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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 PyI2, Pynir, PyIC1 and PyICN charge- 

transfer have been examined in a range of environments. The Raman 

spectra of PyIBr and PyIC1 have also been examined. In polar 

solvents the ionization 

213YIX 	[Py2If + 1-X2 

takes place. The vibration spectra of the complexes are assigned. 

The infrared spectra of the complexes y-PicI2, y-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-Pict  if + IX2  

The vibrations of the complexes are assigned on the basis of C 
2v 

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 

[Pa+, and the anions Bra  - or BrC12 . 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-pyridine 

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 

degree 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. 

These are solid Ia Me 	--CH 2. 	11 I-; 

Solid Ib MP 	
‘ 

 N -CH2  -/ 	N,2I 

and Solid Ic cH2:)3 
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INTRODUCTION 

Charge-transfer complexes or donor-acceptor complexes are formed 

by molecules or ions or both, without a covalent bond participating in 

the complex formation* 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 cannot 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. 

Besides three excellent books(1), 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 may be 

devided into three groups, according to the nature of donation(1o) 

Increvelent or 
	

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. 

Tr donors, where the donation takes place from a bonding molecular 

Tr orbital, are also known as "sacrificial" donors, because as a result 

of donation, the bonding within the donor molecule is weakened. A large 

class of organic compounds including unsaturated and aromatic hydrocar-

bons and their substituted analogues are 7( donors. This class of T( 

donors generally forms weaker complexes than 'n' donors. 

The final class is the Or donor, and is also a "sacrificial" type. 

In this case the donation takes place from the bonding molecular 

orbital. Aliphatic hydrocarbons, especially if cyclic, are 'i5" donors. 

This class of donor generally form very weak complexes and is not often 

encountered. 

1.2. Types of Acceptors: Many 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 (10) 
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Increvalent acceptors which accept electrons into a vacant orbital 

of a key atom, so that this atom can forth an additional valency bond. 

This class of acceptors includes BR3,A1113,Alli3,SnC14,etc.,(R=alky1 group, 

X=halogens). 

Halogens, sulphurdioxide, oxygen, hydrogenhalide, etc., are 6 

acceptors: Halogens accept electrons into their 6 antibonding molec-

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 acceptor strength or acid strength of halogens, 

has been measured by Scott(al) from thermodynamic data: The relative 

acceptor strength depends upon their electron affinities, and it follows 

the series r*Bra)B0)I2)Br2)>f,-1.2. 	The fact that interhalogens 

are stronger acids than the elemental substances must be ascribed to the 

polar nature of the mixed halogpns(8). In the case of interhalogens 

the less electronegative atom, such as iodine in1C1, is the co-ordination 

centre. 

A large group of organic compounds accept electrons into their 

antibonding it orbitals. These are known as " ir" or "sacrificial" 

acceptors. Many of the 1r acceptors are ethylenes, substituted with 

highly electronegative substituents. The acceptor strength is related 

to the capacity of these substituents to withdraw electrons from the 

ethylenic groups. One of the strongest Tr acceptors is tetracyano- 

ethylene,(NC)2C=C(CN)2; 	which gives brilliantly coloured complexes 



11. 

with aromatic hydrocarbons and other donors. Benzene is a 7-t" donor, 

but when it is substituted with electronegative groups it becomes a ir 

acceptor. A great many coloured solid adducts of polynitroaromatic 

compounds with organic donors have been pr.:pared. Some of these 

molecular compounds are sufficiently stable to have a characteristic 

melting-point
(2)
. 

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 complex formation. 

Bennett and Wills(13) 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 distances 

between components in solid complexes were much longer than normal co-

valent bond lengths(14). 

BriegleX'3'15) explained the interaction of nitrocompounds with 

aromatic hydrocarbons, in terms of dipole-induced dipole electrostatic 
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attraction; The molecules with permanent dipoles; induces a dipole in 

the polarizable hydrocarbon and they are held together by electrostatic 

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 polarizability of the hydrocarbon in the order, anthracene) 

phenanthrene) naphthalene > benzene. He was able to estimate gram 

molecular heats of interaction of the order of 2 kcal for assumed 

intermolecular distances of the order of 32. The experimentally 

determined heats of formation of some complexes of S-trinitrobenzene 

with naphthalene, anthracene, etc., in catbontetrachloride 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 interacting molecules cannot 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. 

Gibson and Loeffley(16) and Hammack and-Yule(17) 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 norma  collisions., 
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Weiss(18)  described the formation of deeply coloured molecular 

compounds from quinonos and nitroquinonos; and certain unsaturated 

hydrocarbons on their derivativesi in terms of an electron transfer 

from one component (D) to the other component (A), according to the 

not reaction, 

D:=A-->ED*3 - A7j 

The ions composing the compound, have each an odd number of electrons. 

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, 

lc.; ionization potentials in order for complex formation. 

The mechanism of the Diel& Alder reaction has also been explained 

in terms of an electron transfer from the diene to the dienophile with 

the formation of an ion pair intermediate
(19). The term 'intermolecular 

semipolar bond' has been used to describe the intermolecular overlapping 

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

Brackman(20) has discussed 'complex resonance' as the source of the 

stabilization of the complexes. His concept, which requires only partial 

ionic character in the complex is more realistic than those theories 

previously described. 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 1)1.44-*D÷;A7 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. The 

pronounced ultraviolet absorption band is not the modification of a 

band present in one of the components, but a new characteristic band 

of the complex. 

The generally accepted, prlsent form of the theory is that presented 

by R.S. MUlliken(21,22) 	He has explained the bonding in charge 

transfer complexes in terms of a general quantum mechanical theory. 

The wave function of the ground state charge-transfer containing one 

donor (D) and one acceptor molecule (A) is desCribed by the equation. 

yire!vo(DA)-1-b411(DtA) 

The %) is the no bond wave function and th is the dative bond wave 

function, a and b are the co-efficients of 1D-bond and dative bond 

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

intermolecular forces such as dipole-dipole, ion-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 molecuIeD+and A-, besides all the forces mentioned above 

are also held together by electrostatic force. For weak complexes 

ab2, but for strong complexes such as BX3.NR , a and b are more nearly 

equa], 
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If D and A are weak donors and acceptors then a third term, 

representing electron transfer from the acceptor to the donor, may be 

important 	In this case, 4./ea yo(DA)+b ,e  05'41+c Ly2()-7e) 

where b2>) c2. For self complexes such as benzene-benzene, b and 4 are 

equal. 

If yi4  yo  and 4)  are all normalized then the equation relating a and. 

b is:- 	j-  y 2 d=1=a2+2abS+b2  

where S is the overlap integral given by S=j1),)  kf-'4  d 	The energy E of 

the ground state is given by the relation 

(wo-E)(wl-E)=(Hol-ES)2  

where Wo.fro 	: the energy associted with the no bond structure DA. 

1111 	: the energy associated with the structure D+-A-. 

Holf4ji Hkf
od-;,): the interation energy of structures DA and D-A7. 

H is the exact Hamiltonian operator for the entire set of nuclei and 

electrons, which comprise the complex. Since the ground state energy 

EEWN. is not much less than W
o 
for weak complexes

, 
W
o 
may be substituted 

for E for all terms except (Wo-EY. Using these approximations the 

energy of the ground state may be written as 

(H -6W 2  W
o 
- 	oi 	0)  
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The energy difference (Id
o
-W
N) 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 
a - 

Ho!
-W

o
S  

Wi W 

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 
* 	* 

4)
E
=a 4

it(D-A )-b
* 
 YADA) 

The following relations may be established for the excited state 

(Hof -SWI)2 
(W1  -W0) 

* and b  a*  = - (H0, -SW1 ) 	-W0) 

Here a*2).>b*2  and if overlap S is small a*:::a and b*meb. The excited 

state is largely ionic in character. The transition 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. 

WE = the energy of the excited state. 



If the donor and acceptor species are in their singlet ground state, 

i.e. they have closet.-shell atomic orbitals, then 

Sr:  \I-SDAA1-632DAY1  

where 

SDAzILVD‘rid  

and is the overlap integral between the highest energy filled orbital of 

the donor, 4)D, and the lowest energy unfilled orbital of the acceptor, 

WA' The partners in a donor-acceptor complex tend to assume a relative 

orientation so as to make S and SDA 
a maximum. For an orientation of 

the partners such that Sa.  is zero, b also is zero, and the charge-

transfer interaction disappears. 

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

transfer complexes can be divided into two classes, depending 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, dipoleioment, 

enhanced intensity and frequency shift of to 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 cla1.0 

1.4.1. Electronic Spectra: Detailed study of charge-transfer spectra 

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

electron 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 complex:: s(23' (rig.1) 

The charge-transfer band shifts towards the visible region as the donor 

ionization potential increases. 

The energy required for optically induced intermolecular charge-

transfer may be expressed as (9) 

HY W -W +X -X o  

W
o is defined as W 	 0 , 14 	where W is the energy of the separated molecules ot_ 	 itpc, 

and G
0 
 is the sum of several terms including - electrostatic energy and 

van der Waals energy. X
o is the resonance energy of interactions 

between the 'no-bond' and dative states in the ground state. Similarly 

W
1 is defined as W " D A +Iv-Eli-G' where Iv is the vertical ionization 

potential of the donor, EA is the vertical electron affinity of the 

acceptor and Gi  is the term involving all D+  -A7 interactions. 

Xi is the resonance energy due to interaction with the no-bond state. 

The authors derived the following equation 

TV 	
C2 

h-ICT=--C14*I7  D 
where C and C

2 are constants fora given acceptor. It followes that 

when the energy 	is plotted against I& a curve result, and Ci  and 

C2 can then be evaluated. 
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Fig. 1. Ionization potential of the donor molecules versus the 

frequency of the charge-transfer transition maximum of its complex 

with iodine. (McConnell  Ham,and Platt, loc. cit..).  
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In most cases where C
1 
and C

2  have been determined; these values are such 

that the last term is small for fairly high ionization potentials 	. 

(?7.5eV) and a linear relation between charge-transfer frequency and 

vertical ionization potential may result 

11:\ICT =0.921
V
-5.12

(24) 
D 

Although a linear relationship has been demonstrated experimentally many 

times, there are a few misfits which may be due to changing intermolecular 

distance, steric or inductive effect of substituents groups, etc.(24) 

For amine halogen complexes, as W, is approximately equal to Wo, 

a different relation has been suggested (9)  

(11.CT)  
‘2 1 /41 -Wo 	4B1B0  1 

where S is the overlap integral, B 	-W0S and B e--Eol 	1=Hol -W13.  

The intensity of a charge-transfer band, orAoscillator strength, is 

given theoretically((r)by 

f

t=(1.085X1011) No12  )nl 

where . 01  is the frequency in CM-1, and M01  is the transition moment. 

Oscillator strength+ may also be determined experimentally, using the 

relations(5). 
( 

f
ex7 4.52X10 1,) ed 

or 	iex =
x  1.35X10-8 kma,3(-mal-)-1) 

where )is the frequency, -.is the molar extinction co-efficient. 

(W3
w )2 

L 	o' j 
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)mall and-)ma are the frequency and molar extinction co-efficient 

respectively at peak absorption; . 1 is the half-width of the absorption 
7 

band. There is satisfactory agreement between the values of 
ft 

 and 
fe X 

in some cases(1'21). The various aspects of charge-transfer intensity 

. has been discussed by Murre.* 6): Accordingto.him, the charge-transfer 

band borrows some intensity from the excited state of the donor. 

Mulliken(10)  has pointed out that for amine halogen complexes the 

oscillator strength cannot be accurately gauged by -emax.alone, since 

4 ,, 1 1  showes considerable variations. 
2 

 

Mulliken's idea has been strongly supported by Nakamoto's(25)study 

of the optical dichromism of single crystals of a number of molecular 

complexes, such as quinhydrone 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 planes 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 of aromatic systems on 

the otherhand only the component in the plane of the ring system is 

effective(3). 
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1:4:24 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 acceptor changes. 

Three types of changes are found to occur: (1) the vibrational 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. Furthermore a decrease 

in total symmetry is usually associated with complexing, causing some new 

infrared bands to appear which are inactive in the isolated molebulea due 

to symmetry requirements. 

1.4.21 The donor Spectrum: The changes of the spectra of donor molecules 

are not very obvious. There are so many things which can cause frequency 

shifts without any very large change in electronic structure. For example, 

the change in symmetry on,complexing can cause vibrations which are 

isolated in the free molecule to mix in the complexed molecule,resulting 

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

changes in the donor spectra can be accounted for. 

The most intensely studied donor molecule is benzene 
 

The vibration frequencies of the benzene molecule do not shift on complex 

formation.- However, the intensity of some bands change. The 850 and 

992cm
-1 

peaks of benzene are enhanced both by bromine and iodine. 

These intensity changes are presumed to be due to changes in symmetric 

ring breathing modes(lb). 
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The infrared spectra of trimethylamine, on-complex formation with 

iodine has been found to change remarkably(33)  . The C-N stretching 

vibration frequency decreases; the degenerate C-H deformation 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 

intensity and shifts of certain infrared bands(34-39). The totally 

symmetric 990=71  band of pyridine, shifts to higher freqUency upon 

- 
addition of iodine and appears as a sharp intense band at 1005cm

1 
 . 

- 
The 1027cm

1 
 band shifts to 1031cm-1  and markedly diminishes in intensity. 

There is a r,-10cm 1  shift of the 1070cm 1  pyridine band to a lower 

frequency upon the addition of iodine. This band is extremely well 

defined and its intensity is almost equal to that of the 1005cm
71  band. 

The 605 and 405cm71 (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 990cm71  band is directly related to the 

electronegativity of the X-atom. This band of pyridine has been observed 

at a maximum frequency of 1014cm71 for IF, shifting gradually to slightly 

lower frequencies of 1012 and 1011cm-1 for IC1 and IBr and finally to 

1005cm71 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 

comple:T formation with halogens have been discussed by Person et al.(30  

The redistribution of charge which results on complexing is not symmetrical 

over the pyridine molecule. Thus, vibrations with no 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 fundamental. 

The fundamental vibrational frequency of chlorine, at 557=71  in the 

isolated halogen is reduced to 530cm71 when chlorine is dissolved in 

benzene.(41-43) Similarly, the 217cm71 frequency of iodine is reduced 

to 207cC1  in benzene and to 174cm 1  in the pyridine iodine complex.(44) 

The frequency of these bands is lowered and absorption intensity increases 

as the ionization potential of the donor decreases. Furthermore these 

bands, normally only Raman active, are now observed in the infra-red. 
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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,10: and Br2  take place when they 

form complexes.(43,45-50)  

The frequency change in the acceptor spedtrum has been explained 

by Person et al.(46) The structure of the complex between donor 

molecule D, and the halogen,1 -X may be described in terms of resonance 

structures. 

D..•I-X and (10-I)4....X- 

For weak complexes the no-bond structure is most important. As the 

strength of the complex increases the ionic structure 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 Eatsen.(29) 

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 mixing 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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Frederic and Person (51) have also explained the intensity enhancement 

with emphasis on electron reorientation 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, i.e. the D-A stretching vibration. 

Only a very few examples of such bands have been observed and they axe 

all for the complexes of 'n1  donors and halogen acceptors. As the 

interaction forces of charge-transfer complexes are very weak, they 

generally appear in the low frequency region. For example, 

(CH3)3N-I2  gives a new band at l35cm71  which has been identified as N-I 

stretching frequency.(33) For the pyridine I-X complexes the N-I 

stretching bands have been found to be at 94cm 1 for PyI
2'
(52) 
 

- 1 134cm for PyIBr and 147 for Pyle'.(48) It is obvious that the 

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

However, the N-I vibration band is a function of the mass of the donor(52) 

(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 almost 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 becomes more complicated 

and the dipolemoment of the complex may be either greater or less than 

that of the dipolar component.(5) 

and also depends on the nature of the solvent. 
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The dipole moment of the complex, if both donor and acceptor are 

non-polar is given by (21) 

=/611(b2-FabS) 

where S is the overlap integral betweenyo  and y1;/`1  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"1  are known, one can 

evaluate a,b and the percentage ionic character of the ground state, 

100b2  
a2.4.132 	from the observed dipolemoment. For weak complexes, as the 

value of overlap integral S is very small, " 

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. 

The dipolemoment and percentage ionic character of pyridine-iodine,(53'54)  

(5 55) 	 (56,57,58) 
benzene-iodine ' 	and tri-ethylamine-iodine 	complexes are 

4.5D; 25%; 1.8D; 8.2% and 11.3D; 50 respectively. 

1.4.4. Crystal Structure: During the last 15 years the crystal structures 

of several 1:1 donor-acceptor complexes have been determined.(59) 

The most interesting are the TY and n donors-halogen complexes. As 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 DI-IC (doner,halogen) bond should lie between the 

sum of Van der Weals radii and the covalent bond length. The difference 

between the length of the co-valent D.X bond and the observed lk.a distance 

should diminish as the strength of the interaction increases. 

The study of several n donor halogen Complexes has proven the above 

predictions. In the case of amine halogen complexes, it is generally 

found that the donor atom-halogen-halogen linkage is linear, and that the 

more electropositive of the two halogen atoms is the acceptor 

co-ordination centre:(59) 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 a I-Br distance of 2.66e as compared with 2.417A° in free 1-Br. 

The N-I distance is 2.26e which is less than sum of the Van der Weals 

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 

'n1  donors like the oxygen 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.(61,62) 

The most interesting structure found in 77-  donor- i 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 molecules 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 3.65A°  for the Van der Waals separation 

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

-4 number- of complexes of aromatic if donors with aromatic or 

aliphatic 	acceptors have been studied. In all cases the nearest 

distance between the two components is slightly smaller than the sum of 

the Van der Weals radii. (1) 

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 (DA) differs markedly from the 

spectrum of either component. Benesi and Hildebrand(64) were the first 

to use the new strong peak in the U.V:  region to calculate the equilibrium 

constant and the extinction co-efficient. Applying the law of mass 

action to the donor acceptor reaction 

D+A ± DA 

the equilibrium constant K may be written as 

K= 
op) - [DA.) )(1_4 	) 

[DA] 	 



where 	and LA are the total concentrations of donor and acceptor, 

both complexed and uncomplexed and [DC 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 

d= 	e DA 
where 1 is the path length of the cell and. 1. 32),t  is the extinction 

co-efficient of the complex at some wave length where neither D nor A 

absorb. Using the above equations Benasi and Hilderbrand derived the 

relationship, valid under the condition 41)1141. 

	

CA1( ._ 	+ I  
d 	—7F—a—  K4A  * 7:1 

If values of 1:A]lid are plotted against 	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 
Ketelaar et al.(65) have proposed the following relation 

	 +  1  

Ya•-• 
kA 	KDE 	 DA e A 

where 0a  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 Orge1(66) 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 complexes. (71,72) 

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

proposed by Carter.Murrell and Rosc b.(67)  According to them solvation 

competes 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, 

iee acceptor and complex occur in solution each with a well-defined 

solvation shell the equilibrium is given by 

ASn'DSm:;-22DAS 

where q=n+m-p. 

The equilibrium constant for this equation is determined by 

(A) 1  ..f.i + ig(m+1) ) 

117-11. 	C DA 	RI's]) 

where ES3 is the total concentration of solvent when [D _o. It may 

also be shown that B-H equation underestimates K by an amount 

q(nri-1)5:1 and overestimates -Q
DA  by the ratio (K/KB_H). For strong 

complexes K>k(m+1)A:Sli, the B-H equation may be applied. 

Infra-red spectroscopy has a1so been used for the determination of 

the formation constant of charge-transfer complexes.(5269'70) 

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 is given by 

A. I 
Cl 

10_ Ioi  
6 /I'L  

where C is the concentration in moles per litre of solution, 1 is the 

path length in cm, and is the frequency in am-1: 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 

A a correlation is made for the non-infinite concentration of donor. 

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 or - donor. For example, the equilibrium 

Constant of PyI2  in cyclohexane is 131+ 301/mole, and of V-picIa  in the 

same solvent is 478+ 1201/mole.(52)  The best value of the equilibrium 

constant for PyI
2 in cyclohexane has been reported to be 317+51/mole.(71)  

1.4.6. Thermodynamic Constants: most of the trmodynamic constants of. 

charge-transfer complexes have been obtained by sperophotometric study 

of solutions of the complex components at several different temperatures. 

