found to be consistent with the un-ionised
PyBrCl complex, in contrast to the solid pyridine-bromine complex.
The single -3 16p band at 4300m_1 corresponds to the un~ionised

PyBrCl complex. The 3., band for (PyzBr)+ ocours at 4 450m~1, and

16
therefore would have been clearly observed had this ion been present,
There is also only one 3 6a band, the frequency corresponding to the

unionised complex. The remaining higher frequency spectrum also

corresponds quite closely to that of the unionised complex.
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Taken as a whole the spedtra give the impression that the solid is

entirely in the un-ionised form.

The low frequency infra-red spectra of the solid pyridine-bromine-
chloride complex show two strong and four weaker bands (Table 15).
The low frequency Raman spectra show three bands (Table 17): Non§ of
these low frequency bands can be assigned to (Py2Br)+ and BrClE ions,
The absence of the strong infra-red bana of (PyéBr)+ near 170cm >
(see seced.) éxcludes the possibility of presence of the (Pya'Br)+ ion
in the solid complex. §imilarly the absence of the strong infre-red

! and the Raman band resr 2760m"l prove -the

band oprrClg near 220cme
absence of the'Br01; ion in the solid complex. However, the assignment
of the low frequency vibration bands entirely to the ﬁn—ionised form

is not straightforward., The band at “»1960m-l vwhich appears both in
the infra-red and Raman Qay be assigned to the N-Br stretching
frequency of the PyBrCl complex, though this appears at 160cw — in
pyridine solution (Table 15). Such a large frequency shift of the
nitrogen-halogen a¥d stretching mode from the solid state to solution
spectra is not uncommon. For example, the N-I stretching mode of

1

Py1Cl which appears at 147cm — shifts to 16Ocm"l(48) in pyridine
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solution and finally to 170ci 4% in & mujol mll. The Reman
band at 1'7lcm.—1 may be due to splitting of the N-Br strétching node,
Splitting of the N~I stretching mode of PylCl in a mull has been

(50). The Raman band at 102cm_l and the

observed by Person et al
infra-red band at 104cm™* may be assigned to the N-Br-Cl bending mode.
Tne weak -infra-red bands at 85 and Tlem * may be assigned to bending,
rocking, or crystal lattice vibrations. However,.difficulty still
arises in assigning the two higher frequency bands. The strong
infra-red band at 295cm — which might be assigned to the Br-Cl
stretching mode is completely absent in the Raman., On the otherhand
the strong Raman band at 2550m._l which could also be assigned to the
Br-Ul stretching mode, does not appear in the infra-red. The
assigmment of both the 295 and 2550m71 bands to this stretching mode

requires strong interaction between the PyBrCl units in the crystal,

which may not be impossible in such a complex.

The alternative assignment of the low frequency spectra involves

the consideration of an asymmetric BrCl2 ion., Asymmetric polyhalide

ions are not frequently observed, However, Tasman and Boswijk(106)

have found that the I; ion in 0313 is asymmetric.
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Maki et al(gl) have alse reported asymmetric IC1, and IBr_ ions, where

2 2

all the three vibrational modes are both infra-red and Raman active.

If we consider the BrCl-z' ion in the (PyzBr)+Br012 complex to be
asymmetric then all the observed low frequency bands may be assigned.
The infra-red band at 29'5c:m_1 and Raman band at 255c:m_1 hay be assigned.

to the Ql mode; the band at ~198cm T to the )= mode, and the Raman

3
band at 17lcm L to the Y, mode of the BrClE ion. However, this
assignment requires the Ql infra-red band of BrClE to be separated

from the accompanying Raman 3 band by 4Ocm'1(105).

Assignment of
the ~196c~ band to the §3 and 170cu™ Raman band‘to§2 would also
require displacements of some 30 and 400m'1 respectively from their
usual positions. It is also difficult to explain why the 'QZ band
' is not observed in the infra-red. Furthermore, the antisymmetric
NBrN stretching mode of the (PyZBr)+ion at «-1’70cm-l is not observed

in the infra-red spectrum. Finally the rear infra-red spectrum is

more difficult to fit to the (Py2Br)+ion.

The possibility of the formation of (PyéL)"' and C1Br, ions may
be rejected for two main reasons. 'Firstly the formation of an ion

such as (Py201)+ is highly improbable since chlorine as a co~-ordination
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(108)

centre is rare and vwhen it occurs it is very mmnstable; secondly,

no bands for the ClBr; jon in the vicinity of 230cm_1(107) are observed.

3.3.64 Assigmments: As the infra-red spectra of PyBrX complexes in
solution are comparable to PyIX complexes, they may be assumed to have
the same symmetry point group, i.e., sz. The gbsence in solution

infra-red spectra of bands corresponding to the a,. modes of pyridine

2
also suggests C,  symmetry in solution. Comparison with the spectra
of pyridine and PyIX complexes enables one to make an almost complete

aséignment of the infra-red active fundamentals of the PyBrX complexes.

Table 20 shows this assignment.
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Table 18
Assignment of infrared activé fundamentals of pyridine-bromine and

pyridine-bromine chloride complexes

Designation Pyridine-bromine Pyridine-BrCl
(In CH,C1,) (In CH,Cl,)

ay V(CH) 2

Y(CH) 20a :
J(cc) 8a 1597 1597
J(CC4CN) 19a 1480 1488
p(CH) %2 1206 1206
p(CH) 18a 1067 1067
Ring 1 1012 1012
X sens 13

X sens 12 . 1030 1033 1
X sens 6a 628 632
N-Br stretching 128 144
X-Y stretching 229 307

By Y(CH) 20b

Y(CH) 7

v(CcC) 8b

y(CC,CN) 19 1450 1451
v(CC,CN) 14
BcE) 3 1206 1206
p(cH) 18b

o(CCC) 6b

X sens 15 1155 1154

b, Y(cH) 5 o942 942

J(CH) 10b

o(cc) &4 748 750
o(cc) 11

X sens 16b 420 425



The vibration spectra and structure of the bis-pyridine
iodine(I); bis-pyridine bromine(I); bis-y-picoline

iodine(I) and bisiy-picoline bromine(I) cations,

121;
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4.1, INTRODUCTION

Salts containing the ions (Py2I)+ and (PyzBr)+ have long heen

(1085109;110) These ions are in agreement with the requirements

(111)

known.
of bico-ordination for the I and Br' speciesi Ions of this type
are generally observed when the anions have slight or no capacity to
funcétion as a ligand, Electrolysis of (PyéI)+N0; in anhydrons
chloroform solution yields iodine at the cathode, while the solution

(209)

around the anode remains clear, This proves beyond doubt that

the iodine is the positive constituent of the salts

In the compound Py217

obtained by direc%.inteféétidﬁ ofipyridine
with iodine, X-ray studies show the preséﬁcé of én essentiallf planar
cation (PyIPy)" along with I; and I, molecules.(83) The crystals are
monoclinic and of space group P21/C with four molecules of pyridine
per unit cell, It has also been shown that, in the crystal, the
(Pyél)+ ion has a centrosymmetric structure., Study of infra-red and
Raman spectra of the salts of the ion (Pyél)+ in solution mey indicate
whether the collinearity of the two ligand bands and the co~planarity

of the pyridine rings, arise from the internal force field, or from

interionic forces dominating the crystal packing.

The infra-red spectra of s0lid bis-pyridine iodine (I) nitrate

(36)

and perchlorate have been reported by Zingaro and Tolberg and

bis-pyridine bromine (I) nitrate, perchlorate and acetate by Zingaro
and Witmer.(BT) Their studies were confined to a small frequency

range around 10000m71.
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The primary object of the present study is to compare the spectra,
N-X bond strength and charge distribution of the cations with that of
pyridine and "v.picoline charge-transfer comple;es. Accordingly
several salts of each of the ions (Py21)+,(PyzBr)+,(~pricgl)+ and
2.Br)+ have been prepared and their vibration spectra in the

solid state and in solution recorded in the frequency range

4OCCkéOcm_l; Many features regarding the structure of these ions have

(v=pic

also been explored.

In this section the preparation of the salts is described, and
the spectra reported. Possible structures are discussed and
frequencies assigned. Consideration of frequency shifts, charge
distributions, solvent effects and force constants is deferred until

a later section.,

4. .. EXPERINVENTAL

4.2.1, Purity of Materials: Sodium-fluoroborate (BDH),

ammonium-hexafluorophosphate (Ozark—Mohaning Company) and
silvernitrate (BDH) were used without further purification.
Purification of other chemicals has already been discussed in sections

3-1.21, 3-2.21 and 3-3021.

4,2.2. Preparation: Preparation of (Pyél)+Cld- has been discussed

4
(112)

elswwhere. The preparations of (Pygl)'i'PFg, (Py 2,,I)"'BFZ,

+ -
2Br) PF, are all

similar and are examplified below by the preparation of bis-pyridine

, - Y R — .
(PyéBr) PF6,-6r:p1021) BF4,(V%p1c2I) PF, and (\vxpic

iodine(I) fluoroborate.
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17 grams of silvernitrate was dissolved in 70ml. of water
contained in a beaker., 50ml. of pure pyridine was added slowly
with stirring, whereupon the solution became warm., Then a solution
of 20grms. of sodiumfluoroborate in about 100 ml. of water was added
to the pyridine/AgNO3 solution slowly with stirring. After‘cooling
to about Ooc, solid crystals were formed at the bottom of the flask
and rewoved by filtration. This product was washed several times
with ice-cold water to free it from nitrate, and after drying, it
was dissolved in the minimum volume of pyridine-chloroform solution
(1:10). This was cooled in an ice bath and to it a saturated
solution of iodine in chloroform was added slowly with stirring until
the colour turned to a faint purple indicating a slight excess of
iodine. The cream coloured precipitate of Agl was removed by filtration
and washed with two 5 ml. portions of a chloroform-pyridine
v _xture (20:1), the washings being added to the filtrate., Sodium
dried ether was then slowly added with stirring to the filtrate
until the precipitation was complete, The white crystalline powder
was washed free of iodine with sodium dried ether and air dried.

It was further purified by recrystallisation from pure methanol.
The white crystalline compound was collected by suction filtration,
washed several times wifh dry ether, dried in a stream of nitrogen

and finally dried in vacuo over P205.

Elemental analyses of the salts are given in Table 19,



125
TABIE 19

Compound Iodine % Bromine % Nitrogen % Fluorine %
Cale., Found Cale, Found Calec. Found Cale. Found.

(Pyzx)"‘clo;r 33.03 32,9

(Py,1)'BF,  34.15 33.9 75 7.4

(By, TP 29,5 2.9 6.5 6.3

(By Br) "PEy 20.88 20.4

(Y-1:>ic2)+13F;r 3L.77T 3.2 70 7 19.0  19.3
(vepic D)PFy 27,7 2749

(*ﬂpiczBr)+PFg 19.5 19.0

4.2.3, BSpectra: The solid complexes were examined by dispersing
in mjol or hexachlorobutadiene. AgCl,Kbr or polythene windows were

used. The (Py I)+, (Py.Br)* and (vepic,I)¥ salts were stable, but
2 2 p

2
(y:piczBr)+PFg became slowly discoloured on standing, with accompanying
spectral changes, particularly if KBr windows were employed, For

this salt fresh samples were used for the measurement of each band,
using AgCl or polythene windows. In methylenechloride and

2Br)+sa1ts were stable for at

least two hours. Nevertheless, all solutions were prepared as near

acetonitrile solution all except (v=pic

to the time of measurement as possible, and a fresh solution was

made after every 10 minutes for all salts., The possibility a rapid
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decomposition in solution might occur is very real. However, the
concentration of decomposition products, if formed, was so small

that they were not detectable by infra-red methods. The formation
of small amounts of decomposition product may be of much greater
importance when methods such as ultraviolet spectroscopy or
conductivity are usedi To gé% a'reprodueible spectrum of
(Y:picaﬁf\fPFE in CH2012 solution, each band was run several times
with freshly made up solutions. The (wipicZI)+ and (v:piceBr)+sa1ts
in v-picoline solution were found to be quite unstable; however,

by repeatedly renewing the solutions the required spectra were

established.

No decomposition of any kind was observed for the salts
(Py;I)+,(PyéBr)+ and (wcpi021)+ while running the Raman spectra in
golution or in the solid state. However, each observed band was
éhecked by running the spectrum in the region of the band using
. freshly made up solutions, (wﬁpic21)+ salts in v-picoline were
Avery'unstable; however, the band at lGlcufl was clearly observed
in fresh solution, even though it disappears completely after only
10 minutes, Attempts to obtain the Raman épectra of (w?pichr)+salts
were unsuccessful, decomposition occuring very rapidly when the

samm. » was exposed to the laser beam.
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4,3, Results: The infra-red and Raman data for all the ions
investigated are listed in Tables 20-23. The assignments of the
Raman and infra-red active fundamentals are shown in Table 24.
Pigures 12-15 show composite spectra of the cations produced by
combining data from the various salts. The spectra in solution

and solid are generally similar.

4.4, Discusgsion: The ion (Py21)+ in solution may or may not
retain its coplanarity depending on whether this feature in the
crystal is due to intramolecular.(Tr electron interaction) or
inter-ionic forces., In the following section we will consider all
the possible strutures of this ion and other similar ions

(PyQBr)+,(vmpic21)+ and (wtpiczBr)+.

If € is the angle between the planes of the two pyridine or
¢v—picoline rings (Fig.16), then the free ions may belong to the
o ~ /anC % _an® .
DZh(L, = 0), DZ(@ =O<O\9O ) or DZd((:j_9O ) point groups.

Ci and CZ are two other possible point groups (Fig.16). One may

h
also imagine a bent N-X-N linkage between the two rings.

First we will deal with the low frequency regioﬁ of the
spectrum as bends of this region are generally easy to assign.
What-ver the structure may be, the number of iundamentals which are
expected to occur at low frequencies is very small, All the nine
skeletal vibrations (Fig.l7) which involve the motion of the base

rings as a whole are expected to lie below 400crt.  In fact,
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TABLE 20
T o o,
in Nujol Infra-red Raman
mull In In hexa- In In In
Nujol c@lorobuta— CH2012 CH3CN Solid CH2012
mull  diene mull gsolution solution solution
3159w
3109s
3102s
3079s
3049
3035
2950w
2922nm
1919w 1926w 1919W
1843w 1846w 1848w 1846w
1698w 1699w
1654w 1652w 1652w 1654w
16008 1601s 16028 1603s  1600s  1606n 1606w
1580w 1575w 15804 1578m 1578w
1481w 1485w 1488w
14558 1452s 1438w
1398w 1403w 1400w
1350m 1355ms 1355 1354n



128a,

(PyZI)PF6

Infra-red Raman Interpretation
In Nujol In hexa- In In
mall chlorobuta- CH.Cl Solid CH.C1
. 2 2 2 72
diene mull X .
solution solution
(1580 x 2)
blfund.amental
e.lfundamental
alf‘undamental
al&blfundam otal
1354 + 1600
1355 + 1580
192%w 1919w 760 + 1161
1883w 638 + 1248
1847w 1848w 1845w 638 + 1215
1700w 1699 890 + 1010
1651w 1652w 1654w v 638 + 1010
1600s  1600s 1602s 160%n 1607w (P?) a, fundamental
1580w LI76w 1576m 1577w (P?) b fundamental
1506w 1479w 1481w 1486n a, fundamental
14555 1452s bl fundamental
1399%m 1400m 638 + 760
1355ms  1355us 1355ms b, fundamental

1
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TABLE 20 (Cont'd)

IoRa of ’
(y,t)c10, (By )2, _
in Nujol Infra-red Raman
mull In In hexa- In In ' In
Nujol chlorobuta- CH2012 CHBCN Solid CH2012
mull diene mull . . .
solution sQlutlop ’ solution
1248nm 1249m 1250nm 1246m
1205s 1207s 1209s 1210s 1210s 1216n 12lém
1200sh 1200sh
1161ns 1161s 1l58s 1156s 1166m 1158m
1055s
1038ms ' - 1039s  1039s
10108 10098 1010s 1010s 1010s 1020s 1021s
1005sh 1005sh 1005sh
952m 945n 954w
760s T61s 760s
750sh
TO0sh TOOsh T0Tms
690s 690s 691s 692s
638s 638s 638 6378 638s 6468 644s
439s 441ms  441s 437ns 43Tn 425vw 4 22vvw
; ; 362vvw
1728 172s , 1728 * 182s  180s(P)
' 181 * g