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

(72) taken at any wave length and temperatures T
1 

and T2 using the equation. 

2.303log(Slope)T1 = - 	
Ho ( 1 	1 

(Slope)T2 	R 	‘T 	T1 2 



33. 

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 

complexes. The heat of formation of trimethylamine(73)-iodine is very 

high, 	-12.3Kcal/mole in heptane solution; the value for the 

pyridine-iodine complex isl 	-7.8Kcal/mole.(54) On the otherhand 

the heat of formation of )r donor-halogen complexes are very low, 

generally of the order of 2 or 3 Kca1/mole.41)  

1.5. Solvent 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 DA-, the effect of increasing the polarity or 

dielectric 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 energies in 

polar solvents. However, experimentally it has been shown that on 

increasing the solvent polarity, the charge-transfer band shifts to 

higher energies. 

(75,Y74) 
Davis et al have explained the solvent effect by giving more emphasis 

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 makes 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 stabilised much 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 arrangement 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. 

Rosenberg et al(77) have found that transition energies of complexes 

decrease with increasing solvent refrOactive index. Charge-transfer 

transition energies for a given complex show a linear dependence on 

(n2-1)/(2n2+1) for varying solvents of refractive index. 	The 

magnitude of the decrease is a function of the donor strength. It has 

been inferred that the excited state dipoleimoment decreases with 

increasing donor strength. 

A few authors(48'49)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 171cm-1, and in pyridine solution it appears at 

167cp71. 
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Kobinta and. Nagakura.(78)have also explained the increase in 

dipolenoment 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 environment. 
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2. INSTRUMENTAL 

Two instruments were used to obtain infra-red spectra. 

A Grubb-Parson's spectromaster was used for measurements from 40c3 _'tech`' 

A single beam vacuum grating spectrometer designed and constructed in 

the department was used for measurements from 400 to 60cm 1. The 

(-8 2) 
instrument has been described in detail

79  
and only a brief outline will be 

given here. 

Figure I showes 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 EbeNk-Spherical mirror D -F'or 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' mirrors 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 i". The beam 

is then focussed by a spherical mirror K in the detector unit on to a 

reststrahlem reflector H, from which it passes to a spherical mirror N 

and is reflected on to a second reststrahlem plate P crossed with respect 

to N. This directs the beam through a 4 to 1 Greenler image reducerQ 



Source unit 

Detector unit 

A 	Hg source, Cu cooling jacket & KBr chopper blades, 

B' 	Spherical mirror. 

C. 	Entrance alit« 	C 	Exit slit. 

D' - Spherical Ebert mirror. 

E ,Echelette grating (80,or 200 lines/cm). 

F 	"SlicedP spherical mirror,: 

G .Plane "matchstick" mirrors. 

IF 	Plane mirror. 

J 	Spherical mirror. 

S 	Sample cell. 

K Spherical mirror. 

Condenser 

L. 	Plane mirror. 

M 	First reststrahlen "windmill". 

• Spherical mirror. 

P Second reststrahlen 

Q 	Greenler image reducer. 

• Golay pneumatic detector. 

ram:- 	 z ;  • 

Fig.:2. Optical path of the spectrometer. 



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. Filtering: The removal of unwanted higher frequency radiation is 

extremely difficult. It has been discussed by Oetjen et ai(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-1 at 10 cycles/ 

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

2.1.2. Black Poly gm,g: A sheet of 500 gauge (o.125mm) black polythene 

absorbs u.v., visible and near infra-red radiation and transmits radiation 

of frequency less than 600 cm-1. With the combination of KBr chopper 

and black polythene, very little radiation of frequency greater than 

'450cm-1  is detected. 

2.1.3. Manley filter: A single sheet of polAank (thickness 250 ) 

embedded Cu20(18%) and Wo3(18%) greatly attenuates the near and middle 

infra-red radiation and transmits radiation of frequency less than 

-1 -N-140cm . 
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2.1.4. Reststrahle 	Many crystalline materials are almost perfect 

reflectors of a band 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 their 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 4-540cm71 

80 lines/cm 	2NaF 	Black Polythene 380240cm 1  

2NaC1 	Black Polythene 265-160cm
1 

201 	Black Polythene 190-120cm-1 

- 200 lines/cm 	2KBr 	Black Polythene 150-105an 1  

2CsBr 	Manley 	120-75cm71 

2CsI 	Manley 	90-60cm-1  

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 

Variable path length cell fitted with regid polythene windows or in 

sealed polythene bags. Solid samples were examined in Nujol 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 (40050-400m a)sanples were usually 

examined in cells with KBr or AgCl windows. 

The Grubb-Paron's spectrometer GE3 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 Ha -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 employed between the flat end of the capillary cell and 

the spectrometer lens to assur3 good contact and thereby reduce 

reflection losses. Solid samples were run in a sample tube. 



3. CHARGE -TRAN&ER STUDIES  

3.1. 	The spectra of pyridine-iodine, pyridine -iodine - 

bromide, pyridine-iodine chloride and pyridine-iodine - 

cyanide complexes. 

41. 
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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 u.V. 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.() 

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 -10Kcallmole.(1)  

The geomctries of PyIBr, Pyle]. and PyION in the crystalline state 

have been established by X-ray diffraction.(59,60) In all these three 

complexes a linear arrangement 	has been established. Hassel was 

unable to prepare the 1:1PyI2  complex, isolating instead the compound 

(Py27 
(83)  It seems that the PyI

2 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-
3 
 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 spectra. The purpose of the present 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 environmental 

effects 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 

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

3.1.2. Experimental. 

30..21. Purity of Materials: 'Analar' pyridine was dried over sodium 

hydroxide and bariumoxide for several days. The dried liquid was 

then distilled from fresh bariumoxida. The infra-red spectrum of 

purified pyr4dine obtained in this way did not show any bands of 

picolines which are the most likely contaminants. 

'Analar' benzene and carbontetrachlordie were dried over P205  

and distilled. General purpose reagent grade (G.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 anhydren•s calcium-chloride and then over :e205  and distilled. 

'SpPctrograde' carbondisulphide (B.D.H), analar iodine, analar methanol, 

analar nitrobenzene, iodinecloride (B.D.H.) and iodine bromide (B.D.H) 

were used without further purification. Nujol (liquid paraffin) was 

kept over molecular seives 'type 4A' for several days prior to use 

and 'spectrosol' hexachlorobuta-1,3-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 

discussed by Willams and others.(84) It was prepared by adding a 

solution of pyridine in carbontetrachioride to a solution of 

iodinechloride in the same solvent. The yellow solid obtained thus 

was washed thoroughly with carbontetrachloride and recrystallised from 

methanol. The crystalline yellow compound was washed with sodium 

dried ether and dried in a vacuum desiccator over 1405. The melting 

point was found to be 133°c (lit.134-135°c). 

Pyridine-iodinebromide: This was prepared by mixing pyridine and 

iodinebromide dissolved in carbontetrachloride(84) and was purified 

and dried as Py1C1, m.pt.116°c (lit 116-117°c). 

Pyridine-iodinecyanide: The preparation and isolation of the solid 

pyridine-ioditincyanide 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 powA04Ad4e0ine to 

an aqueous solution of NaCE.(85)  The ION thus formed was obtained 

by extracting with ether and evaporating to dryness. The solid 

compound was then dissolved in water and heated at 50°c under reduced 

pressure. The mixture was cooled to 0oc and a light yellow solid 

was filtered out and dried. It was further purified by 

recrystallisation from chloroform, m.pt146°c (lit.146 -147°c). 

3.1.23. Spectra: All the solution spectra refer to freshly made up 

solutions. Some 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 401 

windows were used. On standing for some hours, changes in all the 

spectra occurred. For the example, PyICN 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 complexes were examined over the 

frequency range 3500 to 400om-1 in a range of solvents and some of 

the earlier low frequency (below '%100cm 1) work was repeated in runs. 

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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TABLE 2 

Infra-red Spectra of the Pyridine-iodine System in various mecca. 

Iodine Equimolar Equimolar Equimolar Equimolar 	Interpretation 
in Pyridine Pyridine 	Pyridine 	Pyridine 
excess and and and and 
of iodine iodine iodine iodine in 
Pyridine in CS2 in 

benzene 
in 
n-heptane 

Cyclohexane 

3149w 	 1594 x 2 

3085m 	 b'
1 
 fundamental 

3065s 	 al  fundamental 

3042w 	 a1  fundamental 

3032w 	 1445 + 1594 

1351 + 1594 

746 + 1236 

694 + 1209 

694 + 1151 

al  fundamental 

b1 
 fundamental 

b
1 
 fundamental 

620 + 746 

420 + 746 

b1 
 fundamental 

a1  fundamental 

b
1 
 fundamental 

299%m 

2952w 

1990w 

1911m 

1868w 

1594s 

1445s 1445m 

1351w 1351w 

1295vw 

1240w 1236m 

1209s 1209s 1212w 

1151s 
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TABLE 2 (Cont'd)  

Iodine 	Equimolar Equimolar Equimolar Equimolar 	Interpretation 
in 	Pyridine Pyridine Pyridine Pyridine 
excess and and and and 
of 	iodine 	iodine 	iodine 	iodine in 
Pyridine in CS2 	in 	in 	Cyclehexane 

benzene n-heptane 

1067s 	1067s 	1067w 	a1  fundamental 

1038vw 1038vw 	 (PY2I)+ 

1030m 	 a1 fundamental 

1007s 	1005vs 	1006vs 	1003w 	al  fundamental 

939w 	944w 	 b
2 
fundamental 

746vs 	748s 	746s 	b2 fundamental 

694vs 	 b
2 
fundamental 

677w 

653w 	 b1 fundamental 

636m 	639vw 	 (PY2I)+ 

625s 	620vs 	617s 	617s 	a, fundamental 

436w 	 (PY2I)+ 

421 	420w 	420s 	b2 fundamental 
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TABLE 3  

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 PylBr of PylBr of PylBr 	rebutadiene 
in 	in CS2 	in 4̀. H6 	

mull 
Pyridine 

a1  

3159w 	 1597 x 2 

3089w 	3093w 	b1 
 fundamental 

3067m 	3065s 	al  fundamental 

3034w 	3034w 	al  fundamental 

3021w 3020w 	1449 + 1572 

2909w 	1346 + 1572 

693 + 1210 

693 + 1152 

a
1 
 fundamental 

b1  fundamental 

b1 
 fundamental 

b1 
 fundamental 

625 + 747 

b1 
 fundamental 

fundamental 

b1 
 fundamental 

al  fundamental 

a1  fundamental 

1914m 

1848w 

1597w 1597s 

1572w 

1445s 1449s 1447s 1449s 

1353w 1351w 1346w 1348m 

1242m 1245m 1250m 

1210s 1210s 1209s 1209w 1212w  

1194w 1202m 

1152s 1153w 1156w 

1067s 1066s 1057s 1058s 

1031ms 1032m 1034w 
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TABLE 3 (Cont'd)  

Saturated Saturated Saturated PylBr in 	PylBr in 	Interpretation 
Solution Solution Solution Nujol Mull Hexachlo- 
of PylBr of PylBr of PylBr 	robutadiene 
in 	in CS2 	in H

6 	
mull 

Pyridine 

1010s 	1009s 	1010s 	1012s 	1013s 	a
1 
 fundamental 

490w 	944w 	 b2 fundamental 

747s 	749s 	751s 	751s ) 	b2 fundamental 
) 701sh 	704vw 
) 

693s 	689s 	689s 	b2 
fundamental 

675vw 	676vw 

670vw 

.637s 

655w b1 fundamental 

(PY2I)+ 

629vs 625s 627s 632s 635s al  fundamental 

436w (PY2i)f 

420s 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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T4BLE 4  

Infra-red Spectra of:the Pyridine iodine-chloride system in various media 

Saturated Saturated Saturated Py1C1 in 	Py1C1 in 	Interpretation 
solution solution solution Nujol Mull Hexachloro- 
of Py1C1 of Py101 of Py1C1 	butadiene 
in 	in CS2 	in C6H6 	

mull 
Pyridine 	 (4000- 1 

2000cm7-) 

3149w 	3099m 

3085w 	3089m 	b1 
 fundamental 

3068m 	3065m 	a1 
 fundamental 

3053s 	1449 + 1597 

3039w 	3039w 	al  fundamental 

25q9w 	2999w 

2952w 	1347 + 1597 

2928m 	1347 + 1592 

748 + 1239 

692 + 1209 

692 + 1150 

627 + 1011 

al  fundamental 

b fundamental 

b1 
 fundamental 

630 + 749 

b1 
 fundamental 

b1 
 fundamental 

al  fundamental 

1910w 

1980vw 

1915w 

1838vw 

1647w 

1597s 1597s 

1569m 

1449s 1449s 1449s 

1390w 

1347m 1350w 1344w 

1244w 1239m 1247s 

1209s 1209s 1209s 1209s 

1197s 



TABLE 4 (Cont!d) 

514 

Saturated Saturated Saturated Pyle1 in 
solution solution solution Nujol Mull 
of Pylca of Py1C1 of Py1C1 
in 	in CS

2 	
in  0H 

b 6 Pyridine  

Py1C1 in 	Interpretation 
Hexachloro- 
butadiene 
mull 
(4000- 
2000cm--) 

1011s 

1150s 

1067s 

1030ms 

1009s 

1064s 

1011s 

1154w 

1087w 

1056vs 

1035m 

1013s 

941vw 948w 

869Vw 

853,VW 

748s 749s 752va_ 

702w 704w 

692s 689vs 

675w 

655w 649w 

632s 627s 630s 636vs 

434w 

424s 421s 421s 426s 

265s 

170d 

92s 

b1 fundamental 

bl  fundamental 

al  fundamental 

al  fundamental 

al  fundamental 

b2  fundamental 

b2 
fundamental 

b2 fundamental 

b2 fundamental 

b fundamental 
1 
al  fundamental 

(PY2I)+  
b2 fundamental 

1-C1 stretching 

N-I stretching 

N-I-01 bending 



TABLE 5  

Infra-red Spectra of the Pyridine iodinecyanide in 

various media 

Iodine 
cyanide 
in excess 
of 
Pyridine 

Iodine 
cyanide 
in excess 
of 
Pyridine 
after 
2 days 

Equimolar 
solution 
of 
Pyridine and 
iodinecyanide 
in CS2 

Equimolar 	Interpretation 
solution 
of 
Pyridine and 
iodinecyanide 
in C

6
H
6 

2155s 

3150w 

3085s 

3065m 

3048m 

3015m 

3001w 

1914m 

 

1597 + 1557 

b1 
fundamental 

a1 
fundamental 

a1 & b1 
fundamental 

1445 + 1597 

1445 + 1557 

C-N stretching 

698 + 1213 

617 + 1235 

a
1 
 fundamental 

b
1 
 fundamental 

b1 
fundamental 

617 + 748 

b
1 
 fundamental 

1445s 

1856m 

1488s 

1371w 

1350w 	1357w 

1290w 

1597s 

1557w 

1445s 
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TABLE 5 (Cont'd) 

Iodine Iodine Equimolar Equimolar 
cyanide cyanide solution solution 
in excess in excess of of 
of of Pyridine and Pyridine and 
Pyridine Pyridine iodinecyanide Iodinecyanide 

after 
2 days 

in CS2 in C6
H
6 

1238w 1250w 1235m 

1213s 1216s 

1149s 

1068s 1068s 

1039w 1032s 

1003s 1006s 1003s 1004s 

778w 

748vs 

698va 

677w 

636sh 656w 

623s 628s 617s 617s 

564w 

551m 

430m 429w 423s 

420m 420w 413s 

Interpretation 

b2 
fundamental 

b
2 
fundamental 

b fundamental 

(PY2I)+  

a1 fundamental 

1-C stretching 

b
2 
fundamental 

b
1 

fundamental 

al  fUndamental 

b
1 

fundamental 

a
1 

fundamental 

a
1 
fundamental 

a
1 

fundamental 
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TABLE 6  

Raman Spectra of the Pyridine-iodine chloride. 

Solid 
	

Solution in 
CH2C12'Pyridine, 

or CH3CN 

1598s 

1576m 

1474w 

1248w 

1238w 

1202s 

1192w 

1600w(P?) 

1567w 

) 

1208m (P) 
) 
) 

al  fundamental 

b fundamental 

a1  fundamental 

b funamental 

a1 fundamental 

	

1156m 	1156m (dp) 	b1 fundamental 

	

1034s 	1039s (P) 	a1 fundamental 

	

1013s 	1012s (P) 	a1 fundamental 

980vw 	 a2 fundamental 

	

948w 	 b
2 fundamental 

	

872w 	 a
2 fundamental 

	

754w 	 b
2 fundamental 

	

688w 	 b2 fundamental 

	

648m 	646m (dp) 	b1 fundamental 

	

636s 	633s (P) 	al  fundamental 

	

425w 	 b2 fundamental 

388 	 a2 fundamental 



TABLE 6 ..(Cont' d)  

Solid Solution in 
OH
2
OL2;pyridine, 

or' OyN 

272 2758 (P) 1-01 stretching 

254 ) 

264sh 1012 symmetric stretch 

178 (Py2I)+  skeletal 

174m 160w stretching 

164m 

92s 
	 bending 

72s 	 bending 

554, 
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TABLE 8 

Low frequency Raman Spectra of the Pyridine-iodinebromide and 

the Pyridine -iodinechloride in different media. 

Solvents PyIC1 PyIBr 

1-01 
Stretch- 
ing 

1C1-2  (Py2 
 i)+ 	N-I 	1 Br 	1Br2  (Py2 

 I)+  
Stretch- Stretch- 
ing 	ing 

N -I 
Stretch-
ing 

Benzene 	292s 

1:4 

204s 

Dioxane 	290s 270w 202s 146w 

Acetone 	280s 270w 197s 159m 179vw 146w 

0H2012 
178w 160w 199s 160m 180w 144w 

Pyridine 275s 196s 159m 180w 

0
6
H
5
1'10
2 	

276s 264sh 195s 158m 

CH3CN 	274s 262sh 178w 162w 194s 158m 176w 

CH3NO2 	272s 264sh 178w 162w 193s 160m 180w 
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500 	700 1100 900 cm— 1500 1300 

Fig. 3 Composite spectra of PyIC1. ----- CS2 solution; — — Mull 



500 	 700 	 , 900 . 	1100 	1300 	1500 

Fig. 4 	Composite Raman spectra of PyI01. 



20 y 

100 

Fig. 	Raman spectra of (A) PyIBr in acetonitrile solution, 

(B) Pyle]: in acetonitrile solution. 
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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 Raman spectra of Py1C1 and figure 5 

shows the low frequency Raman spectra of Pyle]. 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 

been discussed elsewhere.(48) Detail discussion of higher 

frequency spectra is also given here. 

The low frequency infra-red spectra of PyI2, PyIBr or PyIC1 in 

non polar solvents like benzene, cyclohexane, etc., show only two 

bands. These bands are assigned to the I-X (X=I,Br or C1) and 

N-I stretching vibrations of unionised charge-transfer complexes. 

The presence of additional low frequency bands of PyI2, PyIC1 and 

PyIBr in polar solvents, such as pyridine, nitrobenzene, etc., at 

137, 174 and 223cm 1  respectively have been assigned to the 

antisymmetric stretching vibration of I: IC1-  and IBr2  respectively.(48)  

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

the reaction 

2PyIX -c±(Py
2
I)+  IX; 

This scheme suggests the formation of the ion (py2I)-4". 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, 172cm71 

(infra-red) and 180cm71  (Raman). However, for solutions of the 

complex in polar solvents the infra-red band at 172cm 1  is expected 

to be weaker. It also lies very close to the I-I stretching 

vibration of PyI2  and 167cm71, the IBr2  antisymmetric stretching 

-1 vibration at 174am , and the N-I stretching vibration of PyIC1 at 

160cm 1. Thus it is not possible to distinguish this N-I-N 

antisymmetric stretching vibration at 172cm-1 from the above bands. 

- 
However, the symmetric IBr2 stretching frequency at "--1 	

1
58cm , 

(91) 
 

and the N-I stretching frequency, at 160cm-1  for the PyIC1 complex in 

pyridine solution, do not interfere with the symmetric stretching 

frequency for the (py
2
Wion observed at 180cm-1 in the Raman spectra. 

To take advantage of this, low frequency Raman spectra of the pyIC1 

and pylBr 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 CB3CN,CH3NO2, C6H5NO2  etc., the Raman spectra of 

pyIC1 show four bands in the frequency range 400-100cm71. By 

comparison with the infra-red spectra of pyIC1 in pyridine solution,(48) 

the strong polarised band at 1,-274cm71 and the weak band at 160cm
71 

may be assigned respectively to the I-C1 and N.-I stretching frequencies 

of the unionised pyIC1 complex.(48)  Similarly by comparison with the 

Raman band at 182cm-1  for the (py2I)+Bri1.  (ref.sec.4), the weak band 

at 178cm-1 may be assigned to the NIN symmetric stretching frequency 
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of the (Py2Wioni Also by comparison with the Raman band at 

254cm 1  of the (CH3)41NIC12)(91)  the band at -..264cm71  which appears 

as a shoulder may be assigned to the symmetric stretching frequency 

of the IC1-  ion. In benzene solution, only the I-C1 stretching band 

- 1 of PyIC1 at 292cm is observed. 

The Raman spectra of the PyIBr complex also show four bands in 

polar solvents in the region 400-100cm 1. By comparison with 

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

polarised band at ,--192cm71 and the weak band at 146cm
71 may be 

assigned respectively to the I-Br and N-I stretching vibrations of 

un-ionised PyIBr complex. The other two bands at r.-1G0 and 

- --180em 1  may be assigned to the IBr2
(91) symmetric stretching and 

the NIN symmetric stretching of the (Py2Wion. Again in benzene 

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

- In the frequency range 3500-400cm 1  all the observed bands of 

PyIX(X=C1,Br or I) 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 600cm 1  region two new 

bands are observed; a strong band at 625cm71 and a medium band at 

636cm-1  (Table 2). In the 400cm 1 region also, two new bands are 

observed; a strong band at 420cm-1  and a weaker band at 436cm l: 

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

cyclohexane or benzene the bands at 636 and 436cm71 disappear and 
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1 	
C9o) 

only bands at ^t..417 and -%-617cm are observed. Sharp et al have 

noted only one band in the 600cm 1  region and a single band in the 

- 
400cm 

1
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 

solution, the vibration spectra of the salts of the ion (py2I)-1-

which is the most likely ionised product, has been independently 

examined (see 4). The additional bands (436 and 636cm71) that are 

observed in excess of pyridine are also found in the spectra of 

(py2I)+  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 equilib-2ia 

2PYIX 	(
1,
Y22)+  +(lX2)- 

However, the possibility of formation of small amounts of species 

like PyI+  cannot be eliminated. 

- The presence of a weak band at 636cm 1  in a freshly made up 

solution of ICN in pyridine indicates the presence of (Py
2I)+. 

However, no bands which could be attributed to the (I(CN)
2
) -ion 

corresponding to the IX; ion were observed. In every respect the 

PyION complex appears to be less stable than the other pyridine-halogen 

complexs. After some hours the band at 636cm71 completely disappears 
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and the bands due to the complex become weaker, new bands appearing 

e.g. at 551, 564 and 1488cm71. 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. Classification of modes and assignments: In the crystalline 

state the symmetry point group of the PyL( units i5 C2v.(59,60) 

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 C2, and allow the vibrations derived from the 

a2 class, which is infra-red inactive for C2v 
 point group, to become 

infra-red active. The absent in most of the observed spectra of 

any bands near to the a
2 

class frequencies of pyridine 

(986, 891 and 375cm71) supports a C2, structure of the complex. 

For C2v  symmetry the vibration fall into four classes al,b1(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 al: twelve vibrations Raman (polarised) and 

infra-red active. 

Class b
1
: eleven vibrations Raman (depolarised) 

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

Class a
2: three vibrations Raman active 

(depolarised) only. 

Class b
2
: seven vibrations Raman (depolarised) 

and infra-red active. 

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

has 10a+9b1+3a+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-IL(X.C1,Br or I) results in the appearance 

of six new modes. These six vibrations 2a
1
+2b
1
+2b

2 
comprise five 

intermolecular modes and the a1IX  stretching vibration, all lying 

below 400cm71. Adopting a C2v  structure the vibrations of PyICN 

classify as 13a1+3a2+12b1+8b1. The nine additional vibrations 

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

vibrations derived from internal modes of ION (2a
1+b1+b2). 

The normal vibrations of pyridine have been assigned by several 

authors(86) 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 assignments of the complexes PyIX vibrations 

have been given by Watari et al.(39) 
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Comparison with pyridine enables one to make an almost complete 

assignment of the infra-red and Raman active fundamentals of the 

PyIX complexes. Table 7 shows the assignments for the complexes 

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

The Raman polarised data of the PyIC1 confirms this assignment. 

(Table 6). Most of the infra-red frequencies in this table refer 

to solution in CS2' In regions where CS
2 

bands occur other solvents 

are utilised. 

1 The band at 1219cm71 was assigned to N 9a
(39)  and is possibly 

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

in other solvents such as CS2 (Table 2-5). Therefore despite the 

- 
arguments put forward by Wateri et al(39)  the 1210cm

1 
 band has 

been assigned to -;) 9a(a1) and 1240cm71  to 3(b1). This assignment 

- has been confirmed by the fact the band at 1210cm 1  of Pylel is 

found to be polarised. 

The two very low frequency bands of crystalline PyICl and 

PyIBr at 92 and 94cm71 respectively, which have not been previously 

reported, may be assigned to the N-I-I in-plane bending mode. The 

expected positions of the bending frequencies of PyIC1 and PyIBr 

may be roughly estimated from known stretching force constants and 

interatomic distances, using the relation 
2 b2 k/ 	

\ 
=441, 	=2 sv)  2 	1 	b 	b b ) ) 1 + 	2 +  1+ 2  - , 

mI Tapy /) 
15 	

lu 

2 
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TABLE 7  

Assignment of fundamental vibrational frequencies of 

Pyridine complexes, and comparison with Pyridine and 

Pyridinium ion. 

Designation 	Pyridine Pyridine Pyridine Pyridine Pyridine Pyridinium+  
1CN 	12 	

lOr 	101 	(r) 

	

a1  .(CH) 	
2 

	

-(CH) 	20a 

	

-)(CC) 	8a 

3054 

3054 

1583 

3065 

3065 

1597 

3065 

3065 

1594 

3067 

3067 

1597 

3067 

3068 

1597 

3060 

1638 

'(00ICN)19a 1482 1474 1484 

3 (OH) 	9a 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 

blI(CH) 	20b 
1 

3083 3085 3085 3089 3085 

)(CH) 	7b 3036 3048 3042 3034 3039 3045 

)(CC) 	8b 1572 1557 1572 1569 1608 

-(CC,CN)19b 1439 1445 1445 1449 1449 1535 
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TABLE 7 (font' d)  

Designation PYridine Pyridine Pyridine Pyridine Pyridine Pyridinium+  
10 	12 	IBr 	101 	(I') 

(CC,CN)14 1375 

I-1(CH) 	3 1218 1235 1236 1242 1239 1326 

f; (CH) 	18b 1085 1087 1050 

ci (CCC) 	6b 652 656 653 655 649 

X sens 	15 1148 1149 1151 1152 1150 1161 

Py-1,X bending 94 92 

10 bending 336 

a2-c(CH) 	17a 981 980 

-,e(CH) 	10a 886 872 

qp(cc) 	16a 374 388 

b2(CH) 	5 942 939 940 941 

y(CH) 	10b 886 869 855 

:(CC) 	4 749 748 746 749 748 738 

OM 11 700 698 694 693 692 671 

X sem 	16b 405 413 420 420 421 

Py1X bending 68 72 
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where bi and b2  are the distances of N (of pyridine) and X respectively 

from I. The bending force constant, IC;:,„ is taken to be one tenth 

of the stretching force constant, Kir  Using 	force constant 

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

the bending frequencies of PyIel and PyIBr are calculated at 98 and 

83cm 1. These may be compared with the observed values of 92 and 

-1 	 1 94cm respectively. The infra-red band at 68cm of the PyIBr and 

- the Raman band at 72cm 1  may be assigned to bending or crystal 

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

3.2.1. INTRODUCTION 

-r-Picoline-halogen complexes have not been as extensively studied 

as pyridine-halogen complexes. "Nr-Picoline forms stronger complexes 

than pyridine. The stability constant and heat of formation of the 

y'r.picoline-iodine complex in 9A-heptane solution have been reported 

to be 3681/mole and 8.93 KCal/mole respectively, compared with 

160.51/mole and 7.47 KCal/mole for the pyridine-iodine complex in 

the same solvent and at the same temperature(93) 	This increase in 

strength is due to the fact that the methyl substituent of -Y:-picOline 

increases the electron density through induction and hyperconjugation 

and as a result the ionization potential drops. 

Glusker and Thompson(35) observed changes in the frequencies of a 

number of y=picoline bands on addition of iodine providing evidence of 

complex formation. Recently Lorenzelli(92), and Lake and Thompson(52) 

have observed the I-I stretching and N-I stretching vibrations of the 

"Y.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),C6H7N.I2, 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 2.83A° and the N-I distance 2.3e. 

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 ION has been predicted to be about 0.9ev which 

is about 0.8ev less than iodine.(97) The u.v. spectra of a number 

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

spectra of 'N'",:pic1CN complex has been discussed by Glusker and Thompson(35) 

and a number of 1CN complexes have been reported by Person et al(46) 

who extended observations of the infra-red spectra up to CsBr region 

\ (280cm -1). The two 1CN stretching modes were found to shift to lower 

frequencies and the bending mode to higher frequency on complex 

formation. The 10 stretching mode appears at 486cm71  in chloroform 

solution, and shifts to 430 and 398cm71  on complex formation with 

pyridine and trimethylamine respectively. The ICN bending mode which 

appears at 320cm71  in chloroform solution shifts to 336cm 1  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 y-picIX 

complexes (X=C1,Br or I). The nature of the species present is 
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discussed and the frequencies assigned. Consideration of frequency 

shifts of the \;picoline ring vibrations, intensity changes, solvent 

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



73. 

3.2.2. EXPERIMENTAL  

3.2.21. Purity of Materials: Ir-Picoline(GPR) was dried over KOH and 

BaO and finally distilled under reduced pressure. The purity of 

lr-Ticoline was found to be 90 by V.P.C. Purification of other chemicals 

has already been discussed in section 3.1.21. 

3.2.22. Preparation of Complexes  

*Nr-Picoline -iodine: y.t.picoline iodine solutions were prepared by 

mixing the components in suitable solvents immediately before use. 

Solid yspicoline -I2  was prepared as described by Gluaker and Miller.(94)  

A saturated ethanolic solution of iodine was added to excess of 

Water was immediately added and the resulting precipitate 

filtered and washed with water containing a little -y=picoline. After 

drying in a stream 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(lit.83.2 -83.4°e). 

Y=Ticoline-iodinechloride: Preparation of this complex has been 

discussed by Whittaker(96) et al. It was prepared by adding a solution 

of -)cpicoline in carbontetrachloride to a 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 1060c(lit.107 -108°c). 
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-Y:Picoline-iodine b. omide: This compound was prepared by adding a 

solution of Y:picoline in carbontetrachloride to a solution of 

iodineromide in carbontetrachloride. The orange 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 YpiclBraodine, 420% found 41.9. 

Y7-Picoline-iodinecvanide:  This compound was prepared immediately 

before use by mixing equivalent amounts of *N•=picoline and cyanogeniodide 

and diluting with another solvent where required. The preparation 

of .1.02- has already been discussed in section 3.1.22. 

3.2.3. Spectra: No decomposition was observed while running the 

spectra in Nulls. All the complexes were found to be stable for at 

least 30 minutes in polar or non-polr solvents provided there was no 

excess of -y-Tpicoline 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 piclBr or v..:..pic1C1 were dissolved in vloicoline or 

when iodine or cyanogeniodide were dissolved in excess of Y:picoline, 

noticeable changes occurred within 15 minutes. All the spectra for 

which Ypicoline was used as a solvent were carefully repeated, using 

freshly made up solutions every time for each section of spectrum. 

In this way it was possible to get reproducible spectra. 
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3.2.4. Results: The general features of the infra-red absorption 

of v..picoline -halogen complexes are shown in Figures 6 and 7. 

All 	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 spectra occur in the far-infra-red region, which thus 

is most usefully considered in discussing the species present. 

3.2.51. N--Picoline -iodine: An equimolar solution of iodine and 

y.7.pfaoline in non polar solvents such as benzene show only one single 

strc.g band at 169cm-1 in the 100-200cm
-1 range compared with the 

band found at 175cm71 by Loranzelli(93) and at 181cm-1 by Lake and 

Thompson(52) n cyclohexane solution. This band at 169cm
-1 can be 

confidently assigned to the I-I stretching frequency of the unchanged 

-1--picI2  charge-transfer complex. In contrast freshly made up solutions 

of iodine in excess of Y-Ticoline show two absorption bands in the 

100-200cm-1  region; a strong band at 162cm
71 and a medium band at 

137cm71. Spectra in a second polar solvent, nitrobenzene, also show 

the additional band at 137cm71. The band at 162cm71 is assigned to 

the I-I stretching frequency of the inionised complex, and can be 

compared with the I-I stretching frequency at 167cm 1 of PyI2  in 

pyridine solution.(48)  The new medium intensity band at 137cm-1  is 

assigned to the antisymmetric stretching vibration of the I-ion.(48'
91) 

3 



Fig. 6. A. Y-Picoline-I01 in Y-picoline. 	Y-Picoline-IC1 in 

benzene solultion. 

50 

20 

R 
P 

I 80 
0 

20 

76.  

100 	200 cm 	300 
j 

400 



50 

A 
13 

S 
R 
P 
T 

co 

50 

76a 

100 200 —1 
CM 

300 400 

Pig. 6a. 	The infrared spectra of Y—PicIBr (A) in benzene 

solution; (B) in Y—picoline solution. 
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3042vvw 
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1927m 

1835w 
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1615s 11613w 

1382w 

1286w 

1249m 

1212s 

1202sh 

10678 
1039m 
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1012s 

968m 

952w 

802vs 

775sh 

j1212m 	1213w 

067s 1067s 1069w 

p.010m 1012s 
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Table 9  

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

Equimolar y-picoline and iodine in 

CS2  benzene CHC13  t hexane CH2C12  

Iodine in 
excess of 
y-picoline 

Interpretation 

al  and b1  fundamental 

al  fundamental 

hi  fundamental 

1499 x 2 

968 x 2' 

802 + 1039 

a1  fundamental 

b1  fundamental 

al  fundamental 

ai  fundamental 

545 802 

531 802 

485 + 802 

1243w 	b1  fundamental 

at  fundamental 

485+714 

hi  fundamental 

fUndamental 

1025w 	[y-pic2I]1- 

1012m 	al  fundamental 

b2  fundamental 

a2  fundamental 

at  and f4 fundamental 

1938w 

1841w 

1667w 

1616s 

1562w 

1499w 

1353w 

1332w 

1212s 

1067s 

1040w 

1027s 

1013s 

970w 

805vs 



Equimolar y-picoline and iodine in Iodine in 
1 excess of 

CHC13  'hexane CH2C12  y-picoline cs2 benzene 

79. 

Table 9 (continued) 

Interpretation 

740vw 

714w 
709w 

544w 

531a 

485s 485s 

169s 

485s 

545ms 	5IVrfch 

533s 	536s 

485s 

162s 
137ms  

))132  fundamental 

be-pic2If 

ri  f-ln(l.nmental 

b2 fraerntal 

I-I stretching 

13 

533s 
4858 
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Table 10  

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

various media  

Saturated 	solution 	in In hexa- 
chloro- 
butadiene 
mull 

In 
Nujol 
mull 

Interpretations 
CS2 	ibenzene CH2C12  

I 

y-pico 
line 

3150w 

3080w 

3063s 

3042vvw1 

3028vvw 

2980w 
(broad) 

1930w 

1838w 

1667w 

1937w 

1845w 

1667w 

1620s 

I.498vw 

3082m 
3057m 

1923w 

1674w 

1927w 

1673w 

1613s 

1602sh 

1560w 

1560 + 1613 

1445 + 1620 

ai  and t4 fundamental 

a1  fundamental 

b1  fundamental 

1498 x 2 

973 x 2 

808 + 1039 

540 + 1115 

fundamental 

b1  fundamental 

ai  fundamental 

1385w 

1445sh 

1418s 

1371w 

1420s 

14 and b2  fundamental 

b1  fundamental 

a1 	fundamental 

1353w 1353w 540 + 802 

1333w 1319w 1319w 663 x 2 

1289w 487 + 808 

1250w ,1250w 1250m 1250m b1  fundamental 

1213s 1212s 1212s 1202s 1203s ei fundamental 

1201w 1194s 1195w 487 + 712 

1111vvw' 1115vvw llllvw llllvw f4 fundamental 
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Table 10 (continued) 

Saturated solution in In hexa- 
chloro 
butadiene 
mull 

In, 
Nujol 
mull 

Interpretations 

benzeneICH2C12  
! 

y-pico- 
line 

1093vw 1096w 1094w 1094w 544 x 2 

1068s 1067s 	1067s 1060s 1061s b1  fundamental 

1038w 1039w 1038m 1039w at  fundamental 

1026sh [y-pic2I]+  

1014s 1019s 1019s 1021s 1022s o4 fundamental 

969w 970w 973w  975w b2  fundamental 

956w at  fundamental 

804s 806s 808s 812w a4 and t4 fundamental 

793sh 

714m 706m 707m b2  fundamental 

663w b1  fundamental 

535s 537s 540c 540s 544s 540s al  fundamental 

485s 485s 4860 4878 487s b2  fundamental 

aols 189s 189s 1-Br stretching 

168m 1+ Bre  

124m 131m 146s N-I stretching 
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Table 11 

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

various media  

3067m 

3018w 

29546 

In hexa- In 
chloro- Nujol 
butadien= mull 
mull 

3131w 

30846 

3066m 

3045m 

3009m 

2982s 

2960m 
2923w 

2857w 

1937m 
	

1937m 

1844v 	1841w 

1675w 	1675w 

1623s 

1607m 

1560m 

1497w 	1297w 

1445s 	14666h 

1418s 	1420s 

1375m 
1352m 

1324m 	1326m 

1254s 	1256s  

Interpretations 

1560 x 2 

1445 + 1623 

al  and b., fundamental 

al  fundamental 

14 fundamental 

b4  fundamental 

b1  fundamental 

a/  fundamental 

1418 + 1445 

974 x 2 

808 + 1039 

711 + 1066 

543 + 1117 

) a/  fundamental 

b1  fundamental 

a/  fundamental 

bi  and b2  fundamental 

hl  fundamental 

al  fundamental 

543 + 808 

663 x 2 

icy,  fundamental 

Saturated solution in 

CS2  i06116 	CH2  C12  y-pico- 
line 

2855m 
1918w 

1837vw 

1934w 

1840w 

11764w 

1667w 

I1623s 

11613s 

1564w 

1498w 

1383w 

1355w 

1333w 
12.50m 
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Table 11 (continued) 

Saturated solution in In hexa- 
chloro- 
butadiene 
mull 

In 
Nujol 
mull 

Interpretations 
cs2  f-6 -6 CH2C12  y-pico- 

line 

12128 1213s 1212s 1213m 1213m al  fundamental 

1201sh 487 + 711 

1117vw 1116w 1116w hi  fundamental 
1097w 1096w 1096w 543 x 2 

1067s 	1068s 	1066s 1066s 1065s f4 fundamental 

1039ms 	1041w 1038ms 1037ms a1  fundamental 

1017s 1023s 10228 1024s 1025s al  fundamental 

970m 974w 976m 	b2  fundamental 

960w 	F. fundamental 

804vs 	809s 809vs 808vs 	a1  and b2  fundamental 

793w- 

714m .711ms 711ms 	711ms 	b2  fundamental 

535s 	5408 	543s 543s 547s 	549s 	fundamental 

485vs 	486s 	487s 486vs 	486vs ;b2  fundamental 

284s 	276s 281s 	1-C1 stretching 
IMO 

222s 	1 C12  

167wshl[r-pic2I]+  skeletal 

135ms 	146ms 	166s 	'N-I stretching 
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Table 12  

Infrared spectra of the y-picoline-ICN  

Equimolar y-picoline + ICN in ICN in 
excess of 
y-picoline 

Interpretation 
CS2  C6H6 cs2c12 

3077s 

3059sh 

3041m 

3028m 

ai  and b1  fundamental 
a4 fundamental 

bl  fundamental 

2995s 1503 x 2 

2852w 1420 x 2 

2146w CN stretching 

1931w 1938w 972 x 2 

1842w 1845w 802 + 1040 

1667m 1667m 526 	1162 

1639m 1639w 526+ 1111 (?) 