* In pyridine solution

In these tables, bands due to. solvents or the counterion are omitted
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(1=y21)1>:>?6

Infra-red Raman Interpretation

In NMujol In hexa~ In In
mull chlorobuta- CH.C1 Solid CH C1
diene mull 2”2 2"z
solution solution

1248n 1247Tn bl fundamental
12068 12068 1210s 1216s  1215a(P) fundamental
1193sh ! 431 + 760
1160m 1158n 167s  1157s(dp) b, fundamental
1094w 1094w 1090w b, fundamental
10598  1059s 1062s 1066vw a; fundamental
1040s  1038s 1040s 10368 103%6s(P) )al fundamental
10%2sh  1032sh 1030w
1010s  1009s 10098 10198 1019s(P) ) a, fundanental
1005sh 1005sh )
952w 946w 949w b2 fundamental
759s 758w 2 b, fundazental
700sh  TOlsh g b, fundanental
690s 689s
6383 638s 637s 644s 645s(P) a, fundamental
438s 4388 438s 419w b2 fundamental
1728 172s%* 181s 181s(P) skeletal

90w

182% g
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TABIE 21
Vibration Spectra of (Py‘,aB:c)}?F6

in various media

Infra-red Raman '
In Nujol In In hexa- Solid In Interpretation
Mull CH.C1 erlorobuta- CH, C1
‘ 2 2 s 2 2
‘ . iene mull .
solution solution
above -1 ..
2000¢cm
3141w 1574 x 2
3114s blfundamental
3099sh
3073w alfundamen’.;al
3053m alfxmdamental
2037 al&blfundamental
3015w 1454 + 1584
1929w 1915w 766 + 1160
1845w 1845w 639 + 1213
1708m 690 + 1021
1658w 647 + 1011
1600s 1601s 1609m 1608w alfundamental
1574w 1574w 1577m 1584w blfundamental
1538w (744 x 2)
148Tm 148Tm alfundamental
1454s blfundamental

1408w (638 + 766)



TABLE 21 (dont'd)

Vibration Spectra of (PyzBr)PFG

in various media
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Infra-red Reman
In Nujol In In hexa- Solid In Interpretation
Mull CH.C1 chlorobuta- ... C1
22 diene mull 2”2
solution ' solution
above -1
2000cm
1354m  1351us b, fundamental
1254ms b lfundamental |
1206  1205s 12138 121%s(P) a, fundamental
1192sh
1161m  1158s 1160w b, fundanental
1095w 1090w b, fundamental
10668 1062s 1072w alfundamental
1037s - 1040s 10358 1035s(P) ) alfundamental
1032sh  1033sh )
1011s 101is " 1021s  1022s(P) g a, fundamental
1006sh  1008sh 1032sh(w)
978w ‘azfundamental
953m 945m 952w bz-ﬁmdamental '
T66s bzfundamental
690s ;
674sh . bz-ﬁmdamental
6398 639s 647s 649s(P) a, fundanental
4525 450s 635sh(w) b, fundenental



TABLE 21 (Cont'd)

Vibration Spectra of (y,BR)PF,

in various media
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Lifra~red Raman
In Nujol In In hexa=- Solid In Interpretation
Mull CH.C1 chlorobuta—- CH.C1
2 72 . 2 2
solution diene mall solution
utio above 1
2000em
*
170s 170s 189s 193s(P) skeletal
168w
138w

¥ In pyridine solution
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TABLE 22

(v-P1c2I)BF .

Infra-red Raman

Inmgilj,j-ol In 032012- In C%CN Solid In CH2012
solution solution solution

1958w 1941w 1945w

1848w 1838w 1838w

1689w

1623s 1620s 1618s 1620ms 1621m(P)

1613s 1613s 1610s

1560w 1557w 1560w

1504w 1499m 1506m 1506m 1506w
1383m 1387s 1385ms(P)
1366w

1333w 1333w 1333w

1284m
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(v~ PiCZI)PFG

Raman

Infra~-red
In Nujol In hexa~ In GH-2012 Solid In CH2012 Interpretation
mall shlorobutas solutio lution
diene mull ° n solutio
3133w 1560 x 2
1307m 1610 # 1502
306Tm al&blfundamental
3053m alfundamental
3021w blfundamental
2992w 1502 + 1506
2924w a.lfundamental
1944w 1941w 1930w T12 + 1228
1848w 1848w 1835w 810 + 1028
1767w 813 + 1952
1680w 1680w 712 + 958
1618s 1621s 1618s 1620m 1622w ) &, fundamental &
1610s 1610s 1610s ) 810 + 813
1557w 1560m blfundamenta.l
1502m 1502w 1499m 1506m 1501w alfundamental
1447s bl&bzfundamental
1439s 'blfundamen’cal
138Tm 1383m 138Tms  1383ms alfundamental
1366w 662 + T12
1333w 1333w 1331w 1338w 660 + 662
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TABIE 22 (Cont'd)

(w’—Pic2I)BF4

Infra-red S “Raman
Inﬁﬂgiol In CH,Cl, In CHCN Solid In CHCL,
solution solution solution
1254m | 125%m
1231w 1225w 1225w 12338 1227s(P)
1211s 1212s 1211s 1216s 1215s(P)
1125w
1096w ‘
1067s 10688
.103'7m 1036m
1022s 1025s 1025s 1027s 1031s(P)
983vu 990vw
970vw
873w 871w
820s 813s 8l4s 813s 813s(P)
813s
T13m 712n Tr4vw
666w -
660w 662w 663s 663s(dp)
545s 545s 5465 5538 554s(P)
490s 490s 494s 484m
164s 168s* _ 164s 162s(P)
80m 161s¥*

" In v-picoline solution
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(V“—Piczx)PF

Infre-red . Raman
InﬁﬂXQOl gﬁl&iﬁ%;ta- In CH2012 Solid In CH2012 Interpretation
— _dienz mull solution solution
1297w 1297w | 491 + 808
1258m 1255m : b, fundamental
1228w 1228w 1226w 12285 12265~ & fundamental
12098 1209s 1207s 12155  121ls a, fundamental
1121w 1121w 1120w b, fundemental
1098vw  1098vw 1096w ' 549 + 551
1063s 1063s 1061s 1072m 1069w b, fundamental
1043w 1042w 1038w a, fundamental
1024s 1025s 1024s 1028s 1028s alfundamental
| | 988w 494 + 484
975w ' 975w 968vw b fundamental
952w _ aafundamental
810s 808s 810s 813 813%s g &, &b, fundanental
T12m T1ilm b2fundamental
666w - g b, fundamental
660w © 662s 6628
5458 5458 549s 551s 5538 a, fundamental
491s 491s 491s 485w 487w b, fundeamental

162s 160s ‘skeletal
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TABLE 23
Infra-red Spectra of (v~Pic32Br)PF6

in various media

In Nujol In hexachloro- In 0H2012 Interpretation
Mull butadiene mu}.l solution
31300 5 x 1562
3105m (1502 + 1610)
3077Tms a& blfundamentai
3058ms 8y fundamental
302%m bl fundamental
2990w , (2 x 1502)
2923w al fundamental
1943w 1943w 1932w (712 + 1222)
1848w 1848w 1838w (810 + 1026)
1680w (810 + 873)
. 1644m (666 + 975)
1621s 1621s 1623s % 8y fundamental and
1608s 1610s 1613s (810 x 2)
1562w 1568w by fundamental
1496w 1502m 1509m a, fundamental
1450s ‘ b.& byfundamental
1435s ' bl fundamental
138Tms 1385m ay fundamental
1366w | b, fundamental

1



136,

TABLE 23 {Cont!d)
Infra~red Spectra of (wﬁ»PicaBr)PFG

in various media

In Mujol In he:.cé.chloro-‘ ] In CH‘?(ll2 Interpretat.ion
Mull butadiene mll solution
1352w 1332w 1328w (666 x 2)
1259m 1260m ' (543 + T12)
122%w 122%w 8y fundamental
12058 1205s 1206s ‘ & fundamental
1120w 1120w 1121w b, fundamental
1099vw 1100vw 1098w (2 x 543)
1062s 1062s 1063s , bl fundamental
1041sh 1045sh 1040sh 2y fundamental
1025s 10248 1026s 8 fundamental
975m 976m b2 fundamental
954w 941w a, fﬁhdaﬁxental
810s 808s 8lls al& b2fundam_ental
Tiims T12ms b2 fundamental
666w ) bl fundamental
660w
5368 538s 54%s a) fundamental
493s 495s 494s ; b, fundamental
486s
170s 170s* . skeletal

* 1In vy-picoline solution
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TABLE 24
Assignment of vibrational frequencies related to

internal vibrations of the base groups:

+

Ly
| 1 ey
Designation I.R, Raman IR Raman I;R; Raman I;R: Raman
(8 in  in in  Solid in  in in  solid
Soln, Solny mull * Soln. Soln. mull
ad(oE) 2 3079 3073
y(cH)  20a 3049 3053

~{ce) 8a 1602 1607 1600 1603 1601 1608 1600 1609
V(CC.CN)1%9a 1481 1488 1479 1486 1487 1487

iZ{CH) 9a 1210 1216 1207 1216 1205 1213 1206 1213

p(cH) 18a 1062 1059 1066 1062 1066 1072
Ri oy (1009 1 1010 101 1011 1022 1011 1021
i : . 10 ‘ 0 , ¢
we %1005 ? 1005 % 1008 1006

X-sens 13 | 3035 3037

o 1040 , 1040 1040 . 1037
X= p . , 10 ‘ 10
sens 12 1 1036 1032 1036 1053 35 1052 35

X-sens 6a& 637 644 638 645 639 649 639 647

b,V (CE) 200 3;:;8523 3114
N(er) 3035 3037
N(kcc)v 8b 1576 1577 1580 1576 1574 1584 1574 1577
Ce.CN)19b 1452 1455 1438 1454
p(ce.eN)14 1355 1355 1351 1354

pler) 3 1246 1248 | 1254
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Assignment of vibrational frequencies related to internal

vibrations of the base groups.

+ +
(By,1) (Py,Br)
Designation I,R, Raman I.R. Raman I.,R. Raman I.,R. Raman
(8) in in in Solid in in in Solid
Soln. Soln. Mull Soln, mull mull
i (CoE)  6b
X-sens 15 1158 1157 1160 1167 1158 1161 1160
a,¥(CH) 17a 978
v(CH) 10a
{(CC)  16a 362
by(cE) 5 945 952 945 953 952
v(CH) 10b
w(ee) 4 760 761 758 766
Glee) 1 707
X-sens 16b 438 422 438 425 452

N

450
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TABLE 24 ( Uog‘hi g_gag)-
o — -
v=Pit,1) o (¥-Pic,Br)" (PF,)
Designation . I.R. Ranan I,Rs of Raman I,R. in IR, in

(8) (9) in in mall  solid CHCL, mull

soln, = ®oln. solu;

(CH,OL, (cE,C1,) ‘

orOHjaN)

av(oE) 2 3067 3077
Y(0H) 208 3053 3058
\ 1618 1618 1623 1621
3(00) B jgo 1622 1610 1620 3613 1610

Y(00,0N)19a 1499 1501 1502 1506 1509 1502

P(CH) ~ 9a 1226 1226 1228 1228 1223
F(CH) 18a 1038 1043 1040 1045
Ring 1 1024 1028 1024 1028 1026 1024
X-sens 13 1207 1211 1209 1215 1206 1205
X-sens 12  8l4 813 2 o3 813  8ll 808
X-sens 6a 545 554 545 553 543 538
Hothyl I | 2924 2923
Methyl M, 1383 1383 1387 1387 1385 1387
by (cH) 20b 3053 3058
Y(cH) T 3021 3023
y(ce) 8 1560 1557 1568 1562
Y (cc.cn)igb 1439 1435

J(co.cN)14 1366 1366
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TARLE 24 {(Cont'd) .

(‘CPiq2I)+ | (\/.-Picziar)* (PF7)
Designation ~ I.R.  Raman I.R, of Reman IiR: in IR in
(8) (9) in in mall  solid OCH, G,  mull
soln, soldy . s diui;iz. on
(0112012 (GH2012)
orCH_CN)
N N . 3 -
(cw) 3 2197
{cE) 18 1121 1121 ' 1120 1120
666 ( 666
{cce) 60 662 663 660 663 ( 660
X-sens 15
Methyl -M2(b1) 29927 2990
Methyl M4(b1) 1447 1450
Methyl Me(bl.) 1061 1069 1063 1072 1063 1062
a, {(cH) 17a 952 941 954
(cH) 10a 8N 873
{ce) 16a
b, (c8) 5 975 975 910 976 975
. , N ( 820
(cH) 10b 813 g 813 811 810
(cc) 4 m2 113 T14 711
(c¢) 1 491 487 490 485 494 495
~ X-zens 16b
Methyl -‘M2<.(b.2-') o 29927 2990
Methyl M4'(b2) 1447 1450

Methyl Me'( b2)
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Top: Infréred spectrum of the (Y—Piczl)+ caﬁibn. Above 400'cm"'1 “

in CH,C1,, below 400 om™*

in Y—picoline solution.

Bottom: Raman specitrum in CH2012 solution.
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in the frequency range, only itwo 8trong bands are obscrved for each
of the ions in solution as well as in the solid «tate. One of
these is observed in the Raman but completely disappears ia the
infra-red. The other is infra-red active but is not seen in the
Rawan., For example, for the ion (Py21)+ (Table 20), the Reman
spectra show a strong polarised band at 18101:1“:L and infra-rod spectra
a st -.g hand at 172cmfl. Neither of these bands is present in
pure pyridine nor in the anions (BFZ,PF; or ClO;). The most
likely assignments of these two bands are to the FB-I-N stretching
vibrations which are likely to be very intense. The position of
these vibrations for *the ion (Py2I)+, may be crudely estimated from
the relations,

Ny =B ) ey

Ny =K ) (A w24 )
Where /‘ﬁy and %, are the reduced masses of pyridine and iodine
respectively, and K and K12 are the stretching and interaction force
constants respectively., We may assume the valuve of X to be
approximately equal to the N-I force constant of PyICl, which is
the strongest among the pyridine halogen charge-transfer complexes.
This value has been calculated by Person et al to be l.OZmdyn(EO}AO.
A value of 0.4 mdyn/Ao for K12 is not unrcasonable.(5o) Putting

tacue values in the above equations one calculates the symmetric

and antisymmetric stretching frequencies to be at 174 and 172emt

respectively. By comparing with these valuss, the band at lSlcm_l,



148,

which is observed only in Raman spectra may be assigned to the NIN
symmetric strotching vibration and the band at 172cnr1, which is
observed only in infra-red, to the antisymmetric stretching vibration
of the ion (Pyzl)+. The mutual exclusion of these two bands between
the infra~-red and Raman spectra clearly demonstrates the colinearity
of the N-I-N bonds. This immediately eliminates the bent N-I-N
bond since in this case one would expect both the stretching
vibrations to be Raman as well as infra-red active., By comparing
with the (py21)+ ion, the Reman bands of (Py,Br)" at 193 and
(v:pi021)+ at l69cm."1 may be assigned to the NBrN and NIN symmetric
stretching vibrations respectively, and the infra-red bands of
(Py,Br)* at 170, (vpic,1)* at 164 and (v=picyr)" at 170ca™t o

the NBrN, NIN and NBrN antisymmetric stretching vibrations. It mey

be concluded that all the ions possess a linear NXN bond.