1610s al  fundamental 

1503m al  fundamental 

1420m b1  fundamental 
1287vw 486 	802 
1239w 526 + 722 b.!  funda- 

mental 
1224m 1224m 1228m al  fundamental 
1216s 1216s 1216s al  fundamental 
1208m 1207w 1200m 486 	722 
1160w 1162s b2  fundamental 
1070s 1068s 1068s b1  fundamental 
1040m 1039w al  fundamental 
1008s 1009s 1008s 1010s al  fundamental 

972w b2  fundamental 
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Table 12 (continued) 

Equimolar y-picoline + ICN in ICN in 
excess of 
y-picoline. 

Interpretation 
CS2  C6H6 CH2 C12 

806th 8068b ) ai  and b2  fundamental 
800s 

722m 

802s 803s ) 

b2  fundamental 

526s 528s 529s 530s ay fundamental 

486s 4868 488s b2  fundamental 

420s 420s 420s IC stretching 

336s 338s ICN bending 



86. 

The 1-
3 
 ion observed to be present in excess of -\:;:picoline or solution 

of N,--picoline and iodine in nitrobenzene, by comparison with pyridine 

and iodine, is probably formed by the reaction. 

2 picl2 	(-Nr-pic2I)+  4- 13 

This scheme needs the formation of the ion (,r-pic2I) . The ion 

(N-Lpic2I)+  is found to have only one infra-red band in the low 

frequency range (400-100cm-1), the antisymmetric NIN stretching 

vibration at 168cm (ref.sec.4). Unfortunately this frequency 

coincides with the I-I stretching vibration of the un-ionised complex 

and so cannot be separately distinguished. However, supporting 

eviden e is provided by the higher frequency. Here two distinct 

additimal bands can be distinguished in polar solvents such as 

methylenechloride, V-picoline etc., one is at e' -545cm-1 and the 

other at -.--1027cm-1 and they are found to correspond to the 	and 

:\6a  modes of (Ne-pic21) ion (ref.sec.4). But these bands are not 

observed for an equimolar solution of iodine and ylpicoline in benzene. 

The other higher frequency bands of the (Nr-pic2I)+  ion lie close to 

the corresponding bands of y-TicI2  complex. If it is assumed that 

the complex is un-ionised in non-polar solvents, and ionised thus 

-NnloicI2#(%'7-pic2I)+  

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

The spectrum obtained from a benzene solution of the solid 

"N4picI2  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 

YLpicoline and iodine in benzene. This agrees with the 4-ray datai 

confirming that this is the solid donor-acceptor complex. 

3.2.52. Y"-Picoline-iodinetimni.42)  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 

PyIBr complex,(48) the higher frequency band at 201cm71 is assigned 

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

band at 124cm 1 assigned to the intermolecular N-I stretching vibration. 

In Nr-picoline solution, an additional band at 168cm 1  is present. 

Both the IBr2 antisymmetric stretching vibration, which appears at 

174cm
71 

for PyIBr complex in pyridine solution and the NIN 

antisymmetric stretching vibration of the ion(y-pic2I) at 168cm
1
, 

art!: possible assignment for this band. The antisymmetric IBr2  stretch 

is the more intense band and comparison with the Y-picIC1 system 

indicates that it contributes most to the observed absorption. 

However, a contribution from the antisymmetric -Yr:pic-I-4pic stretching 

vibration cannot be ruled out. Imanajol mull of the solid complex 

only two bands are observed in the 100-400cm71 frequency range; one at 

189am-1 and the other at 146em 1, these may be compared with the 200 

and 160cm71 bands of pylBr complex in nujol mull, 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. 

this band may be assigned to the -:• 1  mode of the (-Nr.pic2I)+  ion 

(ref.sec.4). Assuming the complex is un-ionised in non-polar media 

and mulls, and ionised in polar media, all the bands mentioned in 

Table 10 are accounted for. 

3.2.53. 1(1Picoline-iodinechloride: Low frequency spectra of this 

complex in non-polar solvents such as benzene show only two bands. 

The higher frequency 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 290cm71  for pyICl complex in benzene 

solo-ion. The lower frequency band at 135cm71  is assigned to the 

N-I stretching vibration of the un-ionised complex. Furthermore, 

only two bands are observed in nujol mull in the frequency range 

-  400-100cm
71; one at 281cm 1  and the other at 166cm 1  . The 281cm 1  

band is assigned to the I-Cl stretching vibration and the 166cm7lband 

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 N--picoline solution show two 

additional bands (Table 11 column 6); one strong band at 222Cro% and 

a weak band at 167cm71. Spectra in nitrobenzene are similar, although 

the band at 167cm71 is somewhat obscured by the strong nitrobenzene 
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band at 178cm
71. The weak band at 167cm71 is also observed in 

methylenechloride and a solution formed with equal volumes of CH3CN 

— and benzene. The strong band at 222cm 1  can be assigned to the 

antisymmetric stretching vibration of the 1C1
2  ion.

(48'91) The 

formation of this ion suggests the ionisation 

+1C1-2-  is occuring in polar media. The weak 

— 1 bank at 167cm may be assigned to the NIN antisymmetric stretching 

v 
frequency of the ion (y:_pic2I)

+  Y. This is confirmed by the presence 

of a strong infra—red band at 168cm-1 for salts of the ion 

(r4pic2I)+(ref.sec.4). 

All the higher frequency bands of W-picIC1 in polar solvents lie 

very ciose to the corresponding frequencies of the ev--pic2I)*  ion. 

For example, the:;, and 
6a  bands of )4picIC1, appearing at 1023 and 

593cm 1 in methylenechloride solution (these two representing the modes 

of Ar---picoline most sensitive to the nature of complexing at the nitrogen 

atom) are still too close to the 1025 and 545cm71 band of 

(v=pic2I)+  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. 

2y-picICli:---‘("Nr-pic2I)+  +IC12 
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3.2.54. -V;Picoline-iodinecvanide: In the present work the frequency 

range down to 80cm-1 was examined, but no additional low frequency 

bands were found. The lowest band found at ^-338cm71 can be assigned 

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

metnylenechloride and excess of -,14..picoline solutions. As the ON 

stretching vibration of 1CH appears as a weakband and is expected to 

be even weaker(46)  in N,--piclON complex, there is some doubt regarding 

the position of this band. However in excess of N=picoline solution 

a very weak band at 2146=71  is observed and can probably. be  assigned 

to the Cf stretching mode. The intermolecular N-I stretching mode 

is expected to be very low, perhaps even below the range of our 

spectrometer. No evidence of ionisation of the ti=piclCTd  was found 

in any of the media examined. 

3.2.6. Assignments: In the crystalline state the symmetry point 

group of y.LpicI
2 is2v'

(1m) and it is expected that other y-picoline-

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

also expected to retain the same structure in solution. The infra-red 

data supports the 02v  symmetry. The presence of a bent N-I-X chain 

in the complex would reduce the symmetry to C2, and allow the vibrations 

derived from the a
2 

class, which is infra-red inactive for 2v point 

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

spectra of any bands near to the a2  class frequencies of Nipicoline 

(937,866 and 384cm71) supports a 02v  structure for the complex. 
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For C
2v symmetry the vibration fall into four classes 

a1'b1(in,-plane) and a2'b2(out-of-plane). For y:pica(X=C1
1Br orI) 

the 42 fundamental vibrations fall into the classes 

14a1+4a2+14b1+10b2. Of these vibrations 12a1+4a2+12b1+8b2  will be 

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

vibrations 2a
1
+2b

1
+2b

2 comnrise five intermolecular modes and the 

a1  IX stretching vibrations, all lying below 400cm
71. Adopting a 

C2v structure the vibrations of Ypicoline-ICN classify as 

15a1+4a2+15b1+11b2, the nine vibrations without being counterparts 

in free 	being five intermolecular vibrations (a1+2b1+2b2) 

and four vibrations derived from internal modes of IC N and. lying in 

the classes (2al+bil-b2). 

Comparison of the spectra with those of N=picoline(88'99) and 

ypicoline metal co-ordinated complexes(102) enables one to make an 

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 Ypicolinium ion given 

by spinner(100) 
with some modifications. By comparing with Ylpicoline 

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

given by Spinner are reassigned. The 1259cm71  band of •r-picHi-C1 

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

a band at --1250cm-1 for all the Y-picoline-halogen complexes suggest 

it should be assigned to the 9a mode. The frequencies of 

12 '.'118a '1)19a and :13.9b  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-1) 

Designation 
[11] 

y-Pico- 
line 

y-Pic-I 
-CN 

y-Pic-I2  y-Pic-I 
-Br 

y-Pic-I 
-C1 

(y-PicH) 

rti 
%)(CH) 	2 3050 ...;059 3060 3063 3067 - 
.)(CH) 	20a 3040 3041 3042 3042 3045+ - 

„)(CC) 	8a 1603 1610X  1616x  1620X  1623x  1633 
,)(CC, CC) 19a 1495 1503x  1499x  1498X  1498X  1504 

(CH) 	9a 1220 1224 1249 1250 1250 125 9 
P(CH) 	18a 1042 1040 1039 1039 1039 1033 
ring 	1 994 1008 1012 1014 1017 1007 
X-sen._ 	13 1212 1216 1212 1213 1212 1220 
X-sens 	12 801 - - - - - 
X-Sens 	6a 514 526 531 535 535 521 
methyl 2924 - - - 2923+ - 

methyl 1378 - 13826  1385x  1383x  1377 
)(I-X) - 42614  169++  201++  284:14  - 
)(N-1) - - - 124+4  135+  - 
,i)(0-N) - 2146 - - - 
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Table 13  (continued) 

Designation 
[11] 

y-Pico- 
line 

y-Pic -I 
-CN 

y-Pic-I2  y-Pic-I 
-Br 

y -Pic-I 
-C1 

(Y -PicH) 

bt 

	

%)(CH) 	20b 

	

)(CH) 	7b 

	

.)(CC) 	8b 

)(CC, CN) 19b 

)(cc, cN) 14 

	

P(0H) 	3 

	

3(CH) 	18b 

3050 

3029 

1561 

1417 

1365 

1283 

1114 

3059 

3r)28 

ats 

3060 

3025 
OM* 

••• 

1286 

3063 

3028 

1560+  

1420+  

1115x  

3067 

3018 

1560+  

1420+ 

1355x  

1117x  

1366 

1311 

a(CCC) 6b 669 651 
X -sens 15 341 351 
methyl 2970 2980 2982+  

methyl 1449 1445+  1445+  
methyl 1068 1070 1067 1068 1067 1069 
a(ICN) 33644  - NMI Mal 

b2  
.)(CH) 5 969 972 968 969 970 
)(CH) 10b 799 800 802 804 804 793 
0(CC) 4 728 722 714 714 714 
0(CC) 11 485 486 1'85 485 485 477 
X-sens 16b 211 222 
methyl 2960 

methyl 1445 1445 3.445 •••• 

methyl 

a(ICN) 
1148 

IMO 336++ 

•••• 

All frequencies refer to CS2  solution except: 
x In CH2C12. 	++ In benzene. 
In mull. 	/4  In CHC13 
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3.3, Pyridine-bromine and Pyridine bronize chloride complexes. 

3.3.1. INTRODUCTION: 

The Raman spectra of'solutions of bromine and bromine-chloride 

in various media(47) and the infra-red spectra of solutions of bromine 

in various donors(43) have been reported. The infra-red spectra of 

equimolar pyridine-bromine, and pyridine bromine-chloride solutions 

in chloroform have been examined over a small frequency range around 

(37) 1000cm 1 by 4ingero and Witmer 	. The far-infra-red spectra of 

solutions of pyridine-bromine,e:.picoline-bromine and several other 

similar complexes have been examined by Lake,(103) Recentlyffe-Ne 

Laser Raman spectra of solutions of bromine in various donors have 

been reported,(49) Apart from these few investigations no other 

infra-red or Raman studies of pyridine-Br2  and pyridine-Brel 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 sensiitive 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, tack charge-transfer, and force constants is deferred 

until a later section. 
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3.3.2. EXPERIEENTAL  

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 drop'ise with constant 

vigorous shaking. After about 10 minutes the dark red solid was 

obtained. This was filtered,washod thczeughly with carbontetrachloride 

and anhydrons ether (sodium dried), and finally dried in a stream of 

nitrogen. The melting point was found to be 610c (1it62-63°c; 

calculated from pyBr2, bromine 66.0; found 66%. This complex was 

also prepared by mixing the two components in suitable solvents 

immediately before running the spectrum. 

Pyridine-brominechloride: The preparation of this complex has also 

been described by Williams,(84)  who obtained a white crystalline 

solid melting at 107-8°c and stable in dry air, though decomposing on 

recrystallisation. Chlorine from a cylinder was passed through 

concentrated sulphuric acid and then into ice-cooled carbontetrachloride 

until a saturated solution was obtained. A 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 crystalline compound obtained thus was washed 

with anhydrous ether and dried in a stream of nitrogen, m.pt. 

1050(lit.107-80). An analysis was made for nitrogen and total 

halogen content. 

N 	Br 	Cl 	Total halogen 

(Calculated 
(for PyBrCl(%) 	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. 

3.3.3. Spectra: Solid samples dispersed in mulls were examined 

using A0C1,KBr and polythene 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 AgC1 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 Aga 

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 ligel 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 solid pyridine-bromine 

complex exposed to the laser beam. In addition the band at 166cm71 

which is very strong to begin with disappears completely after 

30 minutes exposure. To minimise the decomposition a fresh sample 

was used for each band in the spectrum thus reducing the time factor 

-66 	 a minute: Solid pyBrdl gave ho evidence of decomposition. 

M:4; e ii  i The reSidts are prebented in Tables L4 - )7. 

ifs 	x eag8g 8hiythe e inafidb whieh 6dh to clearly distinguished from 

the s8iVe A ba6kgrOund are reported: The recorded low frequency 

aiebtik aye ahc ii .fi Pigutes 8 and 9 and the higher frequency spectra 

tire ShWith ih PigUres 10 an0 IX. 

3.3.5. Intemretation of Swootra: 

3.5.51. Pyridine-bromine 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-1  (Table 14). 



in C6H6  iin CH2C12  in pyri- 
dine 

-1 ' 	-1 	-1 cm 	cm 	cm 

in C676 pyridine in CH2C12  

-1 
CM cm c

-1 

1455sh 
1451s 

1250ms 11254s 

!1205s 1210m 

11202s 

11154m ;11528 

1595s 1597s 

11521w 1521m 

1475s 

1452s 

1402m 

1351w 

1254s 

1210m 

1202s 

1152s 
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Table 14 

Infrared Spectra of the pyridine-bromide complex in different media. 

Saturated Solution of PyBr2  Equimolar solution Bromine 
(solid) 	iof Py and Bre 	' in ex- 
	  cess of 

1912w 

1841w 

1709m 

1912w 

1841w 

!171Im 

15998h 1602sh 1599sh ,1602sh 

1591s 1597s 1590s 1597s 

1479ms 1480ms 

1455sh 

1447s 1450s 1451s 	14478 1450s 
1360w 1359w 

1349ms 1349ms 1348ms 1351ms 

1250ms 

1206s 1206s 1205s 	1205s 1208s 

1153s k 1155s 1154m 	1152s 1.156s 

Solid PyBr2  in 

1Nujol hexachloro- ; 
;mull butadiene 

mull  
-1 	-1 cm 	cm 

3162sh 

3146s 

3142s 

3067s 

3053sh 

2955w 

2931w 

2842w 

3.912w 

1841w 1845w 

1715w 
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Table 14 (continued) 

Saturated Solution of PyBr2  Equimolar solution Bromine Solid PyBr2  in 
(solid) 	of Py and Br2 	in ex- 
	  cess of Nujol liexachloro - 
In CH2C12 in pyri- in C6H6  in CH2C12  pyridine mull butadiene 
I 	dine 	 mull  

in C6H6  

1102w 

	

1062s i 1066s 	 1063s 	1067s 	 1060a 	1061s 

	

1041s 	 1041s 
 

	

1030s 	 1030s 	 1035s 1036s 

	

1009s ! 1012s 	1011s 	1009s 	1012s 	1011s 	1007a 	1008s 
1004sh 1004sh 

941m 	 941m 	 984m • 

	

942m 	 942m 	 945m 

784sh 	 784sh 	 830w 

786m 

749s 	 748s 756s 	7576 
749sh,  

, 	699w 
684s i 	6846 

. 	 673sh1 672s 

638s 6388 639s 68s 638s 639s 6376 637s 
627s 	628s 	: 629s 	626s 	628s 	629s 
529vs 	. 	529vw 	. 	572w 	572vw • 
445m  446ms 446m 4-45m  446ms  446m 445s 4468 
418S 	420s 	421s 	418s ; 420s 	421s 
229s 	 215s 	; 229s 	1 215s 

187w 	 185s 	187w i 	185s 180s 

169sh 
128m  

	

140m 	! 128m 	 s  140m 

1 
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Table 15 

Infrared Spectra of the pyridine-bromine chloride in various media 

Saturated solution in 

 

In Nujol 
mull 

cm 

In Hexachloro-
' butadiene 

mull 
cm-1  

 

C6H6 	CH2C12 pyridine 
-1 	-1 	-1 

cm  
1 

cm 	cm  

 

    

3091s 

3062w 

3059m 
• 

3038m 

3025ms 

1915w 

184kw 

1912w 

1595s 1597s 15958 1597s 

1570m 

1517w 1517w j 1521w 

1488w 1475w 

1449s 1451s 1449s 1449s 

1389s 

1348w 1349m 1342s 1342s 

1328m 

1250m 1250s 1251s 

1206s 1206s 1205s 1206m i 1206m 

1154s 1157m 

1089w 1089w 
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Table 15 (continued)  

Saturated solution in In Nujol 
mull 

-1 cm 

In Hexachloro-
butadiene mull 

-1 cm 
C6H61  

CM -' 

	

CH2C11 	'pyridine 

	

cm-1 	cm-1 

1065s 

1011s 

1064s 

1041ms 

1033s 

1012s 

991w 

942w 

1040s 

1012s 

1060s 

1034ms 

1015s 

1006sh 

972w 

942ms 

861w 

784w 

769sh 

1060s 

1034ms 

1015s 

1006sh 

750s 750s 750s 

700m 700m 

684s 684s 

675sh 677sh 

635sh 

630s 632s 636s 641s 641s 

445ns 446m 

422m 425s 428s 430s 430s 

307s 274s 295s 
226s 

144ms 160ms 196s 

104ms 

85w 

71vw 
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	Top: The infrared spectra of pyridine bromine chloride 

Bottom: The Raman spectra of pyridine bromine chloride 

---- solid; — — in pyridine solution; ------- in benzene solution: 
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The weak infra-red band at 187cm
-1 can be confidently assigned by 

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

vibration of the Br
3 
ion. This is further confirmed by examining 

the spectra of BrI 4NBr3 in benzene, which show a single weak band at 

189cm 1. The other two bands, one at 229cm
71 and the other at 

128cm-1 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 308cm

1  is the Br-Br stretching of the complex 

benzene-Br2
(47'49) 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 pyridinA increases and filthily 

disappears when excess of pyridine i4 	t Tba Dodivm, Raman band 

at 16'cm
+1 by comparison with the Raman band at 162om

-1 of 

Me
4  N
+Br

3 
 can be assigned to the symmetric Br-

3 
 stretching mode, 

The strongest Raman polarised band at 226cm
71 can be assigned to the 

Br-Br stretching vibration of the un-ionised complex PyBr2. 

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

2PYBr2\t(Py2Br)i.  +Br; 

However, the intensity of Br-Br and N-Br stretching vibration suggest 

that in benzene solution the predominant species is PyBr2. A salt 

of the (Py2Br)+  ion has been independently examined (sec.4). This 

shows that ion (Py2Br)+  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 	308w 

Benzene and excess of bromine 	235m 	308s 

Benzene and excess of pyridine 	163s 	215s 

1 : 4 Dioxane 	162m 	221s 	300w 

Methylene chloride 	163m(p01) 218s(p) 

liPyridine 	 163s(p) 215s(p) 

Acetone 	 163m 	218s 	300w 

Nitrobenzene 	164s 	214s 

Acetonitrile 	163s 	211s 	252w 

mNitromethane 	165s 	210s 	258w 

Solid PyBr2 	166s 	188w 	198w 

-1 
163 cm

-1 band in stronger than 220 cm band 
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The antisymmetric stretching vibration of NBrN which is only infrared 

active, observed at 170cm71 and the symmetric stretching mode which 

is only Raman active, observed at 195cm71. Neither of these two 

bands are observed in a benzene solution of pyridine and bromine or 

a solution of crystalline PyBr2  in benzene. 

Most of the higher frequency bands of (Py2Br)+  ion nearly 

coincide with the bands of PyBr2  and are thus of little diagenestic 

value. However, the ring modes 16b and ...s46a' which are the two 

most sensitive to the nature of complexing at the nitrogen atom, are 

doubled in benzene solution (Table 14 column 1 and 2). For each 

7. band, one component, viz, of 1)6a  at 638 and of )3.6b  at 445cm71  

closely coincide with the appropriate ring vibrations of 

(Py2Br)+PF6 , may be assigned to pyridine ring vibrations of the 

(Py2BX ion. The other two bands in this region (418 and 627=7/) 

on comparing with the corresponding bands of 	 X(ref.sec.3.1.) 

complexes can be assigned to the 16b and )6a  of the un-ionised 

- 1 PyBr
2 
complex. The band at 1599cm which appears as a shoulder 

also corresponds to 
the8a mode of the (Py2

Br) ion. All the 

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

2PyBr2#(Py2Br)+  +Br; 

In polar solvents e.g. in excess of pyridine the low frequency 

infra-red spectra is identical to the spectra in benzene solution. 

However, in excess of pyridine the intensity of the band assigned to 

the Br3 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 Br; ion also increases in excess of 

pyridine or other polar solvents such as CH2C12, CR3CN, etc. 

No band at 308cm-1  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 --1600cm71  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 302cm
71 

has 

been ascribed to the Br-Br stretching frequency of benzene-Br2  

complex and the band at 281cm 1  to the Br-Br stretching frequency of 

PyBr2 complex. On repeated examination of the Raman spectra as well 

as the infra-red spectra we could not observe any bands at 281cm
-1 

(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 400cm71. Low frequency infra-rod 

spectra of solid pyridine-bromine complex show two bands; a strong 

-1 
and broad band at 180cm

71 and a weaker band at 169cm . 
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Raman spectra show three bands; one strong band at 166cm71 and two 

. 	. 

	

- 1' 	T 

	

weaker bands at 188 and 195 cm ; 	he interesting point is neither 

of these bands can be assigned to the un-ionised PyBr2 complex. 

The absence of both the Br-Br stretching in the region 200-230cm 1  

and the N-Br stretching near 130cm 1, which are both infra-red and 

Raman active confirms that the solid is not composed of the unionised 

charge-transfer complex. In fact all the Observed low frequency 

bands may be accounted for by the (Py2Br)l.  and Br; ions. The strong 

infra-red band at 180cm
71 

and the Raman band at 166cm
71 

can be 

assigned to antisymmetric and symmetric modes of the ion Br-3.  The 

infra-red band at 169cm71 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 

(Py2Br)+(ref.sec.4.). The -v-Raman band at 195cm 1  may be assigned 

to the symmetric NBrN stretch of the ion (Py2Br)+. The weak Raman 

band at 188cm 1 may be assigned to the antisymmetric Br-
3 
 stretch 

which is allowed in the crystalline state. Indication that the 

solid contains the ion (py2Br)+  is supported by the presence of single 

infra-red bands in the vicinity of --)8a17',46a  and 16b1  

(Table 14 column 7 and 8) the frequencies of these bands corresponding 



with those of the (Py2Br)1  ion (ref.sec.4). From these facts it can 

be inferred that the solid is entirely composed of (Py2Bril.  +Br; 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 

(Py2Br)+Br; 	2PyBr2  

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 308cm-1 is assigned to the Br-C1 stretching 

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

( 

BrC1 at 431cm 1 	 1 in CC14  solution and 418cm in benzene solution.(47) 

 
The band at 144cm 1  is assigned to the intermolecular N-Br stretch.103)  

Since brominechloride can disproportionate 2BrC17t:Br2+C12, the question 

arises whether the observed band at 308cm-1 might be due to the 

benzene-Br
2 complex, which has a band at --,-308cm

-1. 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 r-N-220cm-1. The absence of any band near .- ..220cm71 show that 
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disproportion is not taking place. The Raman spectrum in benzene 

solution (Table 16) below 400cm71 shows only one strong band at 

308cm71, which 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 PyBrel 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 2PyBrC1;;I:t (Pqr)-/-  +BrC12  in polar media. Salts of the 

ion (Py2Br) have two low frequency stretching vibrations; one at 

170cm-1 which is observed only in the infra-red and the other at 

- 195cm 1  observed only in the Raman (ref.sec.4.). The ion Brel2 has 

two stretching and one bending vibrations, all lying below 400cm 
1
--.(105)  

The antisymmetric stretching vibration at ,--220cm-1  is only infra-red 

active, while the symmetric mode at --270cm-1  is only Raman active 

- and the bending mode at --140cm 1  is both Raman and infra-red active. 

All the low frequency vibration bands of PyBrel in pyridine solution 

may be assigned assuming the ionisation described above. The 160cm
71 

infra-red band and 162cm-1 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 

Solvent 	Observed bands cm 

Benzene 

1 	4 Dioxane 

Methylene chloride 

Pyridine 

Acetonitrile 

Solid 

308s 

80Sh .006(p) 

192w 270se 

162vW 192w 278s(p) 

190w 276s 

lOw 171m 198m 255s 

appears as a shoulder on the 0 band of CH2C12 



stretching vibration of the complex: The infra-red band at 274cm71 

can be assigned to the Br-Cl stretching vibration: Howevei the 

Raman band at 278cm 1 may be assigned to either the symmetric stretching 

mode of the Bra2 ion or the Br-C1 stretching mode of un-ionised 

PyBra. 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 symmetric mode of the BrCl: ion 

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

to the Raman band are more clearly resolved.(Table 17) The sharp  

infra-red band at 226cm71 is assigned to the BrC12  ion. The weak 

Raman band at 192cm 1 can be assigned to the symmetric NBrN stretching 

mode of the ion (Pqr)+. 

In the higher frequency region the additional band at 635cm71 

which appears as a shoulder in methylene chloride solution can be 

assigned to a 6a  mode of the (Py2Br) ion, The other higher frequency 

bands of the PyBrCl in polar solvents nearly coincide with the 

corresponding vibrations of the (Pqr)4" 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 PyBrOl, (Py2Bri and Bre12% 

The vibration spectra of the solid complex, which has been 

reported by Williams(84)  to be PyBrOl, present several difficulties 

in interpretation. The solid compound prepared, is identical with 

William's compound in appearance, melting point and microanalysis 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 higher frequency infra-red spectra of 

the solid complex in mulls is found to be consistent with the un-ionised 

PyBrOl complex, in contrast to the solid pyridine bromine complex. 

Thesingle-\.16b 	
1 band at 430cm corresponds to the un-ionised '  

PyBrel complex. The ;16  band for (Py2Br)f  occurs at 445cm71, and 

therefore would have been clearly observed had this ion been present. 

There is also only one -)
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 spectra 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 l7); None of 

these low frequency bands can be assigned to (Py2BO+  and BrC12 ions. 

The absence of the strong infra-red band of (IVO+  near 170cm71 

(see sec.4.) excludes the possibility of presence of the (Pyir)4-  ion 

in the solid complex. Wimilarly the absence of the strong infra-red 

- 1  band of_BrC1
2 
near 220em and the Raman  band near 276cm 1 prove,the 

absence of the BrCl-  ion in the solid complex. However, the assignment 

of the low frequency vibration bands entirely to the un-ionised form 

is not straightforward. 
- 1 

The band at --196cm which appears both in 

the infra-red and Raman may be assigned to the N-Br stretching 

frequency of the PyBrC1 complex, though this appears at 160cm-1  in 

pyridine solution (Table 15). Such a large frequency shift of the 

nitrogen-halogen 44a stretching mode from the solid state to solution 

For example, the N-I stretching mode of 

1 	-1(48) Py1C1 which appears at 147cm shifts to 160cm 	in pyridine 

spectra is not uncommon. 
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- solution and finally to 170cm 1(40)  in a nujol mull. The Raman 

band at 171cm71 may be due to splitting of the N-Br stretching mode. 

Splitting of the N-I stretching mode of Py1C1 in a mull has been 

observed by Person et al(50) 	 1 The Raman band at 102cm and the 

infra-red band at 104cm 1 may be assigned to the N-Br -C1 bending mode. 

The weak infra-red bands at 85 and 71cm 1 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 1  which might be assigned to the Br-C1 

stretching mode is completely absent in the Raman. On the otherhand 

the strong Haman band at 255cm71  which could also be assigned to the 

Br-01 stretching mode, does not appear in the infra-red. The 

assignment of both the 295 and 255cm71 bands to this stretching mode 

requires strong interaction between the PyBrC1 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 BrC12 ion. Asymmetric polyhalide 

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

have found that the I
3 

ion in CsI
3 

is asymmetric. 
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Maki et al(91)  have alscrreported asymmetric IC1-  and Dr-  ions, where 2 	2 

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

If we consider the BrC12  ion in the (Py2Br)+BrC1: complex to be 

asymmetric then all the observed low frequency bands may be assigned. 

- 	- 1 • The infra-red band at 295cm 1  and.Raman band at 255cm may be assigned. 

to the )l  mode; the band at --198cm 1 to the 4\ 3 	 an mode, and the Ram  

band at 171cm71 to the)2  mode of the Br.C3; ion. However, this 

assignment requires the =')]. infra-red band of BrC1
2 

to be separated 

from the accompanying Raman)].  band by 40cm71(105).  Assignment of 

the,',-196cm71 band to the )3  and 170cm-1 Raman band to--)2  would also 

require displacements of some 30 and 40cm-1 respectively from their 

usual positions. It is also difficult to explain why the " 2  band 

is not observed in the infra-red. Furthermore, the antisymmetric 

Miff stretching mode of the (Py2Br)
+ 
 ion at -,-170cM

-1 
is not observed 

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

more difficult to fit to the (Py2Br)fion. 

The possibility of the formation of (Py1)-  and CiBr ions may 

be rejected for two main reasons. Firstly the formation of an ion 

such as (Py2C1)+  is highly improbable since chlorine as a co-ordination 
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centre is rare(108) and when it occurs it is very unstable; secondly, 

no bands for the ClBr2 ion in the vicinity of 230cm-1(107) are observed. 

3.3.6: Assignments: 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.,C2v' The absence in solution 

infra-red spectra of bands corresponding to the a2  modes of pyridine 

also suggests C2v  symmetry in solution. Comparison with the spectra 

of pyridine and PyIX complexes enables one to make an almost complete 

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

Table 20 shows this assignment. 
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Table 18 

Assignment of infrared active fundamentals of pyridine-bromine and 

pyridine-bromine chloride Complexes 

Designation Pyridine-bromine 

(In CH2C12) 

Pyridine -BrOl 

CH2C12) 

8,4 	NXCH) 	2 

,J(CH) 	20a 

)(CC) 	8a 1597 1597 

)(coloN) 19a 1480 1488 

e(CH) 	9a 1206 12o6 

p(CH) 	18a 1067 1067 

Ring 1 1012 1012 

X sens 13 

X sena 12, 1030 1033 

X sons 6a 628 632 

N-Br stretching 128 144 

X-Y stretching 229 307 

by 	N)(CH) 	20b 

.)(CH) 	7b 

)(CC) 	8b 

s)(CC,CN) 19b 1450 1451 

\)(CCICN) 14 

p(m) 	3 
p(m) 	18b 

a(CCC) 6b 

1206 1206 

X sans 15 1155 1154 

b2 	WH) 5 	 942 	942  
1) (CH) 10b 

.9(CC) 4 	748 	750 

9(CC) 11 

X sans 16b 	420 	425 



4. 	The vibration spectra and structure of the bis-pyridine 

iodine(I); bis -pyridine bromine(I); bis-y-picoline 

iodine(I) and bis-l-picoline bromine(I) cations. 

121; 
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4.1. INTRODUCTION  

Salts containing the ions (Py2I)+  and (Py2Br)+  have long been 

knowm(108,109;110) These ions are in agreement with the requirements 

of bico-ordination for the 	and Br+  species.(111)  Ions of this type 

are generally observed when the anions have slight or no capacity to 

N function as a ligand. Electrolysis of (Py
2 
 I)+  NO-  in anhydrons 

chloroform solution yields iodine at the cathode, while the solution 

around the anode remains clear.(109) This proves beyond doubt that 

the iodine is the positive constituent of the salt' 

In the compound Py2I7  obtained by direct interaction of pyridine 

with iodine, X-ray studies show the presence of an essentially planar 

cation (PyIPy)+  along with I; and 2
2 

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 

\ (Py
2I)

+ 
 ion has a centrosymmetric structure. Study of infra-red and 

Raman spectra of the salts of the ion (Py2I) in solution may 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 solid bis-pyridine iodine (I) nitrate 

and perchlorate have been reported by Zingaro and Tolberg
(36) 

and 

bis-pyridine bromine (I) nitrate, perchlorate and acetate by Zingaro 

and Witmer.(37) Their studies were confined to a small frequency 

range around 1000Om 1. 
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The primary object of the present study is to compare the spectra, 

N-I bond strength and charge distribution of the cations with that of 

pyridine and -mr:picoline charge-transfer complexes. Accordingly 

several salts of each of the ions (Py2I)+,(Py2Br)+,(y.--pic2I)+  and 

(1,cpic
2
Br) have been prepared and their vibration spectra in the 

solid state and in solution recorded in the frequency range 

40006-60cm-1. Many features regarding the structure of these ions have 

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 .... 	EXPERIMENTAL 

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 3.3.21. 

4.2.2. Preparation: Preparation of (Py2I)+C1C has been discussed 

elswwhere.(112) The preparations of (Py2I)+PF, (Pyi)+Brit, 

(Py2Br)+PF6'  (Yi P
L 	c

2 
 I)4BF4'(Y-P"2  I)+PF-  and (v=pic2Br)+PF-  are all 6  

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

iodine(I) fluoroborate. 
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17 grams of silvernitrate was dissolved in 70m1. of water 

contained in a beaker. 50m1. 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 0°c, solid crystals were formed at the bottom of the flask 

and reaicwd 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 MI was removed by filtration 

and washed with two 5 ml. portions of a chloroforms pyridine 

!_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 with 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. 



TABLE 19  

Compound 
	

Iodine % 	Bromine % Nitrogen % Fluorine 

Cale. Found Cale. Found Cale. Found Cale. Found. 

(Py2I)+010; 	33.03 32.9 

(Py2I)*BF4 	34.15 33.9 	7.5 	7.4 

( rPr-6, 	29.5 	2.9 	6.5 	6.3 PY2/t  

(Py2Br)+PF; 	20.88 20.4 

(Ypie
24  

	

)+BF-  31.77 3.2 	7.0 7.11 19.0 19.3 

(NT_pic2 	6 I)+Pr 27.7 27.9 

(.,,,Lpic2Br)+PF6 	19.5 19.0 

4.2.3, Spectra: The solid complexes were examined by dispersing 

in nujol or hexachlorobutadiene. AgC1,Kbr or polythene windows were 

used. The (Py2I)+, (Py2Br)l.  and (NIpic2I)+  salts were stable, but 

(1,:pic2Br)PF6 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 401 or polythene windows. In methylenechloride and 

acetonitrile solution all except (v:pio2Br) salts were stable for at 

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

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

made after every 10 minutes for all salts. The possibility a rapid 



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 used. Te get a reproducible spectrum of 

(Y:pic
2
13:-.)413F6 in 011

2
01
2 solution, each band was run several times 

with freshly made up solutions. The (y:pic2I)+  and (Y1Tie2Br)
I-salts 

in 1,e-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
2
I)+,(PyBr)+  and ("Y-Tic21)+  while running the Raman spectra in 

solution or in the solid state. However, each observed band was 

checked by running the spectrum in the region of the band using 

freshly made up solutions. (V:pic2I)+  salts in Y:-picoline were 

very unstable; however, the band at 161cm71 was clearly observed 

in fresh solution, even though it disappears completely after only 

10 minutes. Attempts to obtain the Raman spectra of (y-pic2Br)fsalts 

were unsuccessful, decomposition occuring very rapidly when the 

samp:',  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. 

Figures 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. 

N 
4.4. Discussion: The ion (Py2  I)

+  in solution may or may not 

retain its coplanarity depending on whether this feature in the 

crystal is due to intramoleculan (ir electron interaction) or 

inter-ionic forces. In the following section we will consider all 

the possible strutures of this ion and other similar ions 

(Pqr)+,(1e=pic2I)+  and (N=pic2Br)-4-. 

If e is the angle between the planes of the two pyridine or 

v----picoline rings (Fig.16), then the free ions may belong to the 

D
2 
 h(e. 0), D2(E.4.0 (0°) or D2d((=).90°) point groups. 

C. and C2h  are two other possible point groups (Fig.16). One may 

also imagine a bent NX,-N linkage between the two rings. 

First we will deal with the low frequency region of the 

spectrum as bends of this region are generally easy to assign. 

Whet7ver the structure may be, the number of fundamentals which are 

expected to occur at low frequencies is very small. All the nine 

skeletal vibrations (Fig.17) which involve the motion of the base 

rings as a whole are expected to lie below 400cm
-1
. In fact, 
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TABLE 20  

I.R. of 
(Py2I)C104  

in Nujol 
mull 	In 	In hexa- 	In 	In 	 In 

Nujol chlorobuta- 0H2012  CH3CN 	Solid CH2C12 
mull diene mull solution solution 	solution 

3159w 

3109s 
3102s 

3079s 

3049m 

3035m 

2950w 

2922m 

(Py2I)BF4  

Infra-red 	 Raman 

1919w 1926w 1919w 

1843w 1846w 	1848w 1846w 

1698w 1699w 

1654w 1652w 	1652w 1654w 

1600s 1601s 	1602s 1603s 1600s 1606m 1608w 

1580w 1575w 1580w 1578m 1578w 

1481w 1485w 1488w 

1455s 1452s 1438w 

1398w 1403w 	1400w 

1350m 1355ms 13551 1354m 
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(PY21)EP6 
Infra-red 
	

Raman 	Interpretation 

In Nujol In hexa- 	In 	In 
mull chlorobuta- CH2C12 

Solid CH2C12 
diene mull solution 	solution 

(1580 x 2) 

) b
1 
 fundamental 

)  

a1  fundamental 

a1
fundamental 

a1&b1
fundalL tal 

1354 + 1600 

1923w 
1883w 

1919w 

1847w 1848w 1845w 

1700w 1699w 

1651w 1652w 1654w 

1600s 1600s 1602s 1603m 1607w(P?) 