The_higher frequency vibrations may be considered to be
counterparts of modes in the corresponding free base, To a quite
good approximation, linear combination of the fundamentals of the
free bases, give rise to pairs of bands in the cation spectrum,
each pair split by interaction via the halogen atom. These 2 x 27
vibrations (bis-pyridine ion) or 2 x 36 vibrations (bisJV”epicoline ions)
may thercfore be classified under the point group C2v (symmetry of
free bases). All the observed bands may be assigned by comparison
with pyridine and py?idine»halogen complexes, and Y-picoline and

Y-picoline~halogen complexes. In the following section we will
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discuss the assignments of (PyzBr)+ and (\(r_piozBr)+ are identical
with their iodine counterparts, The following considerations refer

to both solution and solid spectra;

&, ~type vibrationst

(py 1)* ion.
2

On the basis of intensity and polarisation data the Raman bands
1215, 1036, 1019 and 645em > are unequivocally correlated to the
J8s! an, ) 12¢ \Y 1 and 6a modes of pyridine respsctively.
Similarly the strong infra-red bands at 1602, 1210, 1040, 1009 and

=1 '
638cm — may be correlated to the 3 8a’ 3 98’ Jd 100 N 1 and 3 6a modes
of pyridine respectively., The most remarkable feature of these
observations is the non co-incidence of Raman and infra-red
frequencies deriving from the same mode of pyridine, The weak
Raman bands at 1488 and 10660111_1, and-also infra-red bands at 1488
and 1066cu™Y, and also infracted bands at 1481 and 1066cm  may be

correlated to %i9a and 3 185 Todes “of pyridine respectively,

(v’41;ic21)+ion.

Similar correlations may also be made for this ion. - ‘Strong and
polarised Raman bands at 1622, 1385, 1227, 1215, 1032, 818 and
| 554cm’;'7, and also t‘he. éoriespdnding infra-red bends at 1618, 1383,
1226, 1267, 1024, 814 and 545cm™t may confidently be correlated to the

Year ¥ 3 ga? N 137 N 17 Vpp and 3 6o modes of Y-picoline respectively.
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The weak Reman band at 1506cm * and infra-red band at 1499¢m™ may

both be related to the 3 mode.
1Sa

bl—type vibrations:

(Py21)+ions.

Only a very few Raman bands may be assigned to this class,
Generally bands of this class arc weak in Raman spectra. However,
at 1157cm " the only depolarised band is observed, and this without
doubt derives from the 915 mode of pyridine, _ Two other Raman bands

at 1576 and 1438cm may be correlated to ¥ and 16p modes

18b
respectively. The infra-red bands at 1576, 1452, 1355, 1246, 1158

-1 \
and 1090cm ~ may be related to the 3 g Vigpr V10 Y30 V5, 2nd

N 18b reépectlvely.

(‘.f-piczl)+ ion.

The very weak infra-red band at 662cm"l and the very strong
depolarised Reman band at 6630m_1 may be correlated to the 3 6o mode
of ‘v-picoline. For all 4-substituted pyridines this planar ring
deformation (N 6b) always appears especially intense in the Raman
spectrum whilst, in the infra-red it is weak.\®®)  Strong infra-red
bands in the spectra at 1439 and ].447cm"l may readily be assigned to

S 1ep and M, modes of v-picoline. The infra-red band at 1283ca ™t
of ‘Y-picoline which has been assigned to §3(88) modes requires some
comments. In both the cations and the v=picoline-halogen charge-

transfer complexes two bands are observed in this region; one at
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1260cm™ and the other at 1207cm ™ : The former is the stronger;
and would therefore seem more likely to be the fundamental derived
from Q:s; As the vibration of this class are not sensitive to

(88) ¢ o band at 1283cu™

complexing; it seems that the assignmént
in v=picoline to the 3¥3 fundemental may need revision. Other
vibrations which may very easily be related to the corresponding

v= plcoline modes needs no comment (Table 24).

az-type vibrationst

(Py,I)"1on:
The frequencies of these modes are expected to be very close to
those of the corresponding pyridine modes. Only one band; the Raman

1

band at 362cm ~ may be assigned to this class and may be related to

N} 16a mode of pyridine,

(v:piq21)+ ions

The Ramen bands at 952 and 873 may be related to 2

modes of v.picoline. The infra-red band at 87lcm._l

a and <

17 102,

may also be

related to 3 10a°

b,-type vibrations:

2

(PyéI)+ ion: }
The two ring deformations (:§4 and :Qll) are identified with the
strong infra-red bands at 760 and 69Ocm'1. The latter appears also

in the Raman spectrum as a weak band. The X-sensitive ( Ql6b) band



152,

is identified with a strong infra-red band at 4380mf1, and a weak

1

Raman band at 422cm™l.  The infra-red bands at 945 and 8l3cm™ may

be assigned to 3 5 and '§10b modes of pyridine respectively.

(YLpiCZI)+-ion:

The infra-red band at 712¢r ™~ and the Raman band at Tldon - nay
be assigned to the :]4 ring deformation of “v=picoline. The other
ring deformatién,'ﬁll, appears at 491cri in the infra-red and
4850rr1 in the Raman. The infra-red bands at 2992 and l447cm_l nay

be related to the M, and M. modes respectively,

Now we are in a position to discuss the possible reigid structures
which incorporate a linear N-I-N linkage. The correlation of
fundamentals of D2, D2d’ Ci’ CZh and Dzh'with sz are shown in
Table 25, together with their infra-red and Raman activity.(IIB)

The D2 and D2d structures do not have a centre of symmetry, while the
Ci’c2h and D2h do. It is clear from the correlation table that the

cation nodes derived from the bl and b2

should be active in both the infra-red and Ramen spectra in D2 and

classes of the sz point group

D2d syrmetry; while the pair of cation vibrations derived from the

a.l node should both be Raman active. These requirements are not
observed. For example, of the pair of bands 1009 and 10l9cm-l(Table20)
in the (py21)+ion derived fron 992cm T (al class) of pure pyridine,

only the 1019cm™ band which is observed in infra-red completely

disappears in the Raman. This fact eliminates the D, and D2d structures,

2
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Correlation betwsen the mymmetry classes; and selection rules,

Dy p‘d Ca s C; Cay, Day,
a (R) 5 (R) o — ag (R) a (R) ay (R)
by (IR+R) b, (IR+R)&«” (R+IRT~ a, (IR) by (IR) by, (IR)
by (]I.2+R) aﬂinactivg\)\ L% (R) by (R) By, (R)
s (®) % ®) e @ Sa (R) a (R  a(inactive)
by (IR+R a_ (R) a_ (R) b,  (R)
: e (IR4R) ¢—b — € 8 8
b; (IR+R)< (R+IRIS &, (IR) b (IR) by, (IR)
by (IR+R). a_ (R) b (R) bs _ (R)

e (IR\R) é——b, = B & g ¢

by (IR+R)< (ReIR & (R) & (R) by (IR)
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The mutual exclusion of Raman and infra-red bands indicates that the
cation structure mst have a centre of symmetry. Ci and 02h structures
demand that the modes derived from the 2, class should be infra-red
active, The absence in most of the observed infra-red spectra, of
any bands near to the a, class frequencies of pyridine (986, 891 and

-1 +. . -1
375cn ) for the (pyzx) jons, and of yz picoline (937, 872 and 384cw )

+ f._,: 2 +'
for * . pchX) ions, supports a D2h
The difference between the infra-red and Raman frequencies of the

structure for the cations,

nost prominent fundamentals 3 gar 9a? V10 Vg, ond R 1¢p Terains
the seme, within experimental error both in solution and in the solid
state (Table 24). T-is indicates a similar interaction between the
ringsrin the two sfates and provides further evidence that the Dbh
sigpncture of the soiid is preserved in solution. Retention of the
planar structure in solution needs a strong -7 electron interaction
s.itended over both the rings. This means that back-donation fron
the‘hnlogen aton to the ring may be an important factor in the bonding
(rof.sec.5). In an LOAO-SCF treatuent, Singht %) has caloulated

the stabilisation energy due to A electron overlap and has shown

that the increased stabilisation energy for the configuration at

© =0(D,, ) over that €a=90°(DZA) is 2.6 KCal/mole, All these

considerations favour a D?h structure of the cations,

The possibility of free rotation about the N-X-N 'axes and torsion
has been fully discussed in the paper No.5. attached et the back of

the thesis.
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4,5, Classification of Modes: The sz fundemental nodes of the
CSHBN or 4-CH305H4N nolecules give rise in (’fy2K)+ or
(Y—picZX)+(D2h) to two modes; a 'g' and o 'u' mode. Since all 'g!
nodes are infra-red inactive and all 'u'! nodes are Raman inactive no
confusion is likely to arise in referring to the vibrations in terms
of the C2V classes from which they are derived. This is shown in
Table " . However, we may classify the vibrations in the various

D2h symnetry classes. For D2h symmetry the vibrations fall into

eight classes, Taking into account the skeletal vibrations, the
+
D2h fundanentals for (py2K)_

6B3g( R-dp )+BBlg(R-dp )-'-4Au( inact ive)+7Beu( IR)+11B3u(IR)+llB1u(IR) .

Out of these 63 fundementals 2 x 27 vibrations will be similar to

ion separate as 1]Ag(R-P)+10B2g(R-dp)+

)+ results in

thoce in pyridine. Going from 2 pyridine to (py2X
the appearance of nine new modes.  These nine vibrations

"Ag+2B u+B u+1Au+lB arise from motion of the base rings

u 2 3 3g
as a whole, and would expect to be below 300cm 2. Similarly the

+1B,. +2B
u o 28

91 vibrations of (v= pic2X)+ nay be distributed among the classes,

13Ag+13}32g+9}33g+4Blg+5Au+10B2u+l4B3u+13Blu.
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5. GENERAL DISCUSSIONS

5.1. Force Constants: The structure of charge~transfer comploxes

r46)

between 'n' donors and halogen acceptors has been described °

I
terms of two resonance structures,
Deveus XY (a)
(»x)T....7 (b)
This s03cl predicts that the X-Y (halogen~halogen) force constent
will decrease, and the DX (donor~halogen) force constant increase,
as the contribution of the structure (b) increases. This study has
provided information on force constants in a series of related cherge-
transfer complexes. Aocordingly the force constants of the D-X
and X~Y bonds of py:*dine-halogen and picoline-halogen chersa-~francs_
corplexes, and also t.. N-X-N bonds of the (E%;g)+ and (Yf—pi021)+icns
~ hive been estimated. To calculate these stretching force const-m?%
1 linear simplified triatomic model and a s’mple valency force fic'd
are assumed (nomenclature given in Figure 18). This assumption
»'“=ki . k25\x '
Byt P2

~ v

z y 3 2

Figure 18
has some Jjustification, since in these cases othgr molecular vibrations
are well separated from the stretching modes under coﬁsideration, and
8o _iteraction with them should be relatively small., Justificatvion
for taking the whole mass of the pyridine or ~~picoline molecule as

a point mass in the model, is provided by coﬁpariSOn with
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(115)

hydrogen-bonding studies whefe, for a series of phenols and
pyridines, a linear relationship befween the s*tvetching frequencies
and reduced mass has been demonstrated, i.e.

AV 495

where Y is the change in O-H stretching freguency on complex

formation, ﬁg-is the hydrogen bond stretching frequency and % is

the 1. _uced mass of the complex given by
e =1 + 1
Ml M2

where Ml and M2 are the total masses of phenol and pyridine.

The stietching force constants for the cations and chargé-transfer
complexes are given in Tables 26 and 27. The vibrational frequencies
used to calculate the force constants are also included. These
corstants were calculated using the equations for a linear x y z type

molecules

Wt X 2Ty oy e 2K ) S yaean()
NN UEER D (e o At fo gt ty)m(2)
where;‘ki are the reciprocal masses and Kland K2 are force constants
of the x-y and y- .. bonds respectively; K12 is the interaction constant.
Fer a symmetrical linear molecule of the type yxy equations(l)and (2)
may be simplified thus:‘ ' :
™ =B ) e (5)
N 5=(EEK ) (:’cy»rz/m) —(4)
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Equations (3) and (4) were used to calculate the stretching force

constants of the cations (Py21)+,(PyzBr)+ and (Yip.ic_zI)*';

In using equations (1) and (2) there are three unknown for
constants K ,K, and K12 and only two frequencies (D-X and X-Y
stretching)., Lake and Thomp:son(5 ) in calculating the force
constants KI—-I and KN—I for pyridine iodine and related complexes

assumed that the Iclz=o. However, certain cons:.deratlons make this

agssumption seem rather ungust:.f:.ed. _..For 1nstance when the D-X.bond "~

stretches, the" complex may be consn,dered o be of the no bond'
structure. (a)¥ and the X-Y molecule as.a’ fréee halogen. Conversely
when the D-X bond contracts the dative bond structure (b) with a
weakend interhalogen bond will predominate. Thus we might expect
the interaction constant between the D-X and X—-Y bonds to be larger
than for a normal co-valent molecule. Person and Coworkers(so)
have evaluated force coriétants for PyIBr and PvT™l asmmlavae esevming
K12=0.40 mdyn/Ao. By comparison with the interaction constant of
the trihshalide ions,(91’104) their assumed value seems to be quite
reasonable. On the other hand, Watri(w) finds this constant, for
the PyIC complex, to be K= .22mdyn/A°, He estimated this value

from the known I-Cl stretching force constant ealculated by Badger's
(116)

oV oy
R R

In view of these differences, perhaps the best value
for the interaction constant may be obtained from the N-X-N bonds
of the cations and trihalide ions. For éxample, K,, for the PyICl

molecule may be assumed to be the average of the NIN mteract* on
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Stretching and interaction force constants for cations

and related molecules

e i:i‘l 131'1 (mI;yn/Ao) (mﬁlyi/f) e/ Iz;;li/a°) Iz;ilyi/.a")
(py,1)* 12 172 1.08 0.46 52 1.54 0.62
(PyzBr)"' 163 170 1.09 0.64 0.59 1.73 0,45
(vpic,I)* 163 161 1.02 0.40 0,40 1.42 0.62
B (0) 162 195 0.91 0.32 0.35 1.23 0.59
101;(“’) 254 226 1.02  0.33 0.33 135 0.6
lBrZ(b) 160 171 0,91 0.30 0.33 121 0.61
H‘.F‘;(b) 600 1425 2.31 1.72 0.7  4.03 0.59
coz(a) 1337 667 15.50  1.30 0.08 16.80  14.2
csz(?") 657 397 7.50 0.60 0.08 8.10 6.90

(a) See Ref. (118) P.173 and 187"

(b) See Ref. (104)

(c¢) See Ref, (91)
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complexes and free halogens.

Stretching force constants for charge-transfer

170,

(a) Frequencies from Ref. (52)

(b) Frequencies from Ref. {47)

(¢) Frequencies from Ref. (103)

{a) Frequencies from Ref. (48)

Compound < 3__1 ) N K ] K, . K, ) 2(K1+K?)

e em” (mdyn,"‘ ) (w dyn/A) (mdyn/A°) (mdyn/a°)
Pyza(‘f',)y 100 171 0,36 1,28 0i29 053
pyrr'® 134 204 0.63 1238 0.38 0.63
pyrcal® w7 200 073 148 039 7L
'\’-piclz(a) 88 181 0.32 1.40 0.26 0.60
v-picIBr 124 201 0.638 1.30 0.35 0.62
v-picICl 135 284 0.68 1.42 0.36 0.63
PyBr, 128 229 0.61 1.49 0.48 0.57
PYBrOL 14 307 0.69 1.58 0.55 0.58

iz(b) 207 © 1.60

Bi®) 261 1.97

J:_Cl(b) 375 2.30

Brz(b) 312 2.29

Bro1 (V) 431 2.69
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3

constants for the (Py21)+ and ICl2

justified by the fact that the bonding and charge on the central

ions. This assumption is

atom of a trihalide ion, and the charge on the nitrogen atoms of a
cation are comparable with that found in charge-transfer complexes.(48)
We believe that this is the most reliable method for deriving values
of Ki2, which does not involve an explicit normal co-ordinate
treatment. Some support of the value of Kiz calculated by a method
is given by the fact that relation %{K1+K2)-K123= 0.6 is found for
81l the complexes studied (Table 27 column 7). This relation was

(104) from the force constants of

proposed by Maki and Forneris
trihalide ions, Column 6 of Table 27 shows the values of K12 which

were used in calculating the stretching force constants.

K1 and Ké reported in Table 27 are in disagrecment with previmal

reported values.(4o’50)

This is for two reasons, (i) different
choice of interaction constents and (ii) most of the previously
reported stretching force constants were calculated using frequencies
in the solid state., The skeletal vibration frequencies of charge-
transfer conplexes in the solid state are generally higher than those
found in solution. It seems that the force constants of this type

of complex have little meaning without mentioning the solvent used

in the measurement of the spectrum from which they were calculated.

The relative change in X~-Y force constant (Ko_Ké/KB) has been

used to estimate the weight of the dative state,(sl)b2+ab3, in the
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structure of the complex. These two are related by the equation
(K -K /& 2= (1- _KK;_ ) (%48)-———(5)
5 .
where K0 and K1 are the X~Y stretching force constants in the free
X-Y and (X-Y)” molecules, respectively; ig' and 'b' are the
co-efficients of no-bond and dative bond structures respectively;
and S is the overlap integral. Frequencies for some (X~Y)~ ions
- have been shown to be about one~half the frequencies for the free
molecules, Thus oné can derive the ratio Ki/Kb'?EEO.ZS. Bquation
(5) may be approximated thus:(ll7)
(K K, )/% = ARy e 1P rabSeman(6)
Table 28 shows the estimates of the weight of the dative structure
obtained from the equations (5) and (6) for the charge~transfer
complexes, In Table 27, the frequencies of the halogens in
carbontetrachloride solution are chosen as reference frequencies
from which to derive Ko, the force constant of the free halogen.
The weight of the dative structure for the Py12 complex (calculated
by using equation (6)) has been reported by Yarwood and Person(ll7)
to be in the range 0,13-0,29, depending mainly on K12. In fact
vwe calculated a value of 0.20 for this complex. Again this value
has little meaning without mentioning thevsolvent used. To get
internally compurable values within a series of complexes one must
take frequencies measured in the same solvent. All our result

refer to benzene solution, except Vipiciz which was studied in

cyclohexane, It is quite clear from Teble 28 that the weight of
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TABLE 28

Estimates for the weight of the dative structure

(b2 + abS)
Complex from equation from equation
(6) (5)
% %

PYL, 20,00 26,6
PyIBr 29.9 - 39.8
PyICl 35.58 47.4
v-picl, | 12.5 16.66
y~picIBr 33.72 45.00
v ~-picIClL ' 38.08 51.00

PyBr2 35.02 46.69

PyBxCl 41.26 - 55.01
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the dative structure increases on going from iodine to ICL complexes.
Moreover, the weights for y-picoline-halogen complexes are larg: =~
than those for the pyridine-halogen complexes. This is to be
expected, considering the order of the acid strength of the halogens
which follows the series ICl}IBr}Iz, and from the fact that the
ionization potential of +-picoline is smaller than pyridine,

The vuiues for bromine complexes are also found to be greater than
those for iodine complexes. This indicates a greater charge-transfer

from the pyridine ring.

Now returning to the force constants of cations given in
Table 26, a value Tor the interaction constant which approaches 50%
of the stretching ¢. ..*ant is indeed unuéual. High interaction
congtants are also observed in trihalides and in the HF;ion (given
at the bottom of the Table 26), For a normal co-valent molecule
€s8s 002,032 etc. the order of magnitude of the interaction constant

(118)

is approximately 10f of the stretching constant.

The effect of high interaction constant may be understood from
the following considerations The potential energy of a linear
symretric triatomic molecule may be written as (neglecting cubic and
higher order terms).

VKA P HE A, P4 g ymmen(T)
Where \i and'vé are the distances from the central to the end atoms.

The N-X-N antisymmetric vibration for the cations may be regarded as



165;

involving only motion of the central halogen atom between the two
end atoms i.e, the N-N distance remains fixed during this vibrationi

In this case AW"l= -aYs and the equation (7) reduces to

2V=( KK, ) A, Pemmn(8)

From this it is clear that the higher the value of the interadtion
constant the lower is the energy required to execute the antisymmetric
modes In other words the central halogen atom is very loosely

bound at the equilibrium position.

Table 29 gives the bending force constants., These werc

calculated using the equation for a linear xyz typc molcecule

B 1
2 2 2
47720°3% - 2 i b 25 (b)) | K&
2.2
by by o, M_ U |

Where QZ is the bending frequency and b, and b, are the distances

1 2
of x and z respectively from y. Since the bond distance of the
(w’-picel)+ ion is not known, it was assumed to be same as the

(PyéI)+ion. For comparison purposes, the bending force constants

of several other molecules are also included in the Table,
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TABLE 29

Bending force constants

Compound 3 5 KS/1112
(ea™) (mdyn/2°)

PyIC1 92 0.07
PyIBr 9% 0.09
(By,1)* 90 0.09
(v=pic,1)* 80 | 0.087

I '( ) 69 ' 0.06

IBr, (2) 98 0.10
IC1, (a) 1 0.13

(a) See Ref. (104)
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5.2 Effect of Environment: 4 polar solvent is exﬁected to favour
the charge separated, dative-~bond structure‘of the charge~transfer
complex, giving rise to a large contribution of this structure in

the ground state. In other words, as the polarity of the environment
increases; the transfer of charge from the donor to the acceptor should
increase resulting in shifts of the vibration frequencies of pyridine
and "YZPiéoline Ting modes to higher values, In addition, the R~Y
stretching frequency should drop and the D-X frequency rise.
Furthermore, greater environmental effects are likely 1o be observed

in stronger complexes. Studies of these effects are now reported.

The solvents used ia this study are not sufficiently strong
donors to displace the pyridine or v*picoline from the complex.
Considering first the donor frequencies; it is observed that the
vibrations which are sensitive to the degree of eiectron transfer
move in the same direction through a series of environments of
'increasing polarity as they do in a series of complexes where the
acceptor strength increases. This is shown in Table 30, for

Ql and :‘6a modes (these two being the most sensitive to couplexation).
The precise position of both these modes seems to be dependent upon
the nature of the enviromment. Thus, the frequency shifts of the
~¥1 and :’6é vibrations are dependent upon a common factor, and
should therefore be directly related to each other. Figure 19

ghows plots of A‘§l against 'A§6a for the complexes vyipicIBr and

¥-picICl in a variety of environments. These two complexes are
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TABIE 30
Complex Solvent
G5, CgH, CECL, Py -pic Tull
(3 1003 1004 1003
Py ICN (vg, 7 6w 623
a
(~ 1005 1006 1007
L (vg, 60 623 625
a
( 1009 1010 1010 1012
FyIBr ( \»éa 65 627 629 632
, N1009 1012 1011 1013
PylCl 2 Vel 6% 632 636
v, 1009 1012 1011
PyPr, E\% 627 628 629
a
3 1011 1012 1012 1015
Fybrol E Ve 630 632 636 641
+ (Vv 1010 1009
Py, I
+ Y 1011 1011
B ) B
(PY2 z) é iéa. 639 639
L (3, 1008 1009 1008 1010
Y- picICN § Vg, 626 58 529 530
. (>, 1012 1010 1013 1012
Ric (9 sm s 553 536
o Y. 1014 1019 1019 1022
Y-picIBr éaéa 535 537 540 540 544
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TABLE 30 (Cont'd)

Solvent
Complex
082 C6H6 0112012 Py ~zpic Mull
- (;) 1017 1025 1022 1024
Y-picIC :
prefil (32 5% 540 543 549
1025 1025

. . (3
(\ﬂPlCzI) (\.\éa 545 545



170

3 T 1 1 ) ' z breeorvemonc X X 3 ‘
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PFig. 19, Plots of AQI against (_\.cx)éa in a variefy of solvents

(A) ¥-PicIBr;- (B) ¥-PiclCl.
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chosen because a large amount of data is available on them,

Bvidence for similar effects in different comp’exes is given by

the fact that, when the shifts in a sensitive vibration of a complex,
for example, A‘Ol, are plotted against o\Ql for another complex
(same donor) in a variety of common solvents, then a series of
points is obtained corresponding to the different solvent used,
which all fall on a straight line. This is shown in Figure 20,

for ’51 and :§6a of the complexes Y-piclBr and 'v-picICl,

The A-Y and D-X stretching vibrations are found to be the most
sensitive to solvent changes (Table 31 and 32). The former
frequency falls and the latter rises as the polarity of the
environment increases. This rise in the D-X stretching frequency
is Just the reverse of what is generally observed for a simple
strctching vibration. Generally in solution the barn” peak of all
stretching vibrations are displaced to lower frequencies as the

(119)

polarity of the solvent is increased. However, in a few
exceptional cases, for example the N=0 stretch of nitrosyl chloride,
the stretching frequency increases as the polarity of the environment

increases.(l2o)

This is because more polar solvents bring about
an increase in the proportion of the ionic canonical form

(OEN)+—01-, thereby increasing the N=0 frequency towards that of
the (N=0)" radical. A similar explanation may be given for the
D-X stretching frequency. With the increase in polarity of the

environment the contribution of the structure (D—X)+~Y- increases.
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Fig. 20 Plots of 43, and A, Tor Y-PicICl against the '

correspbnding modes for Y=~PicIBr in a variety of solvefnts.



TABLE 31
Effect of solvert on X~Y stretching

vibration (Ra.man) .
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Solvent PyIBr PyICl PyBr, PyBrCl

. i:_li'r 4 101 4 BrBr A Br:gl 4

cm % om - % om> % cm %

Benzene 204 21.8 292 22,1 226 27.6 308 28,5
1:4 Dioxane 203 22,2 290 22,9 221 29.2 300 3043
Acetone 197 24,5 280 25.3 218 30,1
Methylenechloride 199 23.7 218 30,1
Pyridine 196 24,9 275 26.6 215 31l.1 278 35.4
Nitrobenzene 195 25.3 276 26.4 214 3.4
Acdetonitrile 194 25.7 274 26,9 211 32.4 276 36.0
Nitromethone 193 26,0 272 27.4 210 32.7
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TABLE 32
Solvent effect on X-Y and D-X stretching frequency
(Infra-red)
Solvent
Complex
C 6H6 Pyridine ~"picoline Mull
-1 1 -1 -1
com cn cn cm
() 3 (1_1; 171(17.4) 167(19.3)
- Py, (3 (N-I
(a) (3 (T-Br) 204(21.8) 195(25,3) 200(23.4)
BB (3 (n1) 134 142 160
(1) %# 21_01) 290(22,7)  277(26.1) 265(29.3)
PyIoL 3 (N-I) 147 160 170
(3 (Br-Br) 229(26.6) 215(%1.1)
PyBr, (3 (N-Br) 128 140
3 (Br-c1)  307(28.8)  274(36.4)
PyBre 1 E%sgN—Br) 144 160
. N (I-I . 2(21.
‘@ picL, %; &N_Ig 169(18.3) 162(21.7)
. 3 (1-Br)  201(2%.0) 189(27.6)  189(27.6)
v-piclbr 2%»21\1—1) 124 131 146
. Y (1-C1) 276(26.4)  281(25.1)
y-piciCl %*»)(N-I) 135 146 166

(a) Frequencies from Ref. (48)

Valuesof A are given in brackets.,
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As a result the D-X bond becomes stronger and hence the streiching
frequency rises. Ca the other hand, the X~V " <ad becomes weske™

resulting in a decrease in frequency.

The rele“ive frequency shifts,/ =( S free” v complex/ ‘\ free),
fco the £-Y stretching vibration is shown in Tables 31 and 32,
This fcllovws the orlex ICl}IBf}IZ and also BrC;;Brz; It cefinitzly
indica’: s vhat I complexes are more polar than 12 complekes, bot
less polar than those of I71, It also shows that BrCl complexes

are nore polar than Br The relative frequency shifts are greater

2-’
in Bri coripleves than in IY, suggesting greater electron transfer in

the former scriec.

The ring freque:..ins as well as the skeletel vibrations of the
cnt or~ are fond to be insnensitive to the change of envirenment.
This is 1o be expected considering the fact “hat these cations hove

no (dipole moment.

As the most extensive data we have is on the X-Y stretchine
frequency for the complexes PyIBr, PyICl and PyBr,, we used this
information to examine the validity of some of the relations between

the frequency shift and solvent character reported in the literatvre,

allamy ane  orkers\®Y) found that when the A-H (X=halogen

or,oxygen) stretching vibration of a number of compounds was

examined in a large number .of soivents, the frequency shift observed
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could be correlated with the corresponding shifts of Q(N—H) of
another compound in the same solvent. For example, if AV/) of
phenol in a given solvent was plotted against éxﬁfb of pyrrole

in the same solvent, then a series of points was obtained,
corresponding to the different solvents, which all fall on a straight
line. Similar linear relations are found for the PyIBr,PyICl and
PyBr2 complexes, Figure 22, illustrates the results of plotting

(1) AY/y of IBr against IC1 and (ii) aV/y)  of IBr against
Br2. It is seen that a fairly good linear relationship exists,

indicating that common factors are involved in changing the frequencies.

The best gquantitative relation between the frequency shift and

the nature of the solvent so far reported seems to be David-Hallam‘s(lzz)‘
equation:-

AN =40, (0°-1)/(n%42) 40 5(-1)/(e42)

Where n is the solvent refrecctive-index, e is the dielectric constant

and Cl,C2 and C_ are constants. Our data in Table 32, is fitted to

3
this relation by the least square method; the values of the least
square constants are given in Table 33. Table 34 shows that the

observed and calculated shifts are in close agreement,
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Fige 21 » Plots of 4%/, for the I-Br stretch of PyIBr
‘against (4)4%for the I-Cl stretch of PyICl; (B) £A/y for
the Br-Br stretch of PyBrz. ’ | .

30
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TABLIE 33

Least square constantes of the David-Hallam equation.

Complex Cl 02 03

PyIBr 49,65 9,90 15.46

Py101 71:06 15:54 2766

PyBr, 86.29 485 22,20
TABLE 34

Difference between calculated and observed frequency shift (in cm"l)

Solvent g IBr PyIC1 PyBr,
Benzene +0.2 +0.9 -0.6
1:4 Dioxane © =0.6 -0.7 o =4.7
Acetone - +1.2 +3.4 +3.6

Methylenechloride +1.0

Pyridine -0.2 2.4 =047
Nitrobenzene +1,0 +1.4 +1.2
Acetonitrile -1.0 -1.1 -1.8

Nitromethane ~1.7 2.6 -3.0
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5.3. Frequency Shift: In the spectra of complexes of pyridine or
v-picoline it is observed that certain ring = *vations of the
pyfidine or y-picoline shift to higher frequencies., However,

the shifts are generally less than 10%. There seems to be no
correlation bétween the extent of frequency shift and the mass of
the adjacent co-ordination etom, Perhaps the best explanation
may be given in terms of ch-rge-transfer from the ring to the

acceptor.

In pyridine or ~:picoline halogen charge-transfer complexes
electron transfer is likely to teke place from the nitrogen ZSP2
lone pair orbital to the vacant ¢ 1Pz(n=4 for Br2and 5 for 12)

(1)

artibonding orbital of halogen, The amount of charge-transfer

should increase with the increase in acid strength of the halogen.
The acid strength in order of increasing strength(71) are

012*(\ rz'\’Iz\/\"IBr '(:Br01<\/101 and also ICN"\,Iz. The changes in the

& bonding frawe work will indirectly modify the 77 orbitals of the
rings, The effect of changes in bonding may be correlated with

the pyridinium or “V-picolinium ion, for these represent extreme
cases of electron removal. Assx-ming that the coupling with the

X-Y vibration is small, the vibration frequency of the nucleus may
te expected to lie between those of free pyridine or ~-picoline,

and the corresponding frequencies‘of tl:e pyridinium or ~yv=picolinium
ions, Table 35, which tabulatesv the frequencies of the most

sensitive modes before and after complexation, shows that this is
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T4BLE 35
Compound N lcm"l S 60
Pyridine 992 605
PyION 1003 617
Pyl, 1005 620
PyIBr 1009 625
PyIC1 1009 627
PyBr, 1009 626
PyBrdl 1011 630
pyrt 1010 633

-~ (py,D)" 1009 637
Y-picoline 994 514
~-picICN 1008 526
v=picl, 1012 631
v>picIBr 1014 535
v.picIfl 1017 535
v=picH® 1007 521
(v-pic,I)" 1024 545
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nearly salways observed. It is also‘observed that charge-transfer
has proceeded even further in the cations ( {?yzi}+ etc) than in
those complexes (with IC1) which involve the greatest extent of
charge-transfer, For example, the 605ci™" band of pyridine which
is shifted by 12om™" to 617cm ~ for the PyICN is shifted further
to 620,625,627 and 637cn™ for the Pyl,, PyIBr, PyICL and {by,T "
respectively. The change of frequency a §, for one of the
sensitive modes is found to be proportional to the AN for another
sensitive mode of the same complex, For example, if Ahl of

Y- picoline for a given complex is plotted against AN 6a of the
same complex, then a series of points are obtained, as different
charge-transfer complexes of v:picoline are used, all of which fall
on a straight line (Fig.22). It is to be noted that the points |
for [?y2¥}+ or [i:piczf}+ ion do not fall on the straight line

plots for their corresponding charge~transfer complexes.