1580w 7.776w 1576m 1577w(P?) 
1506w 

1479w 1481w 1486m 

1455s 1452s 

1399m 1400m 

1355ms 1355ms 1355ms 

1355 + 1580 

760 + 1161 
638 + 1248 
638 + 1215 

690 + 1010 

638 + 1010 

al  fundamental 

b1  fundamental 

a1 
 fundamental 

b1 
 fundamental 

638 + 760 

b
1 
 fundamental 
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TABLE 20 (Cont'd)  

181 * s 

I.R. of 	(PyI)BF 
(Py2I)C104 	2 4  

in Nujol 	Infra-red 	Raman 
mull 	In 	In hexa- 	In 	In 	In 

Nujol chlorobuta- CR2C12  CH3CN 	Solid CH2C12 
mull diens mull solution solution 	solution 

1248m 1249m 	1250m 1246m 

1205s 1207s 	1209s 1210s 1210s 1216m 1216m 
1200sh 1200sh 

1161ns 1161s 1158s 1156s 1166m 1158m 

1055s 

1038ms 1039s 1039s 

1010s 1009s 	1010s 1010s 1010s 1020s 1021s 
1005sh 1005sh 1005sh 

952m 945m 954w 

760s 761s 760s 
750sh 

700sh 700sh 707ms 
690s 690s 691s 692s 

638s 638s 638s 637s 638s 646s 644s 

439s 441ms 441s 437ms 437m 425vw 4a2vvw 
362vvw 

172s 172s 172s * 182s 180s(P) 

* In pyridine solution 

In these tables, bands due to solvents or the counterion are omitted 



Raman 	Interpretation 

In 
CH2C12 
solution 

b1 
 fundamental 

1215m(P)al  fundamental 
441 + 760 

1157s(dp) b1  fundamental 

b1  fundamental 

a1 fundamental 

1036s(P) )a fundamental 
) 1  

1019s(P) ) a1  fundamental )  
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(Py2I)PF6  

Infra-red 
In Nujol In hexa- 

mull 	chlorobuta- 
diem© mull 

In 
CH2C12 
solution 

Solid 

1248m 1247m 

1206s 1206s 1210s 1216s 
1193sh 

1160m 1158m 1167s 

1094w 1094w 1090w 

1059s 1059s 	, 1062s 1066vw 

1040s 1038s 1040s 1036s 
1032sh 1032sh 1030w 
1010s 1009s 1009s 1019s 
1005sh 1005sh 

952w 946w 949w 

759s 758w 

700sh 701$h 
690s 689s 

638s 638s 637s 644s 

438s 4388 438s 419w 

172s 1728* 181s 
90w 

b2 fundamental 

b2 
fundamental 

b2 
fundamental 

645s(P) 	a1 
 fundamental 

b
2 
fundamental 

181s(P) skeletal 
182* s 
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TABLE 21  

Vibration Spectra of (Py2Br)PF6  

in various media 

Infra-red 	Raman 
In Nujol In 	In hexa- 	Solid 	In 
Mull CH2Cl2 

c!.lorobuta- 	CH
2Cl2 

dienemull solution above 	
solution 

2000om  

Interpretation 

3141w 	 1574 x 2  

3114s 	 b1  fundamental 

3099sh 

3073w 	 alfundamental 

3053m 	 alfundamental 

3037 	 alelfundamental 

3015w 1454 + 1584 

1929w 1915w 766 + 1160 

1845w 1845w 639 + 1213 

1708m 690 + 1021 

1658w 647 + 1011 

1600s 1601s 1609m 1608w a1fundamental 

1574w 1574w 1577m 1584w b1 
 fundamental 

1538w (744 x 2) 

1487m 1487m a1fundamental 

1454s b1fundamental 

1408w (638 + 766) 
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TABLE 21 .(dont' d) 

Vibration Spectra of (Py2Br)PF6  

in various media 

Infra-red 
In Nujol In 
Hull 	CH2

01
2 

solution 

Raman 
In hexa-. 	Solid 	In 
chlorobuta- 2Cl2 
diens mull 	solution 
above 	. 
2000cm  

Interpretation 

1354m 

1254ms 

1351ms b1
fundamental 

b1  fundamental 

1206s 1205s 1213s 	1213s(P) alfundamental 

1192sh 

1161m 1158s 1160w b fundamental 

1095w 1090w b1
fundamental 

1066s 1062s 1072w a1  fundamental 

1037s -1040s 1035s 	1035s(P) ) alfundamental 
1032sh 1033sh 

1011s 1011s 1021s 	1022s(P) alfundamental 
1006sh 1008sh 1012sh(w) 

978w A2
fundamental 

953m 

766s 

690s 

945m 952w bfundamental' 

b2fundamental 

b2fundamental 
674sh 

639s 639s 647s 	649s(P) a1 
 fundamental 

452s 450s 635sh(w) b2
fundamental 
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Vibration Spectra of (Py2BR)PF6  

in various media 

132. 

Infra—red 

In Nujol In 
Mull 	CH2C12 

solution  

Raman 

In hexa= 	Solid 	In 
chlorobuta— 	CH2C12 diene mull solution above 
2000cm71 

Interpretation 

170s 170s 	189s 193s(P) skeletal 

168w 

138w 

* In pyridine solution 



TABLE 22  

(Y-Pio2I)BF4  

Infra-red 
	 Raman 

In Nujol 
mull 

In CH2C12 
solution 

In CH3ON 	Solid 	In CH2C12  

solution 	solution 

1938w 

1848w 

1689w 

1941w 

1838w 

1945w 

1838w 

1623s 1620s 1618s 1620ms 1621m(P) 
1613s 1613s 1610s 

1560w 1557w 1560w 

1504w 1499m 1506m 1506m 1506w 

1383m 1387s 1585ms(P) 

1566w 

1333w 1333w 1333w 

1284m 



In Nujol In hexa- 	In CH Cl 2 2 Solid 
In CH2

012 
Interpretation 

solution mull ahlorobuta solution diene mull 

133aI 

ic I)13F6  

Infra-red 	Raman 

3133w 	 1560 x 2 

1307m 	 1610 + 1502 

3067m 	 a1&b1
fundamental 

3053m 	 a1fundamental 

3021w 	 b fundamental 

2992w 	 1502 + 1506 

2924w 	 alfundamental 

1944w 	1941w 

1848w 	1848w 

1333w 	1333w 

1930w 

1835w 
1767w 

712 + 1228 

810 + 1028 
813 + 1952 

712 + 958 

1618s 1620m 1622w ) e, fundamental & 
1610s ) 8t0 + 813 

1560m b1  fundamental 

1499m 1506m 1501w a1fundamental 

b1&b2fundamental 

b
1 
 fundamental 

1383m 1387ms 1383ms a1  fundamental 

1366w 662 + 712 

1331w 1338w 660 + 662 

1680w 	1680w 

1618s 	1621s 
1610s 	1610s 

1557w 

1502m 	1502w 

1447s 

1439s 

1387m 
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TABLE 22 (font' d)  

(N--Pio2I)BF4  
Infra-red "Raman 

In Nujol 
mull 

In CH2Cl2 
solution 

In CH3ON 

solution 

Solid In CH2012 
solution 

1254m 1253m 

1231w 1225w 1225w 1233s 1227s(P) 

1211s 1212s 1211s 1216s 12154) 

1l25w 

1096w 

1067s 1068s 

1037m 1036m 
0 

1022s 1025s 1025s 1027s 1031s(P) 

983vw 990vw 

970vw 

873w 871w 

820s 813s 814s 813s 813s(P) 
813s 

713m 712m 714vw 

666w 
660w 662w 663s 663s(dp) 

545s 545s 546s 553s 554s(P) 

490s 490s 494s 484m 

164s 1688* 164s 162s(P) 

80m 	 1618* 

" In -r-picoline solution 
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(Y:-Pic
2
I)PP

6 
Infra-red Raman 

In Nujol 	In b:c..xa 
mull 	chlorobuta- 

dien3. ttll 

In CH
2
C12 

solution 
Solid 

In CH
2 
 Cl
2  

solution 

Interpretation 

1297vw 	1297vW 

1258m 	1255m 

491 + 808 

b1  fundamental 

---1228w 1228w 1226w 1228s 1226s alfundamental 

1209s 	1209s 1207s 1215s 1211s a1  fundamental 

1121w 	1121w 1120w b1fundamental 

1098vw 	1098vw 1096w 549 + 551 

1063s 	1063s 1061s 1072m 1069w b1 
 fundamental 

1043w 	1042w 1038w a1fundamental. 

1024s 	1025s 1024s 1028s 1028s a1  fundamental 

988vw 494 + 484 

975w 975w 968vw b2fundamental 

952w a2fundamental 

810s 808s 810s 813s 813s ) a1&b2
fundamental 

712m 711m b2fundamental 

666w b fundamental 1 
660w 662s 662s 

545s 545s 549s 551s 553s a1  fundamental 

491s 491s 491s 485w 487w b2fundamental 

162s 160s 'skeletal 



135. 

TABLE 23  

Infra-red Spectra of (sel-Pic2Br)PF6  

in various media 

In Nujol In hexachloro- 
Mull 	mull 

In OH2C12 
solution 

Interpretation 

3130w 	 5 x 1562 

3105m 	 (1502 + 1610) 

3077ms 	 a1
& b1

fundamental 

3058ms 	 a1  fundamental 

b
1 
 fundamental 

(2 x 1502) 

al  fundaMental 

(712 + 1222) 

(810 +.1026) 

(810 + 873) 

(666 + 975) 

al  fundamental and 

(810 x 2) 

b
1 
 fundamental 

a1 
 fundamental 

b
1
& b2

fundamental 

b1 
fundamental 

a1  fundamental 

b
1 
 fundamental 

3023m 

2990w 

2923w 

1943w 1943w 1932w 

1848w 1848w 1838w' 

1680w 

1644m 

1621s 1621s 1623s 

1608s 1610s 1613s 

1562w 1568w 

1496w 1502m 1509m 

1450s 

1435s 

1387ms 1385m 

1366w 
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TABLE 23 (Cont 4)  

Infra-red Spectra of ("Y=-Pic2
Br)PP

6 

in various media 

In Nujol 	In hexachloro= In 0112C12 
Mull 	butadiene mull solution 

Interpretation 

1332w 	1332w 	1328w 	(666 x 2) 

1259m 	1260m 	 (543 + 712) 

1223w 	1223w 	 a1 
 fundamental 

1205s 	1205s 	1206s 	a1  fundamental 

11.20w 	1120w 	1121w 	b1  fundamental 

1099vw 	1100vw 	1098w 	(2 x 543)  

1062s 	1062s 	1063s 	b
1 
 fundamental 

1041sh 	1045sh 	1040sh 	a1  fundamental 

1025s 	1024s 	1026s 	al  fundamental 

	

975m 976m 	b2 fundamental 

954w  a2 fundamental 

810s 	808s 	

941w 

	

811s 	a1& b2
fundamental 

711ms 	712ms 	 b2 fundamental 

666w 	 ) b
1 
 fundamental 

660w 	
) 

 

536s 	538s 	543s 	a 1 fundamental 

493s 	495s 	4948 	
) b

2  fundamental 
486s 

170s 	170s* 	skeletal 

* In Nr-picoline solution 



Desi ation 
(8 

	

9.1)011) 	2 

(CH) 20a 

	

;,-(00) 	8a 

. (CC.CN)19a 

P(CH) 9a 

12(0E) 18a 

Ring 1 

X-sens 13 

X=sens 12 

X-sens 6a 

b (011) 20b 1 

	

'i(C11) 	7b 

MCC) 8b 

.ACC.CN)19b 

r,(CC,CN)14 

	

(OH) 	3 

137. 
TABU 24  

Assignment of vibrational frequenciee related to 

internal vibrations of the base groups; 

(Py21)+ 
 (Py2BW 

1.11, 	Raman 
in 	in 
Soln. 6oln. 

I;R: 
in 
mull ' 

Raman I;R: 	RaMan 
Solid in 	in 

Soln. Soln. 

4R; 
in 
mull 

Raman 
solid 

3079 

3049 

3073 

3053 

1602 1607 1600 1603 1601 1608 1600 1609 

1481 1488 1479 1486 1487 1487 

1210 1216 1207 1216 1205 1213 1206 1213 

1062 1059 1066 1062 1066 1072 
(1009 1010 1011 1011 

11005  
1019  

1005  
1019  

1008  
1022  

1006  
1021 

k 

3035 3037 

1040 1036 1040 1036 1040 1035 1037 1035 
1030 1032 1033 1032 

637 644 638 645 639 649 639 647 

3109 3114 
3102 

3035 3037 

1576 1577 1580 1576 1574 1584 1574 1577 

1452 1455 1438 1454 

1355 1355 1351 1354 

1246 1248 1254 
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TABLE 24 -(0onti d)  

Assignment of vibrational frequencies related to internal 

vibrations of the base groups. 

(Py2Br)+  

Designation 
(8) 

I.R. 	Raman 
in 	in 
Soln. Soln. 

I.R. 
in 
Mull 

Raman I.R. 	Raman 
Solid in 	in 

Soln. mull 

I.R. 
in 
mull 

Raman 
Solid 

is(CGC) 

X,sens 

6b 

15 1158 1157 1160 1167 1158 1161 1160 

ai*H) 17a 978 

':(CH) 10a 

(CC) 16a 362 

b2((01:1) 5 945 952 945 953 952 

(CH) 10b 

%%,(0C) 4 760 761 758 766 

11 692 
707 

X-sens 16b 438 422 438 425 450 452 
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Pail 24 tdo4invd1 

(i,---14021)+ 
	

yz-Pie2Br) (PF6) 

Designation 
(8) (9) 

I.R. 
in 
soln. 
(CH L2  
°rap) 

Raman I.R. of 
in 	mull 
aoln. 
(CH2Cl2) 

Raman I.R. in I;R; in 
solid CH2C12  mull 

soln. 

a 	(CH) 	2 

	

)(CH) 	20a 

3067 

3053 

30/7 

3058 

1618 1618 1623 1621 
(C0 ) 	8a 1610 1622 1610 1620 1613 1610 

)(C0.01)19a 1499 1501 1502 1506 1509 1502 

P(OH) 	- 	9a 1226 1226 1228 1228 1223 

f-(CR) 	18a 1038 1043 1040 1045 

Ring 	1 1024 1028 1024 1028 1026 1024 

X-sens 	13 1207 1211 1209 1215 1206 1205 

X-sens 	12 814 813 813 
820 813 811 808 

X-sens 	6a 545 554 545 553 543 538 

Methyl 	M. 2924 2923 

Methyl 	M2 1383 1383 1387 1387 1385 1387 

b1  ) (CH) 	20b 3053 3058 

) (CH) 	7b 3021 3023 

i(CC) 	8b 1560 1557 1568 1562 

)(CC.CN)19b 1439 1435 

'-')'' (CC.CN)14 1366 1366 
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TABLE. 24 tbont'd)  

(Y=Tio2a- 
	 (,(-pic2iar)+  (pr6) 

beignation 	I.R. 	Raman I.R. of Raman I:11: in I.R. in 
(0) (9) 	in 	in 	mull 	solid CH2C12 	mull 

soln. so1r4 	solution .(CH2C12  (CH2012)  

O±CH3
CN) 

(CH) 	3 2197 

(CH) 	18b 	1121 1121 1120 1120 

(CCC) 	6b 	662 663 666 
660 663 ( 	666 

( 	660 

1L-sens 	15 

Methyl M2(b1) 2992? 2990 

Methyl M4(b1) 1447 1450 

Met1y1 M6(b1) 1061 1069 1063 1072 1063 1062 

a2  (CH) 	17e. 952 941 954 

(CH) 	10a. 	871 873 

	

(CC) 	16a 

	

b2  (CH) 	5 	975 975 970 976 975 

(CH) 	10b 	813 820 
813 811 810 

(GC) 	4 	712 713 714 711 

s(CO) 	11 	491 

k-bens 	16b 

487 490 485 494 495 

Methyl M2(b2) 2  2992? 2990 

Methyl M4(b2) 1447 1450 

Methyl M6(b2) 



Fig. 12 . Top: Infrared spectrum of the (Py2I)+  

in CHCl2'-below 400 cm
-1  in pyridine 

Bottom:-  Raman spectrum in CH2C12 
'solution. 

cation. Above 400 cm-1  

solution. 
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1400 

Fig. 13 . Top: Infrared spectrum of the (PyBr) cation. Above 400 cm-1  
2 Cl2' below 400 cm-1  in pyridine solution. 

Bottom: Raman spectrum in aa2g12  solution. 
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Fig. 14. Top: Infrared spectrum of the (Y-Pic2I)+  cation. Above 400 cm-1  
in CH2012' below 400 cm 1  in Y-picoline solution. 

Bottom: Raman spectrum in CR
2  012  solution. 
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Fig. 15 Infrared spectrum of the (Y—Pic2Br) cation. 

Above 400 cm-1  in GE2C121 below 400 cm
-1  in.  

Y—picoline solution. 
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1.40•110.6. 

2d 

4.;•••,;-• 

Fig..I6 Some possible rigid structures of the (Py I 	cation, 
incorporating . a linear N=I-NTgroup. 



1.  N--1 --N antisymmetric stretch 

2.  11 

d'I N\  

symmetric stretch 

3.  N 	N in-plane bend 

4.  " out -of -plane bend 

5.  z  N—N in-plane 

6.  11 out-of-plane 

7.  in-plane 

. 	out-of-plane 

9. Torsion 

146 

17 	Modes involving the NI -N atoms. 
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in the frequency range, only two strong bands are observed for each 

of the ions in solution as well as in the solid C5ate. One of 

these is observed in the Raman but completely disappears in the 

infra-red. The other is infra-red active but is not seen in the 

Raman. For example, for the ion (Py
2 	

(Table 20), the Raman 

spectra show a strong polarised band at 181cm71 and infra-red spectra 

a st77,_.g sand at 172cm71. Neither of these bands is present in 

pure pyridine nor in the anions (Bri.i.,PF-6  or C104). Tho most 

likely assignments of these two bands are to the N-I-N stretching 

vibrations which are likely to be very intense. The position of 

these vibrations for 4.he ion (Py2  I) ' may be crudely estimated from 

the relations, 

=(1C+1(12) /A'y 
>,3  _(K .K12) 

(A

'y +2/4-22 ) 

ehere /A'y  and An  are the reduced masses of pyridine and iodine 

respectively, and K and K
12  are the stretching and interaction force 

constants respectively. We may assume the value of K to be 

approximately equal to the N-I force constant of PyIC1, which is 

the strongest among the pyridine halogen charge-transfer complexes. 

This value has been calculated by Person et al to be 1.02mdyn 	
o 

, A value of 0.4 ma,ynok/o  for X
12 

is not unreasonable.(50) Putting 

tnc..;e values in the above equations one calculates the symmetric 

and antisymmetric stretching frequencies to be at 174 and 172cm71 

respectively. By comparing with these values, the band at 181cm-11 



11+8. 
which is observed only in Raman spectra may be assigned to the NIN 

symmetric stretching vibration and the band at 172cm71 which is 

observed only in infra-red, to the antisymmetric stretching vibration 

of the ion (Py
2I) . 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 (py2I)+  ion, the Raman bands of (Py2Br)+  at 193 and 

(Y%Pic2I)+  at 169cm-1  may be assigned to the NBrN and NIN symmetric 

stretching vibrations respectively, and the infra-red bands of 

(Py2Br)+  at 170, (Y=pic2I)+  at 164 and (-)r;pic2Br)+  at 170cM 1  to 

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

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 (bis-Nr-picoline ions) 

may therefore be classified under the point group C2v  (symmetry of 

free bases). All the observed bands may be assigned by comparison 

with pyridine and pyridine-halogen complexes, and Nr-picoline and 

y-picoline-halogen complexes. In the following section we will 
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discuss the assignments of (Py2Br)i-  and (..,4.pio2BW are identical 

with their iodine counterparts. The following considerations refer 

to both solution and solid spectra: 

a1-type vibrations: 

(Py
2 
 I)jr  ion. 