The study of pyridinc and +y-picolinc mectal co—ordinatod(go’loz)

and hydrogen-bondod (123) complexcs have shown changes in a number
‘of sensitive ring frequencics, The frequencies affccted, and the
nagnitude and direction of the frequency bshifts arc almost the samo
as those in the present halogen series. However, no rclation
between AQI and A'\ 6a is observed for thesc complexes,  Perhaps
this indicates that a fundomentally different type of bonding is
present in charge-transfor complexes from that in hydrogen~bonded

or metal co-ordinated complexcs.
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Fig. 22  Plots of 4&1 against 4&6‘& in a given solvent

A, for.PyIX complexés; B. for Y-PicIX complexes.
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An increase in electron transfer should result in a weakening
of the intorhalogen bond. This is rceflected in a decrease in the
halogen-halogen streiching freguency. Table 36 shows the
proportional decrease of this frequency. It is clear from the
table that the relative change in frequency (3 free-complex/ 3 free),
&y, is greater for IC1 complexes than for IBr, which is again
greater than 12 complexes In the bromine series of complexes
also, A , is found o be greater for the BrCl than for the Br2

corplex., This supports the behaviour of the sensitive donor modes.

Comparison of Pyridine-halogen and picoline-halogen complexess:

From Table 3% and X5 it is quite clear that the magnitude of
the frequency shifts are greater in thicoline complexes than those
of the corresponding pyridine ones. This is what is expected
considering the fact that v-picoline because of its lower ionization
potential is a stronger donor than pyridine. However, the N-I
stretching frequency of -~ picoline complexes are lower than the
corresponding pyridine complexes, whereas the greater stability of
the v:picolinc complexes would lead to the expectation of higher
frequency. This anomaly may bc accounted for in terms of a change
of mass, For example, substituting the values of the force constants
of PyIBr (Table 27) in Equations(1) and (2) of section 5.1. the
N-I stretching frequency of ~v>picIBr is calculated to be 126cmfl,
compared with 134cm-1 for the PyIBr. Thus, by changing the mass
from T9a.m.u.(pyridine) to 93a.m.u.(v:picoline) the N-I stretching

frequency drops by 8em,
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TABLE 36
Complex ]g;?_{l | }2;}_'1(1}) 3 free ;r;\;comnlex %
(a)

pyion (®) | , 423 13.0
PyL, (¢) 100 171 17.4
py1Br (&) 134 204 21.8
py1cy (@) 147 290 22,1
PyBr, w8 226 27.6
PyBrCl 144 307 2847
v pieIcy (P) 420 13.6
-{:pieI2 169 18.4
- picIBr 124 201 23.0
v=-pieICl. 135 284 2443

All frequencies refer to benzene solution.
(a) \ free from Table 27

(b) N free for ICN from Ref. (46)

(¢) Frequencies from Ref. (103)

(d) Frequencies from Ref, (48)
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Comgarison of PyIX and PyBrX complexes

Since 12 has a greater acid strength than Brz, one would
expect a greater charge-transfer from tho pyridine ring accompanied
by a larger shift in the ring frequency when complexing with the
formers Surprisingly, the observed extent of the frequency shifts
in the present bromine complexés are found to be as great as in the
corresponding iodine ones (Table 35). The relative change of
halogen-halogen stretching frequency, & 4 is also found to be
greater for bromine complexes (Table 36). This and the study of
~ force constants and solvent effects suggest that thé net electron
transfer from pyridine ring to the halogen is greater for the Br2

and BrCl complexes than for the I, and IC1 complexes respectively.,

2

A possible explanation for this anomaly may be given in terms

. (124)

of a back transfer mechanism. Pyridine nay act both as a

'n' donor and 7 acceptor, the donor action being centroed at the
nitrogen aton and the acceptor action spread over the entire ring.(lo)
Halogen may donate electrons frbm the iTg antibonding orbital to the

lowest unoccupied e 7 orbital of pyridine. The drift of

2u
halogen electrons into pyridine orbitals will tend to make the
latter as a whole more ncgative and hence to inorease its basioity;
at the same time the drift of eleétrons to the halogén in the &
bond tends to maeke the pyridine positive, thus enhancing the
acceptor strength of the 7¥orbitals. As the ionization potential

of iodine is lower than that of bromine, the electron transfer will
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take place myre efficiently in the former than in the latte¥,
The effect would be to increase the stability of the iodine series,
reduce the net charge~transfer, and iHereasie the strength of the

IX bond compared to the BrX bond.
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5.4 Change in Intensity: Besides the frequency shifts the most
remarkable change in the spectra of pyridine or ~-picoline on
complex formation, is the change in intensity of some vibrations,
Although no quantitative measurements were made, large intensity

thapge of a few vibrations may be'qualiiéﬁévéiy discussed.

When pyridine forms a complex with iodine, the 1030em( 'blz)

band of pure pyridine largely diminishes in intensity. It is
interesting to note that the decrease in intensity of this band

seems to be directly related to the acid strength of the halogens

With the increase in strength of the complex this band gradually
becomes weaker and for the cations it appears as a weak band.

The QlBa mode of <v=picoline behaves . inilsrly, The intensity

change of pyridine~halogen complexes has been discussed elswhere.(46'51)

This is due to the change in electronic charge on pyridine or

v - picoline from the free molecule to the complex.
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5.5. Conclusions

The contribution of the dative bond structure to the ground
state of the charge-transfer complex is qualitatively indicated by
the study of force constants, solvent effects and frequency shifts,
Evidence is also found for greater charge transfer in the case of
bromine complexes than that of iodine, Further information cn
these points could be observed from a dipole-moment study of these
complexes in different solvents, Extension of this work to other
complexes of this tyﬁe e.g, aliphatic amine~halogen compleXes, is

clearly desirable,
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6, The Reaction Products of y~picoline and igdine

6,1, INTRODUCTION

In the course of their study of the spectra of I, in y-picoline,
(35) . '

Glusker and Thompson observed that a rapid reaétibﬂﬂéobn'set'iny
resulting in the eventual soildificatiocn of the whele mixtupe,
However;,; they were unable to identify the product,  Glusker and
Miller(94) isolated two distinct solid compouﬁds from solutions of
iodine in y-picoline, Their compound(II) which is a charge-transfex
complex has already been distussed in section 3,2,  The other
compound(I) is insoluble in many organic molvents but soluble in
water, The authors draw the conclusion from radial distribution
analysis that this compound had no I-I distance shorter than 3f,

and suggested the structure A, By comparison with the reaction
product of pyridine and iodine, Hassel end coworkerscgs) have

argued that structure B was more probable, However, the infrared

spectra

of compound(I} is found to be completely different from the
bis-y-picoline iodine(I) cation and so the Hassel's structure is

invalidated,
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We also found Glusker and Miller's arguments rcgarding £ho
structure of compound(I), somewhat inconclusive; We have therefofe
sought to determine the structure of this product by spectroscopic
means,

Experimental details, reoﬁics aﬁd sfructores have been discussed
in the paper Nos6 attached at the etid of the thesis; 1In this
section only the possible reaction mechanism is discussed,

6.2, Discussiont! The & electron density at the various positions
of the pyridine ring have been calculated by molecular orbital
mefhods’and show that there is a considerable drift of electrons
from the ring towards the nitrogen atom(lZS); Further; the o« and
Y carbon atoms are found to have partial positive charges, As a

result protons from methyl substituent groups at the a and y positions

0,95
1,005

Lo

.
~. -

20

of the pyridine ring are easily lost under suitable conditions(126’127)_

In consequencey for instance, condensation takes place between
a~picoline and benzaldehyde in the presence of acetic anhydride or

zinc chloridet-

P -

.f'/\‘ - ™~ PuCHO < 0

{ —_— = | T L\\ 1 !
N

..~ CE5 Ay -CHz | /' CH,~CH-Ph

-4
H
—;(\J
N - CH = CHPh
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In a similar way the formation of solid I3 Iy and I, iay be

explained :
CH; CHy .
/‘\‘ /\ '—-—\\ . »t .
| j+ I, — ‘ | — [cag-/ \';N-I-l( \oH3 e,
~N ’) ~ N‘/ \_.._...,"/ \. "
1
I

CHy =7 \,N-I + [Ciiy= )\I'H-N \ A CH3]+

l

[ICH, - \_f YN] XRici oy . ( \,N-cxH2 ,N I~ ete

These compounds may be compared w1th theWl methyl-y-picolinium

iodide for example

+ ;;" -
CHz~{  IN-CH, I
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The Iododipyi'idinium :-Ion

By J. A. CrREIGHTON
(Chemzcal Standards Division, National Physical Laboratory, Teddmgton; Middlesex)

and INamuL Hague and J. L. Woop : :
(Chemistry Department Imperial Colleae of Sczem:e and Technology, Imperial Institute Road, Londan S.w. 7)

In the.course of examining the far-infrared spectra
of charge-transfer complexes formed by pyridine
with iodine, iodine bromide, and iodine chloride in
solution in nitromethane or an excess of pyridine,
hean ions I;~, IBr,~and ICl,~ in addition to the

dissociated complexes were identified.! A possible

cationic species in these solutions is the lOdOdl-

pyridinium ion v
2PyIX = Py,I+ + IX,-

which a molecular-orbital calculation suggests
might possess a linear N-I-N skeleton.

" To identify the bands due to this cation, the
infrared spectra of iododipyridinium tetrafluoro-
borate and perchlorate* in solution in pyridine, and
the Raman spectrum of the tetrafluoroborate in
pyridine solution, have now been examined.

-~ . Comparison of the infrared bands above 300 cm.~?

* Explosive.

.with those of the solutions of iodine and 'iodine

halides previously studied,! confirms the presence

‘of the iododipyridinium ion in the latter solutions.

Above 300 cm.-! the frequencies are close to those
of free pyridine and arise from the internal
vibrations of co-ordinated pyridine. Between 300
and 100 cm.~? the only bands are 172 (infrared) and
181 cm.~? (Raman, polarized), which are assigned
to asymmetric and symmetric N-I-N skeletal
stretching respectively. The absence of coincident
skeletal stretching frequencies.in the infrared and
Raman is consistent with a linear N-I-N skeleton
as suggested by the molecular-orbital calculation.
Analysis of the spectra above 300 cm.~* is now being
undertaken to investigate the coplananty of the

pyndme rings.
(Recewed March 23rd, 1966; Com. 184)

1S. G. W. Ginn and J. L. Wood, Trans. Faraday Soc., to be published.
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The infra-red spectra of pyridine—ha.logen complexes

I. HaQuE and J. L. Woob
Chemistry Department, Imperial College, London S.W.7

(Received 15 June 1966)

Abstract—The infra-red spectra of the complexes Pyl,, PyIBr, PyICl and PyICN have been
examined in a range of environents.
In polar solvents the ionization

2PyIX = Py, It + IX;~

takes place. The vibrations of the complexes are assigned, and discussed on the basis of a
molecular orbital treatment.

IsTRODUCTION

Pyripine forms relatively stable complexes with iodine, iodine bromide, iodine
chloride, and iodine cyanide immediately on mixing [1]. The initial small electrical
conductivity of pyridine-iodine solutions riges rapidly on standing, and the anion
formed isidentified by both u.v. [2] and far infra-red spectroscopy [3] as the tri-iodide
ion. This dissociation is found in other polar solvents, and a corresponding process
takes place with the interhalogen complexes giving the IX,~ anion [4]. It has been
suggested by Porov and Prravm [4] that the corresponding cation formed is the
iodo-dipyridinium ion (Py,I)*, the net process being represented by

2PyIX & (Py,I)* + IX,~ Y

~ Centrosymmetric (Py,I)* cations have been identified in the crystalline material
which deposits from alcoholic pyridine-iodine solutions, by X-ray examination [5].
- Numerous investigations have been made of particular aspects of the infra-red
spectra of these complexes [6], but there has been no comprehensive discussion of
the entire spectra. It is the purpose of the present paper to account for the molecular
origin of all the observed bands, and to provide a nearly complete assignment of the
vibrational fundamentals.

[1] G. BrieeLrEB, Elekironen Donator Acceptor Komplexe, Springer, Berlin- (1961). R. S.
Murukex and W. B. PERrsoN, Ann. Rev. Phys. Chem. 107 (1962). L. J. ANDREWS and
R. M. KeerFER, Molecular Complexes in Organic Chemistry, Holden-Day, San Francisco
(1964).

[2] J. KLEINBERG et al., J. Am. Chem. Soc. 75, 442, 1953

[3]1 8. G. W. Gvw and J. L. Woob, Trans. Faradey Soc. 62, 777 (1966).

[4] A. 1. Porov and R. T. Prrauvwm, J. Am. Chem. Soc. 79, 570 (1957).

[5] O. HasseL and H. Hoeg, Acta Chem. Scand. 15, 407 (1961). O. Hasser and C. Remming,
Quart. Rev. Chem. Soc. 16, 1 (1962).

[6] E. K. PryLEr and R. S. MULLIKEN, J. Am. Chem. Soc. 81, 823 (1959). R. A. ZmGARO and
W. E. TOLBERG, J. Am. Chem. Soc. 81, 13563 (1959). W. B. PErsoN et al., J. Am. Chem. Soc.
82, 29 (1960). R. A. Zin@aro and W. B. WrTMER, J. Phys. Chem. 64, 1706 (1960). A. 1.
Porov et al., J. Am. Chem. Soc. 83, 3586 (1961). F. Waraxrr and 8. Kinmumaxis, Sci. Rep.
Res, Inst. Tohoku Univ. Al4, 64 (1962).
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Table 1. Infra-red spectra of pyridine—iodine system

Eguimolar Eguimolar Equimolar Eguimolar
Iodine in pyridine pyridine pyridine pyridine and
excess of and iodine and iodine and iodine iodine in
pyridine in CS, in benzene in n-heptane cyclohexane
3149 w
3085 m
3065 s
3042 w
3032 w
2099 s
2952 w
2910 s
1990 w
1911 m
1868 w
1594 8
14458 1445 m
1351 w 1351 w
1295 vw
1240 w - 1236 m
1209 s 12098 12098 1212 w
’ 1151 s
1067 1067 8 1067 w
1038 vw 1039 vw
1030 m )
1007 s 1005 vs " 10068 1003 w
: 9390 w 044w
746 vs 748 8 746 8
694 vs
677 w
653 w
636 m* 639 vw*
6258 620 vs 623 s% 617 s} 617 s}
436 w*
421 sh 420 vw 420 8
1678 171 s 180 s
137%
* Py,It
FIX,-

t as these solvents are clear below about 650 cm™! longer path length was used (1 mm).

Only bands clearly distinguishable from the background are included in these tables.
the bands of pyridine overlie those of the complexes, so in this solvent only bands
that can be clearly distinguished from the solvent background are noted in the tables.

Discussion

If the pyridine IX complexes in solution have the expected linear C,, structure
the 33 fundamental vibrations fall into the classes 12a, -+ 3a, -+ 115, -+ 7b,.* Only
the a, modes are inactive in the infra-red. Of these vibrations 10a, - 3a, -+ 95, - 5b,
are closely related to vibrations of free pyridine, and, since the interaction between
pyridine and the halogen is relatively weak, these vibrations will have frequencies
close t0 their counterparts in pyridine. The remaining six vibrations 2a, - 2b, -+ 2b,
comprise five intermolecular modes and thea; IX stretching vibrations, all lying below
400 cm~!. Consequently above 400 cm~! the spectra of the complexes will closely
resemble that of the pyridine parent. Adopting a O,, structure the vibrations of
pyridine ICN classify as 13a, + 3a, + 12b, |- 8b,, the nine vibrations without

* The axes are chosen as in Ref. [13].
15
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Table 3. Infra-red spectra of the pyridine iodine chloride system in various media

Saturated
solution Saturated PyIClin
Saturated . of PyIClin solution of Hexachloro- Saturated
golution . carbon PyIClin PyICl in Nujol butadiene . - solution
of PyIClin . disulphide benzene Mull - Mull (Only " of PyICl
pyridine (4000-400 em—1)  (2000~400 em—!) (2000-400 cm=1) from 2000 cm™!) in CH,CN
3149 w
3099 m
3085 w 3089 m
3068 m . 3065 m
’ 3053 s
3039 w 3039 w
2999 w 2999 w
2952 w.
2926 8 : 2928 m
. : 1980 vw
1910 w 1915 w
1838 vw
1647 w
1597 s 1697 s
1569 m
1449 5 1449 5 . 14499
1390w -
1347 m 1350 w 1344 8
1244 w 1239 m N 1247
1209 sh 12098 1209 s 1209 s
. 1197 s
11508 11564 w
1087 w
1067 s 1064 & 1066 va
1030 ms 1035 m
1011 & 1009 8 1011 g 1013 s
941 vw . 948 w
869 vw
851 vw
. 7488 7498 752 vs
702 w 704 w
692 s 689 ve -
876 w
6656 w 649 w .
6328 627 s : 630 s 636 vs 633 vs
’ B ’ ’ - 603w,
434 436 sh*
4248 421 sh . 421 . 428 . ‘ 423 m
: : e ' ' : : 406w
2778 : Loy e 2908 L
228wt o : :
160 m - IR 147m i
* Py It I
1ICl,~ B :

éntirely accoﬁnted for by the eqﬁﬂibria
2PyIX = (Py,I)* + (IX,)~

the possibility that species such as (PyI)* are present in small amounts cannot be
eliminated, for the vibration fréquencies of such a species would lie Very close to the
bands of the species known to be present

The presence of a band at 636 cm—1 in a freshly made solution of ICN in pyrld.lne
indicates the presence of Py,I+, but no bands which could be attributed to anions
were observed The PyICN spectra also showed the most notlceable ‘changes with
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Table 6. Assignment of infra-red active fundamentals of pyridine complexes, and comparison
with pyridine and pyridinium ion

Pyridine Pyridine Pyridine Pyridine Pyridinium+

Designation [12] Pyridine ICN i, IBr Icl {I)
a, .
¥y 992 1003 1005 1009 1009 1010
Vg 3054 3065 3065 3067 3068
V3 605 617 620 6256 627 63371
Y, 1583 1597 1594 1597 1597 1638
V5 1218 1213 1209 1210 1209 1104
¥ 1030 1032 1030 1031 1030
Vg 3054 3065 3065 ' 3067 3068 3060
Vg 1068 1068 1067 : 1067 1067 1030
v, 1482 1484
V1o 3036 3048 3042 3034 3039
N—I stretching 120(?) 134 147
I—X stretching 423 171 204 290
C—N stretching 2155
b,
Y1 1218 1213 1209 1210 1209 1326
Vig 652 656 653 655 649
Vig 3036 3048 3042 3045
Vi 1672 1608
Vi 1375
Vie 1148 1149 1151 1152 1150 1161
o 1085 1050
Vg 1439 1445 ‘1445 1449 1449 1535
Vi 3083 3085 3085 3089 3085
ICN bending 336*
b,
Vag 749 748 746 749 748 738
Vo 981 980
Va5 886 855
Vog 700 698 694 693 692 671
Vor . 405 413 420 420 421
ICN bending 336+
* Ref [9] t Present work

The low frequency intermolecular bending modes, which have not yet been observed, are omitted.

the complexes, also includes that for the pyridinium ion, given by Cooxk [13]. All
frequencies in this table refer to solution in carbon disulphide, except where bands
are obscured, when ' data from other solvents is utilized. All the complexes have a
strong band between 2910 and 2930 em™, which has no counterpart in either pyridine
or the pyridinium ion. It seems unlikely that a CH stretching frequency in the
complexes should lie so far outside the range found in these compounds, and a
combination mode origin for this band is preferred.

Discussion

The formation, stability and electronic spectra of the complexes can be accounted
for by a simple 3-centre molecular orbital treatment, which combines the 2sp2 orbital
of pyridine with appropriate p, orbitals of the halogens [3]. Figure 2 shows the
resulting charge on the nitrogen, iodine, and X atoms when the valence parameters
lie in their most probable ranges. This positive charge acquired by the nitrogen
atom on formation of a complex corresponds to their charge-transfer nature.
These effects are in the ¢-bonding framework; the resulting increase in the electro-
negativity of the nitrogen atom will modify the w-orbitals of the pyridine ring.

[13] D. Coox, Can. J. Chem. 39, 2009 (1961). ~ .
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that vibrations of the pyridine nucleus will move in the pyridinium+ ion direction.
This effect is generally observable (Tables1—4),and is particularly clearly shownby the
sensitive vibration »; (Table 6), change of solvent being equivalent to changing the X
atom electronegativity. The data also show that charge-transfer proceeds furthest in
the crystal. The stability of the complexes is increased by greater charge transfer [3].

Table 6. Effect of medium in increasing polarity

Medium PyICN Pyl, PyIBr PyIClL
n-hexane 617 * *
Cyclohexane 617 * *
Carbon :

disulphide 617 620 625 627
Benzene 617 623 627 630
Pyridine 623 625 629 632
Acetonitrile 633
Mull 632 636

* Increasing polarity reduces the solubility in non-polarizing solvents.

CONCLUSION

. The presence of the iodo-dipyridinium ion in polar solutions of the complex,
suggested by the molecular orbital calculations [3] is confirmed. In freshly made up
solutions the species involved in the equilibria

Py 4+ IX & PyIX
2PyIX & Py, I+ + IX,~

can account for all the bands in the vibrational spectra. Slight ionization occurs in
CS,, but there is no evidence for ionization in other non-polar media. On standing
for some days, irreversible decomposition occurs, probably due to substitution in the
ring. The changes in the force constants of the pyridine nucleus are predicted with
a simple molecular orbital treatment of the complexes. The agreement in addition
indicates that dynamical coupling of the pyridine nucleus and the halogen moiety is
relatively small, as would be anticipated from the relative weakness of the inter-
molecular forces.

Acknowledgement—We wish to thank the Education Department, Government of Assam, for &
grant to one of us (I. H.).
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(Received 6 January 1967)

Abstract—The infra-red spectra of the eomplexes yPicI,, ¥PicIBr, ¢PicICl and yPicICN have
been recorded from 80-3500 cm2 in & range of environments. In polar solvents the first three
complexes ionise

2yPieIX == (yPic,IyF + IX,~

further reaction occurring on standing. There is no evidence for the ionisation of the yPicICN
complex.

The vibrations of the complexes are assigned on the basis of C,, symmetry, and compared
with those of the pyridine analogues.

INTRODUCTION

Wz have recently examined the infra-red spectra of the complexes Pyl,, PyIBr,
PyICl and PyICN [1] and found that in freshly prepared solutions in non-polar
solvents the pyridine complexes are not ionised, while in polar solvents ionisation
of the first three complexes according to the scheme 2PyIX 2> (Py,I)* + IX,~ takes
place. The introduction of a p-Me group increases the basicity of the electron donor,
with a consequent rise in the stability of the complex [2]. We have now examined
the infra-red spectra of the y-picoline complexes in various environments over a
frequency range extending to 80 cm~*. It has been possible to determine the origin
of almost all the observed bands, and to account for the effects of the change in the
basmlty of the donor, and of variation in the solvent, or the acceptor, in terms of
increasing charge transfer.

The y-picoline complexes have not been as extensively examined as the corre-
sponding pyridine series. Glusker and Thompson observed changes in the frequencies
of & number of y-picoline bands on addition of iodine [3] providing evidence of
complex formation in this solution, and recently Lorenzelli has observed the I—I
stretching vibration of the y-picoline-iodine complex in cyclohexane solution [4].

Two distinet solids have been reported to be obtained from solutions of iodine in
y-picoline. These solids have been designated compound I and compound IT by
GLUSKER and MILLER [5], who concluded from an X-ray examination that compound
I, which is water soluble, contained no pairs of directly bonded atoms. In contrast
compound II, which is soluble in organic solvents, was found to contain a pair of

[1] 8. G. W. Gixy and J. L. Woob, Trans. Faraday Soc. 82, 777 (1966); I. Haqur and J. L.
Woob, Spectrochim. Acta 23A, 959 (1967).

[2] G. BrirGLEB, Hlekitronen Donator Acceptor Komplexe 23A, 959 (1967). Springer (1961).

[8] D. L. Grusker and H. W. THOMPSON, J. Chem. Soc. 471 (1955).

[4] V. LorENzELLI, Gazz Chim. Ital. 95, 218 (1965).

[6] D. L. GLusker and A. MILLER, J. Chem. Phys. 28, 331 (1957).
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NATURE OF THE SPECIES PRESENT
y picoline—todine

Only a single strong band is present i the 100-200 cm™! range in freshly made-up
solutions in non-polar solvents, and this can be confidently ascribed to the I—I
stretching of the un-ionised complex. (c.f. Ref [4]). In fresh solutions in excess
y-picoline, a further band at 137 em—! is present, which is the asymmetric stretching

70~

of )\ ..
4- ==}

70

3°[J\/L Lo .‘——.jL

70

SO'NA s +M
A

:
|

~
(=]
T

)
(o]
T

quF
I
= =
!,
k

~
(=]
T

G
*9 - /\ /\_/A_J\//
e ——r— 7 Pu |
0
[

Fig. 1. A. Equimolar p-picoline and I, in benzene. B. I, in excess y-picoline.
C. yp-picoline IBr in benzene. D. IBr in excess y-picoline. E. p-picoline ICI in
benzene. F. IClin excess p-picoline. G. y-picoline ICN in benzens.

frequency of the I~ ion [1]. Low frequency spectra of y-picoline + I, in nitro-
benzene—previously found to be a good ionising solvent—also show the 137 cm—?
band. Comparison with pyridine complexes suggests that the counter-ion is (yPic,I)+.
This ion has only one strong infra-red band in the low frequency range, the asym-
metric NIN stretching at 168 em™! [9], but this frequency coincides with the
I T stretch of the un-ionised complex and so cannot be separately distinguished.
Most of the higher frequency bands of the (yPic,I)* ion lie close to corresponding
bands of complexed yPie, and are thus of little diagnostic value. However the
additional bands at ~545 cm™! and ~1027 cm~1, observed in polar solvents only,
both correspond with (pyPic,I)* frequencies. If it is assumed that the complex is
un-ionised in benzene, chloroform, and cyclohexane, slightly ionised as (yPic,I)* + I3~

[9] 1. HAQUE and J. L. Woop, To be published.



The infra-red spectra of y-picoline-halogen complexes . 2527

y-Picoline todine-bromide

In non-polar solvents a single species, the un-ionised complex yPic—I—Br can
account for all the bands observed (Table 2). In freshly prepared solutions of most
of the polar solvents, no additional bands are found, and it appears that the ioni-
sation 2yPicIBr == (pPic,I)* + IBr,~ does not occur as extensively as in the iodine

 Table 2. Infra-red spectra of the y-picoline-iodine bromide system in various media

Saturated Saturated Saturated y-Pi-1-Br Saturated
golution of solution of solution of hexachloro- y-Pi-1-Br solution of
p-Pi-I-Br y-Pi-I-Br y-Pi-1-Br butadiene in Nujol y-Pi-1-Br

in CS, in CgH,4 in CH,Cl, mull mull in yp-picoline

3150 w
3080 w 3082 m
3063 s 3057 m
3042 vvw
3028 vvw
2980 w (broad)

1930 w 1937w 1923w 1927 w
1838 w 1845 w
1667 w 1667 w 1674 w 1673 w

1620 s 1613 s
1602 sh
1560 w
1498 vw
1445 sh
1429 w 1418 s 14208
1385 w 1371 w
1363 w 1353 w
1333 w 1319w 1319w

1289 w
1250 w 1250 m 1250 m 1250 w
1213 8 1212 4 - 12128 1202 s 1203 s
1201 w : 1194 s 1194 s
1111 vvw 1115 vvw 1111 vw 1111 vw
1093 vw 1096 w 1094 w 1094 w
1068 s . 1067 s 1067 s . 1060 s 1061 s
1039 w 1039 w 1038 m 1039 w

1026 sh
1014 s 1019 s 1021 8 1022 s 1019 8
969 w 970 w 973 w . 975w
956 wi

804 s 806 s 808 s . 8128

793 sh

714 m 706 m 707 m

' 663 w
5353 5378 5408 544 s 544 s 540 s
485 s 485 s 486 s 4873 4878
201 s 188 s 189 s
’ 168 m
124 m(?) 146 8 131m

complex. Only in fresh solutions in excess y-picoline is an additional low frequency
band observed at 168 cm™. Both the IBr,~ antisymmetric stretching vibration
(174 em™! in pyridine [1]) and the (yPic,I)+ antisymmetric NIN stretching vibration
(168 ecm™) are possible origins. The former is the stronger band, and comparison
with the yPicICl system (q.v.) indicates that it gives the main contribution to the
observed absorption. The characteristic bands of the (yPic,*I) ion at ~545 cm™
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to the ICl,~ ion (antisymmetric stretch = 223 ecm—! in pyridine solution [1]). A band
is also present at this frequency in nitrobenzene solution. The solution in excess
y-picoline also shows a shoulder at 167 cm™1, a (yPic,I)* ion frequency. Nitro-
benzene is not clear in this region, but a weak shoulder is also found at ~167 cm—!
in both the ionising solvent CH,Cl,, and in an equal volume mixture of MeCN and
benzene, The higher frequency (yPic,I)* bands at 545 cm~—! and 1025 cm™! are
unfortunately again obscured by bands of the un-ionised complex. One thus finds
that all the bands observable in freshly prepared solutions, and in mulls, are ac-
countable by the scheme

2yPicICl= (yPic,I)+ -+ ICl,~

and the evidence for the ionic species is better supported than in the case of the
iodine bromide complex.

y-Picoline iodine cyanide

The infra-red spectra of a number of ICN complexes have been reported by
PERrsox et al. [10]. The three ICN vibrations, modified by complexing, were observed
in the frequency ranges 310-340 cm! (bending) 390490 cm—! (I—C stretching)
and 2150-2170 cm—! (CN stretching). In the present work the frequency range
down to 80 em—! was examined, but no additional low frequency absorption bands
were found. The lowest frequency band observed (Table 4) which occurs in benzene,
nitrobenzene and in excess y-picoline, at ~338 cm—, can be assigned to ICN bending.
The IC stretching is observed at ~420 cm™! in benzene, CH,Cl,, and in excess y-
picoline solutions. Todine cyanide is the weakest acceptor in the series, and it is to be
expected that the NI stretching band is too low in frequency to be within the
range covered. A band at 2146 cm~! in excess ¢-picoline is probably the CN stretching
lowered from its value in free ICN. The absence of a higher “intermolecular’”
vibration frequency, and the close similarity between the vibrations of the ICN
complex and the other members of the series clearly indicate that donation is to the
I, not the N atom of ICN.

In none of the media examined was any evidence for ionisation of the yPicICN
complex found.