On the basis of intensity and polarisation data the Ratan bands 

1215, 1036, 1019 and 645cm 1  are unequivooally correlated to the 

8a' '494' )12'41 and )6a  modes of pyridine respectively. 

Similarly the strong infra-red bands at 1602, 1210, 1040, 1009 and 

638cm 1 may be correlated to the - 8a/ )9at  .) 12' 	and J 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 1066cm 1, and also infra-red bands at 1488 

and 1066cm-1, and also infra:red bands at 1481 and 1066cm71  may be 

correlated to 
19a 

d 	18a modes of pyridine respectively. 

(ypia21) ion. 

Similar correlations may also be made for this ion. Strong and 

polarised Raman bands at 1622, 1385, 1227, 1215, 1032, 818 -and 

554cm71, and also the corresponding infra-red bands at 1618, 1383, 

1226, 1207, 1024, 814 and 545cm-1  may confidently be correlated to the 

8a' 142, 19a' 13' ')1' 12 and 	modes of Y-picoline respectively. 
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The weak Raman band at 1506cm 1 and infra-red band at 1499cm 1 may 

both be related to the 
19a mode. 

b
1-type vibrations: 

/ 	\+ ay2I)ions. 

Only a very few Raman bands may be assigned to this class. 

Generally bands of this class aro weak in Raman spectra. However, 

at 1157cm-1 the only depolarised band is observed, and this without 

doubt derives from the )
15 mode of pyridine. , Two other Raman bands 

at 1576 and 1438cm 1 may be correlated to S)18b and 16b modes 

respectiVely. The infra-red bands at 1576, 1452, 1355, 1246, 1158 

and 1090cm71 may be related to the -„ 
OD 	';‘\.191:17  a 14' ) 3' 

)1510  and 

18b respectively. 

(",c=pic2
') ion. 

The very weak infra-red band at 662cm-1 and.the very strong 

- 1 depolarised Raman band at 663cm may be correlated to the 6b  mode 

of Y=picoline. For all 4-substituted pyridines this planar ring 

deformation (16b)  always appears especially intense in the Raman 

spectrum whilst, in the infra-red it is weak.(88) Strong infra-red 

bands in the spectra at 1439 and 1447cm 1 may readily be assigned to 

16b and N
4 

modes of -,r-picoline. The infra-red band at 1283cm 1  

k of y-picoline which has been assigned to i3(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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- 12600m-1  and the other at 1297cm 1  4 The former is the stronger; 

and would therefore seem more likely to be the fundamental derived 

from -;)
3
4 As the vibration of this class are not sensitive to 

complexing; it seems that the assignment(88)  of a band at 1283cm
1 

in w=picoline to the 	fUndamental may need revision. Other 

vibrations which may very easily be related to the corresponding 

yz.pi,coline modes needs no comment (Table 24). 

e2-type vibrations: 

(PY2/) +ion: 

The frequencies of these modes are expected to be very close to 

those of the corresponding pyridine modes. Only one band the Raman 

band at 362cm71 may be assigned to this class and may be related to 

16a mode of pyridine. 

(v=loic2I)-1.  ion: 

The Raman bands at 952 and 873 may be related to 	and 
17a 	10a 

- 1 modes of y:spicoline. The infra-red band at 871cm may also be 

related to 10a' 

b2
-type vibrations: 

(Py2I)+  ion: 

The two ring deformations (;4  and --:4 11) are identified with the 

strong infra-red bands at 760 and 690cm-1. The latter appears also 

in the Raman spectrum as a weak band. The X-sensitive 	161o)  band 



152. 

is identified with a strong infra-red band at 438cm711  and a weak 

Raman band at 422cm71. The infra-red bands at 945 and 813cm 1 may 

be assigned to
5 
and 4101) nodes of pyridine respectively. 

2I) ion: 

The infra-red band at 712cm71 and the Raman band at 714cm71  nay 

be assigned to the 
4 ring deformation of 'vzpicoline. The other 

ring deformat
ion'11' appears at 491cm

71 in the infra-red and 

485cm71  in the Raman. The infra-red bands at 2992 and 1447=71  may 

be related to the M
2 and N6 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, C  C2h and D2 with C2v are shown in 

Table 25, together with their infra-red and Ranan activity.(113) 

The D
2 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 b
1 and b2  classes of the C2v point group 

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

D
2d symmetry; while the pair of cation vibrations derived from the 

a
1 mode should both be Raman active. These requirements are.  not 

observed. For example, of the pair of bands 1009 and 1019cm71(Tab1e20) 

/ in the (py
2  I) ion derived from 992cm

-1  t.e.
1 

class) of pure pyridine, 

only the 1019cm-1 band which is observed in infra-red completely 

disappears in the Raman. This fact eliminates the D2  and D2d  structures. 
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Table 25 

Correlation between the symmetry Classes; and selection rules. 

;v 	C. 1 Di 

a (R) 	(R) _ 	a
g 
 (R) 
	

ao (R) 	a; (R) 

b1  (IR+R) b2  (I12+11)1C'kR+IfNla (IR) 
	

b%. (IR) 	bi u  (IR) 

bi  (IR+R) a2(inactive) 	a
g 
 (R) 
	

bg  (R) 	bq g (R) 

a (R) 	 a
u (IR) 	au(inactive) 

b2 (IR+R
e ( IR+R) 	

a
g 
 (R) 

11.3  (IR+R)V 	(R4.103 au  (IR)  

a (R) 

bu (IR)  

beg  (R) 

b3u  (IR) 

bag  (R) 

btu (IR) 

b2  (IR+11)- 	a (R) 	b (R) 
tie (IR+R) 	g 

133  (1R+R)' 	(R+Ii)%'4 a (IR) 	au (IR) 
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The mutual exclusion of Raman and infra-red bands indicates that the 

cation structure must have a centre of symmetry. Ci  and C2h  structures 

demand that the modes derived from the a
2 

class should be infra-red 

active. The absence in most of the observed infra-red spectra, of 

any bands near to the a
2 class frequencies of pyridine (986, 891 and 

375 	1) for the (py2X)+ions, and of y:picoline (937, 872 and 384cm71) 
,+  

for 4 	(1.-('-pie2X ions, supports a D2h  structure for the cations; 

The difference between the infra-red and Raman frequencies of the 

most prominent fundamentals ) 	)
8a' 9a' ) 1' ' 	and 6a 	16b remains 8   

the same, within experimental error both in solution and in the solid 

state (Table 24). T"&s indicates a similar interaction between the 

rings in the two states and provides further evidence that the D2h  

straature of the solid is preserved in solution. Retention of the 

planar structure in solution needs a strong -77- electron interaction 

:1.1-tended over both the rings. This means that back-donation from 

the halogen atom to the ring may be an important factor in the bonding 

(ref.sec.5). In an LCAO-SCF treatment, Singh

(u4 

 has calculated 

the stabilisation energy due to 'X electron overlap and has shown 

that the increased stabilisation energy for the configuration at 

E)=CI(D2h) over that e .90°(D2d) is 2.6 KCalimole. All these 

considerations favour a D2h  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 at the back of 

the thesis. 



D
2h symmetry classes. 

eight classes. 

For D
2h symmetry the vibrations fall into 

Taking into account the skeletal vibrations, the 

155. 

4.5. Classification of Modes: The C
2v fundamental nodes of the 

C5H5N or 4 -CH3C5H4N molecules give rise in (Py2X) or 

(y_pic2X)+(D2h) to two modes; a tgt and a 'u mode. Since all 'gt 

modes are infra-red inactive and all 'u' modes 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  fundamentals tbr (py
2 
 1)-fion separate as 11A (R-P)+10B2g(R-dp)+ 

6B3g(R-dp)+3Big(R-dp)-14Au(inactive)+7Beu(IR)+11B3u(IR)+11Blu(IR). 

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

those in pyridine. 	Cioing from 2 pyridine to(PY2X)4-  results in 

the appearance of nine new modes. These nine vibrations 

1 A
g
+2B

lu
+B
2u
+1B

2g
t2B31271-1Atil-1B

3g 
arise from motion of the base rings 

as a whole, and would expect to be below 300cm. Similarly the 

91 vibrations of ()(7-pic2X)+  may be distributed among the classes, 

13y13B2st9B3gt4Blet5Ail  13 +102u+14B311+13Blu. 
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5. GENERAL DISCU7SIONS 

5.1. Force Constants: 	The structure of charge-transfer comploxoo 

between In' donors and halogen r46) acceptors has been described 	la 

terms of two resonance structures, 

D 	X-Y (a) 

	Y- (b) 

This Joisl predicts that the X-Y (halogen-halogen) force constant 

will decrease, and the :1-7. (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 charge- 

transfer complexes. .Lacordingly the force constants of the 10-X 

and X-Y bonds of pyl4dine-halogen and picoline-halogen chprr-o-- 

complexes, and also 	N-X-N bonds of thc: (Pt,X)* and (,^i=-2ic2
fticns 

'IL:4e been estimated. To calculate these stretching force c-_.nst-nt 

ti linear simplified triatomic model and a sample valency force fle71 

are assumed (nomenclature given in Figure 18). This assumption 

Py~
kl 

-tt Ni 	3 x y z 

Figure 18 

has some justification, since in these cases other molecular vibrations 

are well separated from the stretching modes under consideration, and 

so _Idteraction with them should be relatively sm211. Justification 

for taking the whole mass of the pyridine or picoline molecule as 

a point mass in the model, is provided by comparison with 
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hydrogen-bonding studies(115)  where, for a series of phenols and 

pyridines, a linear relationship between the s+tetching frequencies 

and reduced mass has been demonstrated, i.e. 

Mopyt 

where 	is the change in 0-H stretching frequency on complex 

formation, 	is the hydrogen bond stretching frequency and,Ais 

the .-1.,_'.uced mass of the complex given by 

is = 1 	+ 1 
111
1 	M

2 

where M, and M
2 are the total masses of phenol and pyridine. 

The stretching force constants for the cations and charge-transfer 

complexes are given in Tables 26 and 27. The vibrational frequencies 

used to calculate the force constants are also included. These 

conotants were calculated using the equations for a linear x y z type 

molecule; 

‘-t 1+,X 2-"-K1 x+1(2/' z+(K1+1(2-21C12) Y 	(1)  

- 	_ 2  
1 X 3-̀ -1.

K 
 2 
K 

 12/ 
1(  
‘f 	y÷ 	/42+"A"-It./4-- 2)----(2) 

where /Cti are the reciprocal masses and Kland K2  are force constants 

of the x-y and 	bonds respectively; K12  is the interaction constant. 

Fc - a symmetrical linear molecule of the typc yxy equations(1)and (2 ) 

may be simplified thus: 

1\ 1=-'(/C+K12)/1."-y---(3)  

3=-"(K-45.2)  (It-y+34*)---(4) 
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Equations (3) and (4) rere used to calculate the stretching force 

constants of the cations (Py2I)+,(Py2Br)+  and (Y4.pic2I)4.. 

In using equations (1) and (2) there are three unknown for 

constants X1,K2  and K12  and only two frequencies (D-X and X-Y 

stretching). Lake and Thompson(52)  in calculating the force 

constants Ei_I  and KN.., for pyridine iodine and related complexes 

assumed that the R12=0. However, certain considerations make this 

assumption seem rather unjustified. : ;For 'instance when the D-X bond-

stretches, the-complex may be considered to be of the 'no bond!...,  

structure (a) and the X-Y molecule as a freee halogen. Conversely 

when the D-X boila Contracts the dative bond structure (b) with a 

weekend 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(50) 

have evaluated force constants for PyIBr and Plmll rtnm7)1.,?7,7Pr,  

K12=0.40 mdyn/A°. By comparison with the interaction constant of 

the trihahalide ions,(91'1°4)  their assumed value seems to be quite 

reasonable. On the other hand, Watri(40)  finds this constant, for 

the PyIC1 complex, to be K12=0.22mdyn/A°. He estimated this value 

from the known I-C1 stretching force constant calculated by Badger's 

(136) . 	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 example, K12  for the PyIC1 

molecule may be assumed to be the average of the NIN interact:Ion 
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TABLE 26' 

Stretelitag and interaction force constants for cations 

and related molecules 

Compound a 3  
cm 1 	am  

K 	 K12 (mdyniA°) (.dyntio)  K12/K 	K145.2 	K'-K12 
(mdyniA°) (mdyn/A°) 

(PY2I)+ 

(PY213r)+ 

Br-3(c) 

IC12(b)  

1Br2 
(b) 

Hp-(b) 
2 

CO2
(a) 

S2(a)  

1P2 

1S3 

163 

161, 

254 

160 

600 

1337 

657 

172 

170 

161 

193 

226 

171 

1425 

667 

397 

1.08 

1.09 

1.02 

0.91 

1.02 

0.91 

2.31 

15.50 

7.50 

0.46 

0.64 

0.40 

0.32 

0.33 

0.30 

1.72 

1.30 

0.60 

'1 

0.59 

0.40 

0.35 

0.33 

0.33 

0.74 

0.08 

0.08 

1.54 

1.73 

1.42 

1.23 

1.35 

1.21 

4.03 

16.80 

8.10 

0.62 

0.45 

0.62 

0.59 

0.69 

0.61 

0.59 

14.2 

6.90 

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

(b) See Ref. (104) 

(c) See Ref. (91) 
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TABLE  27, 

Stretching force constants for charge-transfer 

complexes and free halogens. 

	

Compound ,)" 	; K2 	K12 	1(K1+5)-K12 11 -1 K1 

	

cm 	
cm 	(mclyn(2) (mdyn/Ac) (mdyn/A°) (mdyn/2) 

PyI2  (c)  
pyIBr(d)  

PyIC1(d) 

v-picI2(a)  

-1,..picIBr 

Y-PicIC1  

PyBr2  

pyBrel 

1
2
(b) 

IBr(b)  

IC1(b)  

Br2(b)  

Brel(b)  

100 

134 

147 

88 

124 

135 

128 

144 

171 

204 

290 

181 

201 

284 

229 

307 

207 

261 

375 

312 

431 

0.36 

0.63 

0.73 

0.32 

0.638 

0.68 

0.61 

0.69 

0.53  1:28 

1.38 

1:48 

1.40 

1.30 

1.42 

1.49 

1.58 

1.60 

1.97 

2.30 

2.29 

2.69 

0:29 

0.38 

0.26 

0.35 

0.36 

0.48 

0.55 

0 .63 

0:71 

0.60 

0.62 

0,63 

057 

0.58 

(a) Frequencies from Ref. (52) 

(b) Frequencies from Ref. (47) 

(c) Frequencies from Ref. (103) 

(d) Frequencies from Ref. (48) 
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constants for the (Py2W and IC12 ions. This assumption is 

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

atom of a trihalide ion, and the charge on the nitrogen atoms of a 

cation are comparable with that found in charge-transfer complexes. () 

We believe that this is the most reliable method for deriving values 

of K12, which does not involve an explicit normal co-ordinate 

treatment. Some support of the value of K22  calculated by a method 

is given by the fact that relation j<K14K2)-K12  0.6 is found for 

all the complexes studied (Table 27 column 7). This relation was 

proposed by Haki and Forneris(104)  from the force constants of 

trihalide ions. Column 6 of Table 27 shows the values of K12  which 

were used in calculating the stretching force constants. 

Ki  and K2  reported in Table 27 are in disagrec,,P,i+ lqith prevl-,11q1  

reported values.(40'50) This is for two reasons, (i) different 

choice of interaction constants 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 complexes 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 
 -K2/K ) has been 

o 

used to estimate the weight of the dative state,(51)b2+abS, in the 
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structure of the complex. These two are related by the equation 

(Ko_K
1 2) 

tyl:(1- K1 )(b2+abS) 	(5) 
K2 

where K
:o and K1  are the X-Y stretching force constants in the free 

X-Y and (X--Y)-  molecules, respectively; a' and Ibl 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 one can derive the ratio Kl/K0  =0.25. Equation 

(5) may be approximated thus:(117)  

(Ko-K2)/Ko= 1  K/K 	b2+ab8-----(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 K , the force constant of the free halogen. 

The weight of the dative structure for the PyI2  complex (calculated 

by using equation (6)) has been reported by Yarwood and Person(117) 

to be in the range 0.13-0.29, depending mainly on K12. In fact 

we calculated a value of 0.20 for this complex. Again this veins 

has little meaning without mentioning the solvent used. To get 

internally comparable values within a series of complexes one Must 

take frequencies measured in the same solvent. All our result 

refer to benzene solution, except y";-picI2  which was studied in 

cyclohexane. It is quite clear from Table 28 that the weight of 



TABLE 28  

Estimates for the weight of the dative structure 

(b2  + abS) 

COmp1ex from equation 
(6) 

from equation 
(5) 

Py/2 20.00 26.6 

PyIBr 29.9 39.8 

PyIC1 35.58 47.4 

.1r-picI2 12.5 16.66 

y_picIBr 33.72 45.00 

38.08 51.00 

PyBr2 35.02 46.69 

PyBrel 41.26 55.01 

163. 
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the dative structure increases on going from iodine to 101 complexes. 

Moreover, the weights for y--picoline-halogen complexes are larg:z7 

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 IC15IBrI
2'  and from the fact that the •  

ionization potential of -(-picoline is smaller than pyridine. 

The -,,,Aues 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 for the interaction constant which approaches 50Y0 

of the stretching c, ,.;tant is indeed unusual. High interaction 

constants are also observed in trihalides and in the Erion (given 
2 

at the bottom of the Table 26). For a normal co-valent molecule 

e.g. CO20482  etc. the order of magnitude of the interaction constant 

-4 	 • is approximately l (118)up 	of the stretching constant. 

The effect of high interaction constant may be understood from 

the following consideration.. The potential energy of a linear 

symmetric triatomic molecule may be written as (neglecting cubic and 

higher order terms). 

2V=K AI:
2
+K iNY22+K.

12 
 

Where ,
1 	2 

and 	are the distances from the central to the end atoms. 

The N-X-N antisymmetric vibration for the cations may be regarded as 
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involving only motion of the central halogen atom between the two 

end atoms i.e. the 11-11 distance remains fixed during this vibration: 

In this case 6n= -6\1'2  and the equation (7) reduces to 

2V=(2K-K3.2),).. 2.---(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 

mode. In other words the central halogen atom is very loosely 

bound at the equilibrium position. 

Table 29 gives the bending force constants. These were 

calculated using the equation for a linear xyz type molecule 

r 7  f
b 	

\ 
i - 4  .i. 202 22 = 	1  

	 !
II  b

1 	+ .  b  2  	+
k 
1
+b 2)

2 

 i 1.(5-  

b2 b2 1  b 

	

1 

	

1 2 	-- z 
M 	M

x 	My  

Where J
2 is the bending frequency and b1 and b2 

are the distances 

of x and z respectively from y. Since the bond distance of the 

("r-pic2I)'  ion is not known, it was assumed to be same as the 

(Py
2Wien. For comparison purposes, the bending force constants 

of several other molecules are also included in the Table. 



TABLE 29  

Bending force constants 

Compound 2 
(cm-1.) 

KS/1112  

(mdyn/A°) 

PyIel 92 0.07 

PyIBr 94 0.09 

(1'Y2I)+ 90 0.09 

(Y=Pic2I)-1.  80 0.087 

1
3
(a)  69 0.06 
- (a) IBr2  98 0.10 

IC12 (a)  138 0.13 

166. 

(a) See Ref. (104) 
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5.2. Effect of Environment:  A. polar solvent is expected 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 --r-picoline ring modes to higher values. In addition, the X-Y 

stretching frequency should drop and the D-X frequency rise. 

Furthermore, greater environmental effects are likely to be observed 

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

The solvent-3 used IA this study are not sufficiently strong 

donors to displace the pyridine or -1^-picoline from the complex. 

Considering first the donor frequencies; it is Observed that the 

vibrations which are sensitive to the degree of electron 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 

N
1 

and -A 6a modes (these two being the most sensitive to complexation). 