ASSIGNMENT

The normal vibrations of free y-picoline have been assigned by GREEN ef al. [11]
and by Long and GEORGE [12]. There is a large measure of agreement in these
assignments; where they differ, we have followed Long and George, since this
assignment has the benefit of a force constant calculation. The notation of Green
et al. however is used, since this is more suited to comparison with related systems.

Inter-comparison of the spectra, and comparison with y-picoline readily permits
the assignment of all the bands ascribed to the unionised complexes (apart from a
few weak omes). The infra-red inactive bands of y-picoline (@, class, C,, point

[10] W. B. Person, R. E. HuvmerrEY and A. 1. Porov, J. Am. Chem. Soc. 81, 273 (1959).
[11] J. H. 8. GreEEN, W. Kxvasron and H. M. ParsLEY, Spectrochim. Acta 19, 549 (1963).
[12] D. A. Loxa and W. Q. GEORGE, Spectrochim. Acta 19, 1777 (1963).
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Table 5. Assngnment of infra-red active fundamentals of y-picoline complexes, and comparison
with y-picoline and y-picolinium ion (cm™!)

Designation
[11] y-Picoline  y-Pie-I-CN y-Pie-I, y-Pic-I-Br -Pic-I-Cl (y-PicH)t

o
»(CH) 2 3050 3059 3060 3063 3067 —
»(CH) 20a 3040 3041 3042 3042 30451 —_—
»(CC) 8a 1603 1610* 1616* 1620* 1623*% 1633
»(CC, CN) 19a 1495 1503* 1499* 1498* 1498* 1504
B(CH) 9a 1220 1224 1249 1250 1250 1259
B(CH) 18a 1042 1040 1039 1039 1039 1033
ring 1 994 1008 1012 1014 1017 1007
X-sens 13 1212 1216 1212 1213 1212 1220
X-sens 12 801 —_ — —_ — —_
X.sens 6a 514 526 531 535 535 521
methyl 2924 — — — 29231 —_
methyl 1378 — 1382§ 1385* 1383* 1377
?(I—X) — 4201 1691 201% 284} —_—
»(N—I) —_— — — 124} 1351 —
»(C—N) — 2146 — — — —
b,
»(CH) 20b 3050 3059 3060 - 3063 3067 —
»(CH) 70 3029 3028 3025 3028 3018 _
»(CC) 8b 1561 — —_— 15601 1560% —_
»(CC, CN) 19b 1417 —_ — 1420 14201 —_
»(CC, CN) 14 1365 —_ — — 1355*% 1366
BlcH) 3 1283 — 1286 — — 1311
B(CH) 18b 1114 — — . 1115* 1117+ —
a(CCC) 6b 669 — — — — 651
X-sens 15 341 — — — - 351
methyl 2970 — — 2980 2982% —
methyl 1449 — — 14457 14451 —
methyl 1068 1070 1067 1068 1067 1069
o{ICN) —_ 3361 — — —_— —
b,
»(CH) 5 969 972 968 969 970 —
»(CH) 10b 799 800 802 804 804 793
$(CC) 4 728 722 714 14 714 —_
$(CC) 11 485 486 485 4865 485 477
X-sens 16b 211 —_ — — - 222
methyl 2960 —_ — —_ —_ —_
methyl 1445 — - 1445 1445 —_—
methyl 1148 — —_ —_ — —
o(ICN) —_— 336} — — —_ —

All frequencies refer to CS, solution except:
* In CH,CI,.

T In mull.

} In benzene.

§ In CHCI,.
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demonstrated for »;, vy, and v,q, in Table 6 and reference can be made to Tables 1-4
for further examples. At the same time, the expected rise in the N—I stretching
frequency, and corresponding fall in the IX stretching frequency is also observed
(Table 6.)

ComMpARISON WITH PYRIDINE COMPLEXES

Since the ionisation potential of y-picoline (9-6 eV) is lower than that of pyridine
(9-8 eV) [15] stronger complexes should result. Some evidence of this appears in
the “‘sensitive’ ring vibrations, which show greater frequency changes on complexing
in the y-picoline series, than do their counterparts in the pyridine series. The IX
vibrations are also indicative of greater charge transfer in the y-picoline series,being
at lower frequency than in the corresponding pyridine complexes, thus:

Solvent: benzene I, IBr ICl
y-picoline 169 201 284
Pyridine 171 204 290

The effect however, is quite small, less than that produced by change of solvent.
The NI vibration frequencies of the y-picoline complexes, however, are lower than
those of the corresponding pyridine ones, whereas the greater stability of the y-
picoline complexes would lead to the expectation of a higher frequency. Although
some part of the frequency decrease may be due to changes in the G matrix resulting
from the increased mass, it is necessary to regard the entire donor molecule as a
point mass to account for the observed decrease in frequency. This is certainly
unrealistic, and a more detailed examination of the intermolecular force field is
called for.

Acknouwledgement—We wish to thank the Education Department, Government of Assam, for a
grant to one of us (1. H.)

[15] See Ref. [2], p. 156.
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ERRATA

I. Haque and J. L. Woop, The infra-red spectra of y-picolene-halogen complexes. Spectro-
chimica Acta 23A, 2523 (1967).

Owing to a printing error subsequent to the galley proofs, the notation and key to Table 6 of

this paper was omitted.
The Table should read.:

Table 6. Effect of environment of some vibration frequencies

¥-PicICN y-Picl, »-PicIBr ¥-PicICI

Vea
1 526 531 535 536
2 528 532 537 540
3 529 533 540 543
4 530 - 536 540 543
b 544 549
Yio0b
1 800 802 804 804
2 802 802 806 809
3 803 805 808 809
5 812 808
L4
1 1008 1012 1014 1017
2 1009 1010
3 1008 1013 1019 1023
4 1010 1012 1019 1022
5 1022 1024
IX stretching
2 - 169 201 284
6 189* 284
4 ) 162 189 276
5 189 281
NI stretching :
2 124 135
6 127 138
7 143
4 131 146
5 146 166(1)

1, earbon disulphide solution; 2, benzene solution; 3, methylene chloride
solution; 4,7 -picoline solution; 5, nujol mull; 6, chlorobenzene solution;
7, benzene + acetonitrile solution.

* This band merges with the solvent band at 195 em—1.

J. E. CoampeRLAIN, A, E. CosTLEY and H. A. GEBBIE, Sub-millimetre dispersion of liquid
tetrabromoethane. Spectrochimica Acta 23A, 2255 (1967).

The conversion factor given in Table 1 should read W/(10%p). To correct for this error the
values published (as darks) in the lagt column of Table 1 should be multlplled by 1-36 x 10~2
to give the correct values in darks.
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THE VIBRATIOH SPECTRA OF THE COHPLEXES PYRIDINE-BROMINE,

_'Am: PYRIDINE-BRONIVE CHLORIDE

by | ‘
- ) . . - u . ‘ CL
S.G.W. GINN, INANUL HAQEE and J.L. WOOD

Chemistry Depariment, Imperial College
of Science and;Téchnology,

Inperial Institute Road, London S,HWoTs

ABSTRACT

The‘vibrational spectra extendingzto‘ 80 om L

of" the
'compaexes -formed by—pyridlne w1th bromlne, and with bromine
chloride have been examined. by 1nfrared gratlng spectrometnrs
 :and.a Hé/ﬂe laser Raman spectromnter. In non—pola* solvents
;comnlexes are predomlnantly un-lonlsed. The spectra of the
complexes are consistent with 02 symmetnyr the halogens
atons 1y1ng~onzthe 02 axise Electron:ﬁransfer appears to be
.as~great ag in the corresponding‘lodlne complexes. Addltlcnal
.oanasp promlnert in polar nedia,, are 1dentif1ed as due to the
cation (Py Br)¥, and the anions Bro

3 2

‘ and bromlna ciloride complexes respectlvelJ,

or BrCl. in the bromlne

2PyBrX (PyzBr) o+ (Brxa) .



B ;n@ganﬁéTIQN |

The rcle of both. bromine'and bramine chleriﬁe |
-,to accent e?ectrans and form charge~transfor complexes -
is well established(l). - The complexes w:th pyridine -

- ape pufficlently stable to‘bé 1so1ateal?) as crystalline .
solids, The infrared syectra of the’eqﬁimﬁlar‘pyridine-’i
~~bromina, and pyridine bromine chloride soluticns 1n chloro~
'_form have been ea&aminea over a small frecuency range

ayround 1000 it -1

by Z2ingaye and witmer(3), but no-
"extensiﬁe'aﬁud& éf,tha.vibratihﬁ§1 é§ectra.cfwthssefr'
complexes aﬁpaara to have been nmade, - Recently features
of the low froquency infrasred spectrum of the pyridine |
bromins complex have béaa7aesé?ihed(a), end these agres
substantially with the preaént rosults. Ve nséersténd’
 'ah”aéc¢unt,of'tﬁis.parallel investigation will shortly
be pub1ishea(5>v The lig/Mle laser Roman spectra of
‘soluticns of bromine in various donors have been recently
rapo“tad(ﬁ), but a nore eﬂteﬁaiveAetaminatian of the

- Raman spectra of the pyridine-broming COﬁ)leX in various
‘solvents féila to. support these res&lﬁg. . B T

hARSE bR s e il J waserf 5t By
ol T ;‘,’. i f‘,:;r ?:&IJ

) rﬁtﬂﬁi“1§ _
‘ A1 reagents and solvents wers 'znalaﬁ‘ grade

' excepu,nitromethane, ﬂﬁ@tcﬂit&ileg ond methylene,chloride,
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fwhich weré 'Réégent‘erade'. All were yuriﬁied and
' ﬁried by stqndarﬁ.metnods._ Pyriaine bromine an& |
"pyriﬁlne bromine chloride were pregared as dascribed
"by Villiams(a) Ry»r m.n. 61° (11%. 2~3°) Br 6696 e
cale, 66 9%; FyEXCl m.ps 105° (it. 107-8°) K 6. s""
calc 7. % total haloa,en 5%.5/«0 calc 59.4/0 .
gnegtroseony - . _ R A;_ -
o Above uoo cm -1 1nfrared.apectra were recorded

With a Gruﬁb~”arsans 'Snectromaster' ~ There wers no. |
é;fferences between the spectra of fregh aolutioﬁ using“" 
K:c_"»r», 4gCL or polythene Wind.OwE?g but. n ore rapid decomposition
ensues in.cellsqwith Kbr wtndows.-_.Spgctta}below 6o em i
ﬁaretdbtsinga‘us;ng_a single bean vacuum grgﬁing;specteé-
meter constructed in ﬁhe-“enartment.»r For'ﬁheaa specira
'vall saryles wefe enclooea in sealed nclythene ba £9s anﬁ
examigution completed withia_BG minutes of preparation.-
‘M c Raman spectra uere wecardﬂd wit h a,cdry &1 v
aaectrﬁﬁetcr equirped with a 'Spuctfau hgsics moael 125

.Kecﬁe 1&?39, giv1ng 6328 § rodlation, Qolubzans were

o

“ame voor toial halogen unalysia probaely *esults fron
the difPleulty of reerystall 1sing ﬁhe aalid, due to

decomposition ¢f, ref, 2, *



jrradiated nlong the exis of a conventional 'Hiiéer' )
‘Réman sample tube,'shorteﬁad to 12 cm. . Glyeerol'was
emnlayed between the- end qptical £lat of. the samsle tube

end tne condcnoing lens to. reﬁuce reflecticn losses. R

”eets eho¢e& uhat liqpia phase Raman spectra wvere stable,

for at least 30 minutes; but’ all runs vere cemﬁlsted
within 15 minutes. ~ Visual eyaminatian showed rapid .
_discolcuration of soliﬂ FyBrz shmples placed in the

| 1aser beam. ~ To minimisa the effects. of ‘decomposition
. & ‘fresh uamnle vas- usea Tor each band in the ‘spectrum,
In additica, the wavelengta shift_WJS»fizea un the

‘strong 166 c@fl.bana,'which‘ﬁaa recorded without wave-

. length érive, from the omset of irradlations . This =

shoved that the bend @ssigned to Br#") appsars %o be

- present sb_dinitio, and disanneazs after ~ 30 minutes

sXsosure,  Solild PyBeCl gave no eviaenca of deccﬂgositicn

vnder Raman examipation.

‘Resmlts

] a Thé cémﬁlezeé vere exaﬁiﬁed Gveﬁﬁthe fé**uency
R range 50 - 2000 cm -1 in various solvents, tnd as mulis
_’1n the range 50 = 3500 o l . Although “oma bunas awe

- cbscured in each uolvant, by in%ercompaﬂiscn, the entire

complex spactrnm can be buzlo upy an& certain bands can

~be follovwed throush a ranze of enviécnments,-_ All the

. B i Y M e b T ST - A8 AT o e o SRS PR th
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‘dbands sho_m in 'i‘-a'bles 1 and 2 ha‘vis 'ﬁth&s .beeixiéiea‘rly
_diati:guished from solvent bands, though many pay
nearly coincime with thdbe in'a. yarticular solvent

such a3 pyxfidineg . The appearance of the low \frnquenoy'-

‘spectra are shovn in Pig.l and 2,

:mWﬁﬂmwmommwmamam

The Pyriﬂine—-zsmmine ulgs‘t(}!‘.}

ﬁfhe low wequmo,; a:*anf'e is the. most useful for
: 1:1{511’:&1’31:15 ‘uhe speciea pre ent. In bwnzene solution,

-1 and i;ha mediun Ra..nn

" the wesk infrarved band ab 187 em
band ot 3.62»0:3; indicate the presénae of-a"small aoount
of Br; ién-(7),. The vealk Razaanhm& gt 308 em','l"is
 due 1o bronine selvated oy benzez;e'_,. .z.:zs;.shcg;n by the |
intensity choz ce of this band vihen the j}zfx*idine/b1=omine
vatio is chonged (Table 3). The remaining bands below
Boo ca L, wiz, 229 cm + (dnfraved) 226 om - .(Raman) and
1258 cm'fl are ascribed to the tm-ionised ?**3?2 éomplex,
viichr is the ’)I’oﬁ&ﬁ*ﬁlrm‘b species pr»cswnt. ' 'z’ha us’ﬁci-
pated com‘c,er ion to thie tribromide ig the bia-rq;r:.clwna
bromine I caiion (By Br)d"; . Sslts of this eaticn Lave
been evamino&(") and show that twvo bands occur in the

- pyrescat :Cmque:acy ranzey 170 cm_l (in?ra red) and 195 en 3(1“"1!“"%';



.Eoth bends are yather wealk comnare& to Br*s banda, )
and.neither 1o observed in benzens solutions of the -
ccmp]_.ex. - In the higher freonency range nost of - the ‘
(I-*yéBf)* bands nearly coincide v‘;sith: corresponding . - -
Py:éra bends arising Trom the same pyridiné ring mode,
The ring podes V16n c.nd v—' miving rise to strong
"t end 630 em -1

aensitiva to the- nsstws of comlezing at ‘the nitrogen

infrared bands &xl‘Gma 1530 cn aro, howevey,
. These nanﬂs are &m.bleé in benzeae sclution. o
-_,In each case the weaker uommon.,nt clos e.l.; coineides with
the sppropriate ring vibration of the (?yZBr)f' ion,
1o vhich 1% is eseribed, 411 the vemaining observations
on benzene solution are consistent with the pre a_enéa of
the equilibriun | R o
eryar, = (py Br)¥ +”r3," R
the un-ioniscd complex belng i‘avox.reﬁ.._, ' Exe;aination-
of ey librs solutions show that’ thé ,Br*j-‘ficn is not
insoluble in fbenzene. . | R 7.
On pusping 1o more polar solvenis, €.3. C‘EEQC?;E-
or ocxcess pyridins the 163 cm. "1 popan band end the 165 cn v
intraved bmad of the Bx*3 ion incresse in intenslty, as '
expected; as o the twa higher Lre equency bands vggs |
v"lé’b of the Pare}iz* ion. _I-Icw.ave;* the low frequency

bonde of this ion still cunnot be distinguished, The
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'banés’due to. the un-ioniéad~00mpléx sh6W'$baliyan&"
| .prcgréssive aolvent-shiff.sc;:s."_{:he‘!i)olarity of. ﬁ'xe |
‘solvent increases, in the sama. &iractimlas*‘in::t&e» )
fodine complexea(?), Ina aclution of 0.2 M Br, and
1.0 R eria.ine in benzene, Klaoae(a) ohoerved two low
frequency bands in the Raman spect.m, a weak band at.
302 em -1 ascribed to- tha henzene Br2 cenmlex, ond

a strcnwev band at 281 em -1 ascribed to. the pyridine
Brg comnlex. In reneated eminaticn? of the-Raman._' -
snectz*a of this solution we £ind two. fstmnﬁ bends, |
‘at 163 cm 1 ("ssigncuf'bo‘ Br,; *) znd 215 cm' (assi-gneci
to Br-Bx* strateh of cownlez). In sn attempt *{:0 resolve
| the disaz reemmﬁ with Klaboe's feault, we have oxamined
~ the Raman spectra of the ;Jridina complex in various
”aolvzmts. 'ﬂm cmewaa bands, shovm in ’fable 3, e¢an
be 'satisfactorily accountted for in a m::amet* Cﬁnniﬁteﬁt
© with the other cbservations reported in this paper, .
_bizt' we are wable to offer an explanaticn of Klaboe's
obaery rations. ’ | | ‘ |

“The lou frequency smectm O.s. the solid “complex"

show sone not able diffarences Trom Lhe so'lutmn spectea,
- Host remarkable 'is the absence in bolth ithe infrared

and Roman spectra of any band ﬁeaz* the fr'*suenc,,r of

the Br=3r strate hing of tm un=-icnised cozzgalez, ven



: than that 168 cm

'_ &i‘ter* making sllowance fov the--éh;%.ngé'dfi envxmnment, f

this bend would still be expected in' the range 200-220 e L,
‘stroag in both the infreved end Ramem, “fhé@ndic’ati@- -
that the sélid‘:ié not composed of the' uwn~ionised charge
t'rﬁnsfeif complex is éuppox"téﬁ by the pﬁéeﬁce of only |
sinule infram& banda in the "’Ga and’ "’16‘5 vicinity,

the i‘requencies of these b;mas cmresyoadmg with thosa o
ot the (PyzBr)*' jon, All the low fraquenc;r bands can |

be accomteﬁ for by the (rJQBI') and BI‘; 1ons.v ‘"‘hus

=1

the mrong infrared bend at 166 cm and the stmng

'Eaman band at 166 ca -~ can be ccnf’iﬁenﬂj asabz.@lc.cl té |
V3 end vy of the. m; icn respectively, The weak
Ramen band st 158 e -1 ana. 'ohe onoulder on the zm.rarea

~1

: baxxd &u 109 cm " pay alao be. &ssigncﬁ to thesa vibrationha, i

hean:ly allo,ee& by relaxation of the Jymma»rﬁr in Lhe lattice.
©sn infrered Land ol the (Py..Br) ion also lies at 110 cn 1
and may contyibule w the observed shoulaez‘. . The’ only
nm baand of the (rygBr)"' ion in this ronge is a fairly

" weal one et~ 195 on 3‘, ond B8 tiszenc‘tox'ily auwmus

Tor the obsewed band at this fregquency. m othep
Pya}*sr'*’ salts thie Raman hend is nob épl‘g.i‘b(a) ; 6O the

ausibnuﬁnt of 188 ca b to

-1

the .uz=3 ion i3 more provable
and 199 ca™t form a doubled arising

f‘f*m '2111" Py, a.Js icn. - As the aupearance, und position,
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A
i

| of a.ll the hi:..her rre:auenaw bands of‘ the salid also
) : closely corresponﬁ tc: those of @32131-)"' salts (a;,ain
freouencies vary- sli ht.ly wi’bh the anicn) wa infer that
| ‘ tbs solicl camnlez' is entirely in tha fom of (Py Br)t
5  “+ Bz'} 10:15. The ionisatzon is revemible. | n solu-

B i'"ltitm the solid givea spectra mm'tical with ‘l;hose

| obtained b;sr dix'ectly mixing pyriéine and bmmina solutions
4n the appmpriate solvent (’i'abla 1). o

i‘gxridins Brogine-ﬁh; oxide

o ~ Ia benzene aolution the low freauancy range |
contaim only two infmred banas. 'Ibe hig,hex* i‘z*ememcy -
-'ba.nd at ~ -‘*08 cn 1, vhich is stmn;, in. both the infrared
;’ '.lemd Roman sgfac%:'mn is aeslgne& ta the Brcl stretehing

_of the wn-ionised charge ui“‘al‘lﬁfe" camle,z.. - Bince

s _brcm..na chioride c;,n éisamyorﬁiomte 2:3101 e 3 362 + 012,

ﬁ}e (;s_uez_stion arises whether the observad baml nicht be
‘due to the benzenc-Er, complex, which has a bend at

~ 308 #m“l. Any Br2 hovever would prefezm‘hiany
complex with the pyridine present, - -tha’r; the‘ latter
i cosocioted is clearly shown by the higher fréquency
spectram,  The distinction Lrom the low Lroquency
agbectz”umf of the Pybr, complex in benzene shows that
clispméo%icna‘&ien has not occur?e&. . Furthor evidence

is &ibe fact that no Cl, is evolveds,  Cl, does not form
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8 atahle pyrmine comalex undeza these eonaitiozzs.

S !’s‘he Jower frequency band. is acsigned tc the I’--Br

.,'atretaning of the complex, The remaining high fre~i-"" )

quency spectmm cun. be assigned entirle o a single

.. species, the unpioniseﬂ complex, This 13 supnorteaf"'

_by the preaema of only single Vga and "3.6’0 bands.

| In excess pyridina soluticn the low. fz’ecuﬂnoy .
r' inframa me contalns an aﬁditionc‘l strcm;; baﬁa at .
~ 226 cn i Although t:ns aa:mmetﬁc stratehing |

o fz'eoueawy of the ‘BrCl | ms ori f*inally mpor ed at

305 cm- @3 (7) thig is high in camarisan with other' _
_ tr;malide iens(n) snd recently }::vana ami Lo("‘g) havs
_ ﬁateminea. tha frec:uancy of 'tnis maie at 227 2 =1 i.n

. the saectva of tetrall:ylmﬁmmm Brula sa:‘x:ﬁa in a

bemme/acetcnitrilc nizture as solvem;. : Ve tnex*e— 4

‘fore ascribe the 226 cm'l‘bmd'w the Bz’Cig' ion.

'“‘he stm pclarzsc@. Danan band at 275 ¢m 1 agreed

'with the reported vy freﬂammy 0:? the im(m) |
A - ong bond is alss present in the infraved &,mwmm |
at this fraqnency, snd cannod be due t&)"vl ol Bz‘-u 2« .
(:ompmicon'with the a'ﬂectm in benzene aolutiun

vsu:w"-:ta its sscripiion to the Br=-C1 aumtchi’zg ox’.‘

. th_u &m“iwiﬁsd co mg'ie‘_. I 50, thera should alrso; .

be a contribuiicn from this mode to the Raman band,.
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~The ié. ter is appreciab}.y agymetric (polarieauim
ia ...ound nm: so cmanega nhe asymmatsz}, mé in lzlx.
,"dioxane so},uulon the tm conurinutaona ’co the Raman
:’bami are mara clearly z*esolved. 7 fhe fairly si;z'ong :
'. :‘ "band m the ins ared at 3.63 cm = ie very wea.k in tne:' =
” Haman. 1 ».lthough this Baé,gesta its ass:.@mment to
 the bending vibration of the Bro1,” dom, which in
czvutallina salis’ ia fom”ld naaz* .mo i 3‘ (1"’) there D

" are, tvio z*e"aons fox' preforring :,ts assi.gm:xent to ‘c&ze :

" 13-31’* stretching of tne un~1o..isea. comnlex. ‘_ The first" o

- is that the B}:Clg bending i‘remuency vould 'ba e*c;;ected
to be 1%51* in aola.tion than in ’me E:Qlld ra'bi\er tm..n _
hig}zer, aecenuly, N sim:.lrar infyar ed band is obuewe&
. at 1y e -1 .in 8 bmzene wlutim cs:f: ‘ahe comlea, 1,:.:3.03
'cgnt-aiixs ;10 :.»312 iens. This bfmﬁ. is wzob.:ewable 1n o
the Repan gspectram,  Purther :swmort f.‘cr the occurrence
of diasociatibn 2PyBrClL t;*:%(?ygﬁzf) 4 (Ez’clz)_ ie
provided by ﬁxe (P:;rg}sx-)* Dands, ’%e\;ﬁa&aﬁ_band at
~192 cut - (this is the vy type vibmtzop)-ia Jo'f}se‘rﬂ.rable,
am_ in me b:.gbm* frequency r*ange '&he presence of an
additional band in polay solventa at ,,{I..l.:.; cn l coz*res-»

:‘ vonds 1o }t.hé Visy band of Pyzsx""‘.‘ ihe Véa ban_@( ot
:’this ion is at 639 .'3:”1, and although a strong infrared

bend is present ab this frequency in pyridine soluticus,



1
“the ”6a band of the unrionised eomplex 15 also expected
 near this £requency. o inﬁicatian of a doublet
 structure s observed in pyridine solution, butdn
‘ 052012 & second cantrihuticn becones apparent. - Thus -
- all the features of the solution spectra are cansistent
with the mmubrium | |
2 PyBrol MPy Br * s Brcl,” " o

no detectable disaeciaticn cccurrihg 1n,benzene,‘but .
apnreciable lonigsation itaking place 1n.polar solvents.

 The intnnpratation of the vibraticnal spectra o
of the solid complex presenta several aifficeulties, .
From the apgearance and mep. the s0lid apposrs 10 bo
1dentical with tho material reported by Williams(®,
" The solubility is sinilar to that of ﬁhe other solid
| éoéﬁléXea eﬁaﬁihe&, and aftey soiu%iqﬁ.tﬁé.spéctra
~ (sce above) ave readily internroted. It can be |

- coneluded that no chemdcal reaction such as substitution

in the pyridine ring has bﬁkbﬂ place duri ; preparation.

" In the frequency r&nbe ol the rung vibrations, only -

© BIngle vepy @l v, occuy in the infrared, the £requency

corresnonding to the un~ionlsed complex. Comparison

with, .0+ the bromine complexs sugzests that a 'solventf

: aﬂift is wnlikely to be gulficiently 1&?3& €0 permit-

an altemative interpretaticn as'(?gaﬁr)+ + (EﬁClg)".f‘ '

[re———

e A g ot 8 g
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- The femaininé higherfx’eguencgr apectmmalsa cerms:gom’is
quite closely to that of ‘the m-imiseé.‘ comﬁluex‘,ffexcept.
for some notc.b}.a intenai Y chanc.es, ss in the 1 06 end
1250 ca -1 banas,*but taken es a ﬁhcle g:.ves the geneml
1nmrassicn thai; tha aolid 18 entirely in the m—ienieed
Torn ~ in . contrast '&0 tne PyB:',, camlex. In the lcw:

‘ frequency renge the a’asence of the strong infrareﬁ

bana of Brel,” near 220 oo * and the Reman bana neax»
216 cm -1 a'E. i‘imt sight alaa supporus thia view. ’
Po*-':ever the assﬁmmsnt of the obaewe& bania en :lrely

| to the 1m~ionisca fcmn is nct 8?.:*4; h»femarﬁ, fihstly
‘becauoa four, instezd of wa bands, occur in me
160 - 300 o 1 range, sccondly, because the 295.,ch -~

- bané'is éntirely abéeé_zﬁ 4in the infraved, vhile the
’295_0::1“3‘ band is ezitiz*elzf 'ébaent in the Reman, ‘The
near mutual exclusion of the infraved end Raman spectra
indicates the presence of centvosymmetric units, : o !
Fox*mall& this@s mearis & centrosymoetric wit cell, Such:
a z%zoéel, wi‘th ezeh cell conizining 2n iméioniéed ?sz*Cl )
wiits has the merdf of being in accordance wvith the

" highep frequencys;;ectré, The low fz*'a;iuea:icy Spéctra_
can be ‘acéé}mte& for 1% there ia sﬁraﬁg intev‘ac‘tian
between the PyBril units, the 295 and 255 cn -1 banus

bGuh deyiving from uhe 3ell oi,*c»cgn-.f,, m u:), and. th
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196 and, 171 cmt ‘bands from the Kbr stmtchin; mods., "
| - The band at 104 cn -t and lower bands are thezx aosimed

-t bend.ing or mching mades. If the intemaleaula:'

Vinueraction is sufficlently great to produce spl 1t’%1ngs
‘oi‘ this magnitude, the distinc‘oitm betmm intemal
'vibrﬂtions znd lattice modes eiasolves, 8a doea the

: -concent of molecular units, This asuignm@nt however

- 81111 conflicts with tho depolertsation of the 255 eu 1
4,»':"2:&:1&. | o
| _ It 13 also DOS 1 1e oO assign the low. freqz.ency
apeetra to ('{y‘aB:-)"" ond 131‘*012 und te, »ne‘i ﬁfi?«sssarily o
situatea 1n a centmametric unit cell, » Thet mosign=
| mant roeguipres the vy band of Brulg to be activated

i‘n tha infrared (cf ref,10) and to be separated from "

1

the accompanying Ramen vy band by 40 em ~y  Assicnment

of the 195 ca -1 band to vy would also require a displace-

-1

ment of some 30 ca - fron the usu*al nositim. A further

dirfficulty is that no bma is found near the expected
‘. B:eﬁla" bending frequency ~ 140 cm"&.' ‘ “zhzis mach 1&11361‘;
than usual dispiacements of *i;h‘a. Erclz" 'bazz&.pesi tioens
ere implied,  As, further, the (T JQBY’)+ inTrarced bans.
at ~ 170 en™ 15 not obsorved, and the hiszkor i‘reeu,-,ncg
bands are more dilflficult to it to the (P‘J ap) ¥

~ the preforred interpretution is ca the basis of ;m-.:,snigseav :
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' ?yBrCl wmits. | "hiswcontrasts with s01id Py Brgg but
"in’ a crystal where the strong intermolecular or inter—
o iqm.c fcrcesare_ cgmpar*able to the #»'eak‘,charge-tmnsfer
typo intramolecular or intrsionic forces, the icnic
or im-icnise& models "r‘*e*:r*esent only limiting sﬁmctﬁre_s, :
- the speeira sho.viae, that neither exactly r'*;;resents _ '
the golld HrBrCl con{ple‘c.
: zSSi@ﬁ&lg - o
‘The bands ascribable to the wn~ionised complexefa
ray readily be asslgned by co'*par.t on with the upecura ;
of pyridine and its iodo-complexes, and is shown iﬁ
"‘*Ele lz..f 'I‘.he absence in the solutian infravred spectm

of' bands corresmndi% to the 8y modes of pyric’iine

B ~ suggest that Cev syraetry 1s rctainea in the comnlezes s

'.i.e. that the halozen atoms 1ie on the G., axls of

p¥ridine. 43 ususl, infercnces from’ hhe absence of
- vibroational bands o nob ez:clz.de the poasib ity of
a suall emount of ASYEReSIY. o

Cr-rpaﬁiu on with 1030 ©o lez*ez

“Cn forning cw.alexes, certain pyz*:a&me or

y-picoline vibraticns show aﬁarcciable irﬁquency shifta,.

e The nodes invclvcd and the direction of the shifts ars -

the soame in serdies of hydrozen bondad(l‘). chargg=tyes "zﬂ.te:e(?’l” .

- | e o
or metal—co-'orcunaticn(”l‘“’ 25) comzplexes, ’i_hez*e ia no
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correla‘bicn of the fx'equency shifis \arith the nass of
the aﬁjacent co—orﬁinatee[ atomy which can vary from .

- B to I, and so mechanical coupling claea not appear. to

be the cause,. The shifts, hos"ever*, it in vell with
the cxpecte:i extent of electron twansfe? out of the
pyridine op y-picoline mings, In Table 5 the frec'uencies |
" of noma of the moat sensitive vibfati