The precise position of both these modes seems to be dependent upon 

the nature of the environment. Thus, the frequency shifts of the 

1  andd 6a vibrations are dependent upon a common factor, and 

should therefore be directly related to each other. Figure 19 

shows plots of 6.)2.  against fii6a  for the complexes 1-picIBr and 

-(2-picIC1 in a variety of environments. These two complexes are 



168, 

TABLE 30 

Complex 
Solvent 

 

CS2 C
6
H
6 

CH
2C12  Py Y-Pic 

PyION 	y .1 
" 6a 

	

1003 1004 	1003 
;17 	617 	 623 

PyI2 	( 1 
' 6a 

PyIBr 	(  
`6a 

	

1005 1006 	1007 
620 	623 	 625 

	

1009 1010 	1010 
625 	627 	 629 

1012 
632 

PyIC1 
6a 

	

1009 1011 	1011 
627 	630 	 632 

1013 
636 

1 PYBr2 	.))6a 

PyBrC1 	( 1 
( 6a 

(PY2I)+ 
 { 

6a 

(PY2337)+ 
 r 6a 

picICN 
( 	626 

;) 1  1008 

( ) 	1012 
531 

(y 1014 *Y=picIBr 	
6a 535  

1009 1012 1011 
627 	628 	629 

	

1011 1012 1012 
	

1015 
630 	632 	636 
	

641 

	

1010 
	

1009 

	

637 
	

638 

	

1011 
	

1011 

	

639 
	

639 

	

1009 1008 	1010 
528 	529 	530 

	

1010 1013 
	

1012 
532 	533 
	

536 

	

1019 	1019 	1022 
537 	540 	540 	544 
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TABLE 30 (Conti d)  

Solvent 
Complex 

CS
2 	

C
6
H
6 
	CI-I

2
C1

2 
Py 	p i c 	Mull 

Y-picIC1 	/ ( • 1 
6a 

(`r pieI)+  / 2 	k 	6a 

1017 
535 

1023 
540 

1025 
545 

1022 
543 

1024 
549 

1025 
545 
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10 	
41-‘' i cm-1 

	20 
	

30 

Fig. 19. 	Plots of AN), against 6.()  6a in a variety of solvents 

(A) Y-PicIBr;-  (B) Y-PicIC1. 
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chosen because a large amount of data is available on them. 

Evidence for similar effects in different complexes is given by 

the fact that, when the shifts in a sensitive vibration of a complex, 

for example, 6 3., are plotted against 01  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 1  and "‘,6a of the complexes Y-piclBr and 'N6-picIC1. "  

The X-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 

stretching vibration. Generally in solution the ban' peak of all 

stretching vibrations are displaced to lower frequencies as the 

polarity of the solvent is increased.(119)  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.(120) This is because more polar solvents bring about 

an increase in the proportion of the ionic canonical form 

(Os:0+-MT, thereby increasing the N.0 frequency towards that of 

the (Nr-_-0)-4-  radical. A similar explanation may be given for the 

D. stretching frequency. With the increase in polarity of the 

environment the contribution of the structure (11,X)1"-Y-  increases. 
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Pig. 20 Plots of 4,)i  and.4 ;‘)6a for Y—PicIC1 against the 

corresponding modes for Y—PiciBr in a variety of solvents. 



TABLE 31  

Effect of solvent on X-Y stretching 

vibration (Raman). 

Solvent PyIBr PyIel PyBr2 
 PyBrC1 

lirA 
cm 	% 

l',01 6 
% 

Br-ix A 
% 

Br-01 
cm4. 

Z.? 
% 

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 30.3 

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 31.1 278 35.4 

Nitrobenzene 195 25.3 276 26.4 214 31.4 

Acetonitrile 194 25.7 274 26.9 211 32.4 276 36.0 

Nitromethane 193 26.0 272 27.4 210 32.7 



Complex 

pyI2(a) 

PyIBr(a)  

PyIC1(a)  

PyBr2  

PyBrO 1 

-,(7..picI2 

(1 ('-') 

(11.-I) 

0 (I-Br) 
0 (N-I).  

0 (I-C1) 
( (N-I) 

(74  (Br-Br) 
0 (N-Br) 

.:,3 (Br-C1) 
( ,(N-Br) 

ItI
) 

0(I-Br) 
(=4(NI) 

c' (I-C1) 
0)(N-1) 
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TABLE 32  

Solvent effect on X,Y and 10,K stretching frequency 

(Infra-red) 

Solvent 

C
6H6 Pyridine -..(--picoline Mull 

.-1 
CM 

151(17.4) 

-1 
cm 

167(19.3) 

-.1 
cm 

-1 
CM 

204(21.8) 195(25.3) 200(23.4) 
134 144 160 

290(22,7) 277(26.1) 265(29.3) 
147 160 170 

229(26.6) 215(31.1) 
128 140 

307(28.8) 274(36.4) 
144 160 

169(18.3) 162(21.7) 

201(23.0) 189(27.6) 189(27.6) 
124 131 146 

276(26.4) 281(25.1) 
135 146 166 

(a) Frequencies from Ref. (48) 

Value5of t are given in brackets. 
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As a result the D. bond becomes stronger and hence the stretching 

frequency rises. Cn the other hand, the X-7 ..oAd becomes welcer 

resulting in a decrease in frequency. 

The relative frequency shifts ,A :C\. free-  complex' s: free ) 

the 1,1.  stretching vibration is shown in Tables 31 and 32, 

This follows the order IC1)IBr>I2  and also BrOlgr2.• It eefinitely 

-chat Lw complexes are more polar than 12  complexes, 

less polar than those of T;(1. It also shows that BrOl complexes 

are more polar than Br2. The relative frequency shifts are greater 

in BrX conplexes than in II, suggesting greater electron transfer in 

the former series. 

The ring frequel_i-)s as well as the skeletP: vibrations of t'le 

cst or -' are fond to be ins,meitive to the change of environrer4:. 

This is to be expected considering the fae+ ',hat these cations have 

no ipole moment. 

As the most extensive data we have is on the X-Y stre4:6'linp7 

frequency for the complexes PyIBr, PyI01 and PyBr2, we used tlis 

information to examine the validity of some of the relations between 

.f*requency shift and solvent character reported in the literatnre, 

Drkers.(12)) anc: 	found that when the 	<X=halogen 

or oxygen) stretching vibration of a number of compounds was 

examined in a large number of solvents, the frequency shift observed 
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could be correlated with the corresponding shifts of (N-H) of 

another compound in the same solvent. For example, ifAV)) of 

phenol in a given solvent was plotted against 1.0*  /-.) 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,PyIC1 and 

PyBr
2 

complexes. Figure 21, illustrates the results of plotting 

(i) !'W))  of IBr against I01 and (ii) p -)h 	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 quantitative relation between the frequency shift and 

the nature of the solvent so far reported seems to be David-Hallam's(122) 

equation:- 

Z=C1 2(312- 1)/(n2+2)+C3 
 (e-1)/(e+2) 

Where n is the solvent refractive-index, e is the dielectric constant 

and C1,C2  and 03  are constants. Our data in Table 32, is fitted to 

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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Pig. 21 	Plots of 4%for the I—Br stretch of PyIBr 
against (A) 4Y1 for the I—C1 stretch of PyIel; (B) 4A/,s4 ,for 
the Br—Br stretch of PyBr2. 
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TABLE 33  

Least square constants of the David-Hallam equation. 

Complex 1 02 
0
3 

PyIBr 49.65 9.90 15.46 

PyIai 71:06 15:54 27.66 

PyBr2  86.29 4i85 22.20 

TARTE 34  

Difference between calculated and observed frequency shift (in cm-1) 

Solvent i4IBr PyICI PyBr2  

Benzene +0.2 +0.9 -0.6 

l;4 Dioxane -0.6 -0.7 -4.7 

Acetone +1.2 +3.4 +3.6 

Metny1enechloride +1.0 

Pyridine -0.2 -2.4 -0,7 

Nitrobenzene +1.0 +1.4 +1.2 

Acetonitrilo -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 

Y:--picoline it is observed that certain ring -7;hrations of the 

pyridine or ..,„-picoline shift to higher frequencies. However, 

the shifts are generally less than 1(*). There seems to be no 

correlation between the extent of frequency shift and the mass of 

the adjacent co-ordination atom, Perhaps the best explanation 

may be given in terms of clinrge-transfer from the ring to the 

acceptor. 

In pyridine or ....zpicoline halogen charge-transfer complexes 

electron transfer is likely to take place from the nitrogen 2SP2 

lone pair orbital to the vacant 	1P2(.11=4 for Br2and 5 for 12) 

artibonding orbital of halogen.(1) 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<(Br2(I2c,..±Brg3rCIS/(IC1 and also ICN(I2. The changes in the 

4-  bonding frame work will indirectly modify the Yorbitals of the 

rings. The effect of changes in bonding may be correlated with 

the pyridinium or YLpicolinium ion, for these represent extreme 

cases of electron removal. Assuming that the coupling with the 

X-Y vibration is small, the vibration frequency of the nucleus may 

be.expected to lie between those of free pyridine or N.Ipicoline, 

and the corresponding frequencies of the pyridinium or -1(:picolinium 

ions. Table 35, which tabulates the frequencies of the most 

sensitive modes before and after complexation, shows that this is 



TABLE 35 

Compound icm-1  N bacm-1 

Pyridine 992 605 

PyION 1003 617 

PYI2 1005 620 

PyIBr 1009 625 

PyICI 1009 627 

PyBr2  1009 626 

PyBrOl 1011 630 

PyIe 1010 633 

(PY2I)+ 1009 637 

y--pico1ine 994 514 

-i•-picICN 1008 526 

,(Lpia2  1012 631 

,e.:..picIBr 1014 535 

r-pioIC1 1017 535 

y':-pioli+  1007 521 

(v---pio2I)+  1024 545 

180. 
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nearly always observed. It is also observed that charge-transfer 

has proceeded even further in the cations ( [Py2I.J +  etc) than in 

those complexes (with IC1) which involve the greatest extent of 

charge-transfer. For example, the 605cm 1 band of pyridine which 

is shifted by 12cm71 to 617cm71 for the PyICN is shifted further 

to 620,625,627 and 637cm-1  for the PyI2, PyIBr, PyIC1 and (Py2I,1 4.  

respectively. The change of frequency A 	for one of the 

sensitive modes is found to be proportional to the l for another 

sensitive mode of the same complex. For example, if a:), of 

y....picoline for a given complex is plotted against 	 6a A\ 	of the 
-  

same complex, then a series of points are obtained, as different 

charge-transfer complexes of -f=picoline are used, all of which fall 

on a straight line (Fig.22). It is to be noted that the points 

for LPy2I1+  or 
L  
Fr_pic,i1+  ion do not fall on the straight line 
_ 

plots for their corresponding charge-transfer complexes. 

The study of pyridino and -,(-:picolino metal co-ordinated(90'102) 

and hydrogen-bonded (123) complexes have shown changes in a number 

of sensitive ring frequencies. The frequencies affected, and the 

magnitude and direction of the frequency shifts are almost the same 

as those in the present halogen series. However, no relation 

between 4c.:41  and 606a  is observed for these complexes. Perhaps 

this indicates that a fundamentally different type of bonding is 

present in charge-transfer complexes from that in hydrogen-bonded 

or metal co-ordinated complexes. 



4 a 1 cm-1 

Fig. 22 	Plots of 4 c), against A 6a  in in a given solvent 

A. for. PyIX complexes; B. for. Y—PicIX complexes. 
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An increase in electron transfer should result in a weakening 

of the interhalogen bond. This is reflected in a decrease in the 

halogen-halogen stretching frequency. Table 36 shows the 

proportional decrease of this frequency. It is clear from the 

table that the relative change in frequency (:i)free--- - complexta free), 

is greater for IC1 complexes than for IBr, which is again 

greater than 1
2 complexes 

	In the bromine series of complexes 

also, A , is found to be greater for the BrC1 than for the Br2  

complex. This supports the behaviour of the sensitive donor modes. 

Comparison of Pyridine-halogen and picoline-halogen Complexes: 

From Table 35- and T6 it is quite clear that the magnitude of 

the frequency shifts are greater in Y=pieoline complexes than those 

of the corresponding pyridine ones. This is what is expected 

considering the fact that )(-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 Y=Ticoline complexes would lead to the expectation of higher 

frequency. This anomaly may be accounted for in terms of a change 

of mass. For example, substituting the values of the force constants 

of PyIBr (Table 27) in Bquations(1) and (2) of section 5.1. the 

N-I stretching frequency of *7:picIBr is calculated to be 126cm
71 

compared with 134cm-1 for the PyIBr. Thus, by changing the mass 

from 79a.m.u.(pyridine) to 93a.m.u.(r=picoline) the N-I stretching 

frequency drops by 8cM-1. 
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TABLE 36 

Complex 6m7 
x—y
1  ()) cm 

free — -:complex 
free 

(a) 

PYZON (b)  13.0  423 

PyI2  (6)  100 171 17.4 

PyIBr (d)  134 204 21.8 

PyIC1 (d) 147 290 22,1 

PyBr2  128 226 27.6 

PyBrel 144 307 28.7 

\--pieION (b) 420 13.6 

Y-picI2 169 

-41-picIBr 124 201 

24.403 yl.picI01 135 284 

All frequencies refer to benzene solution. 

free from Table 27 

free for ICN from Ref. (46) 

Frequencies from Ref. (103) 

Frequencies from Ref. (48) 
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Comparison of PyII and PyBrX complexes  

Since 12  has a greater acid strength than Br2, one would 

expect a greater charge-transfer from the pyridine ring accompanied 

by a larger shift in the ring frequency when complexing with the 

former. Surprisingly, the observed extent of the frequency shifts 

in the present bromine complexes are found to be as great as in the 

corresponding iodine ones (Table 35). The relative change of 

halogen-halogen stretching frequency, a, is also found to be 

greater for bromine complexes (Table 36). This and the study of 

force constants and solvent effects suggest that the net electron 

transfer from pyridine ring to the halogen is greater for the Br2  

and BrCI complexes than for the 12  and ICl complexes respectively. 

A possible explanation for this anomaly may be given in terms 

of a back transfer mechanism.(124) Pyridine may act both as a 

'n' donor and 
i( 

 acceptor, the donor action being centred at the 

nitrogen atom and the acceptor action spread over the entire ring.
(10 

Halogen may donate electrons from the 11g  antibonding orbital to the 

lowest unoccupied e
au  6.  orbital of pyridine. The drift of 

halogen electrons into pyridine orbitals will tend to make the 

latter as a whole more negative and hence to increase its basicity; 

at the same time the drift of electrons to the halogen in the 
6' 

bond tends to make the pyridine positive, thus enhancing the 

acceptor strength of the ?f orbitals. As the ionization potential 

of iodine is lower than that of bromine, the electron transfer will 
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take place more efficiently in the former than in the 1atte14. 

The effect would be to increase the stability of the iodine series, 

reduce the net Chargetransfer, and inbroatte 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 --r_picoline on 

complex formation, is the change in intensity of some vibrations, 

Although no quantitative measurements were made, large intensity 

ailange of a tew 'vibrations may be qualitatively discussed. 

When pyridine forms a complex with iodine, the 1030=71( )12) 

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 halogen; 

With the increase in strength of the complex this band gradually 

becomes weaker and for the cations it appears as a weak band. 

The 11
18a mode of Y--picoline behaves 	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 

','-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 type e.g, aliphatic amine-halogen complexes, is 

clearly desirable. 
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61 The Reaction Products of y-picoline and iCdine  

6,1, INTRODUCTION 

In the course of their study of the spectra of 12  in y-picoline, 

Glusker and Thompson(35) observed that a rapid reaction soon set ini 

resulting in the eventual tiolidifiCation of the Jhb1e miXtUreh 

However they were unable to identify the producto, Glusker and 

Miller(94)  isolated two distinct solid compounds from solutions of 

iodine in y-picoline. Their compound(II) which is a charge-'transfer 

coMplex has already been discussed in section 342i 	The other 

compound(I) is insoluble in many organic solvents but soluble inn 

water, The authors draw the conclusion from radial distribution 

analysis that this compound had no I-I distance shorter than 32, 

and suggested the structure A. By comparison with the reaction 

product of pyridine and iodine, Hassel end coworkers () have 

argued that structure B was more probable, However the infrared 

spectra 

Me 

(Me 

        

        

        

 

/ 
N—I-N i 	me 

A 

    

B 

    

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 regarding the 

structure of compound(I), somewhat inconclusive, We have therefore 

sought to determine the structure of this product by spectroscopic 

means, 

Experimental details, results and structures have been discussed 

in the paper No,6 attached at the end of the thesis,. In this 

section only the possible reaction mechanism is discussed, 

6.2, Discussion! The n electron density at the various positions 

of the pyridine ring have been calculated by molecular orbital 

methods and show that there is a considerable drift of electrons 

from the ring towards the nitrogen atom(125) 
	Further, the a 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 

0,92 

11,20 

of the pyridine ring are easily lost under suitable conditions 
 

In consequence, for instance, condensation takes place between 

a-picoline and benzaldehyde in the presence of acetic anhydride or 

zinc chlorides- 

I 	-H+ 
___4 

L-N'/b 3  

PhCHO 

 

CH2-CH-Ph 

 

H
+ 

—3 
CH = CHPh 



CH3  

) 

CH3]-1.  CH2 

.+ 
Y-Pic 

] Y-Pic)CH 	CH3  
---\ 

\N-CH2-/
/ 
 ;DI I etc 

IA 
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In a similar way the formation of solid IAi IB  and Ic  May be 

explained 

These compounds may be compared with the N. methyl-y-picolinium 

iodide for example 

CH3  N -CH3- 
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Reprinted from CHEMICAL COMMUNICATIONS, 1966, page 229. 

The Iododipyridinium Ion 
By J. A. CREIGHTON 

(Chemical Standards Division, National Physical Laboratory, Teddingtorr, Middlesex) 

and INAMUL H.AQUE and J. L. WOOD 
(Chemistry.  Department, Imperial College of Science and Technology, Imperial Institute Road, London, S.W.7) 

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 coplanarity of the 
pyridine rings. 

(Received, March 23rd, 1966; Com. 184.) 

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 12-, IBrs-  and IC1,-  in addition to the 
dissociated complexes were identified.' A possible 
cationic species in these solutions is the iododi-
pyridinium ion 

2PyIX Py2I+ 11(1- 

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 iododipy-ridinium 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. 
1  S. G. W. Ginn and J. L. Wood, Trans. Faraday Soc., to be published. 
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The infra-red spectra of pyridine-halogen complexes 
I. HAQUE and J. L. WOOD 

Chemistry Department, Imperial College, London S.W.7 

(Received 15 June 1966) 

Abstract—The infra-red spectra of the complexes PyI2, PyIBr, PyIC1 and PyICN have been 
examined in a range of environments. 

In polar solvents the ionization 
2PyIX s Py2I+ IX2— 

takes place. The vibrations of the complexes are assigned, and discussed on the basis of a 
molecular orbital treatment. 

INTRODUCTION 
PYRIDINE 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 rises rapidly on standing, and the anion 
formed is identified 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 IX2-  anion [4]. It has been 
suggested by POPOV and PFLAum [4] that the corresponding cation formed is the 
iodo-dipyridinium ion (Py2I)+, the net process being represented by 

2PyIX (Py2I)+  IXc 	 (1) 

Centrosymmetric (Py2I)+ 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. BRIEGLEB, Elektronen Donator Acceptor Komplexe, Springer, Berlin (1961). R. S. 
MurrArR-FIN and W. B. PERSON, Ann. Rev. Phys. Chem. 107 (1962). L. J. ANDREWS and 
R. M. KEEFER, Molecular Complexes in Organic Chemistry, Holden-Day, San Francisco 
(1964). 

[2] J. KLErNBEIto et al., J. Am. Chem. Soc. 75, 442, 1953. 
[3] S. G. W. GINN and J. L. Wow), Trans. Faraday Soc. 62, 777 (1966). 
[4] A. I. POPOV and R. T. PFLA1531, J. Am. Chem. Soc. 79, 570 (1957). 
[5] 0. HASSEL and H. HOPE, Acta Chem. Scand. 15, 407 (1961). 0. HASSEL and C. BOMMING, 

Quart. Rev. Chem. Soc. 16, 1 (1962). 
[6] E. K. PLYLER and R. S. MuizaxEN, J. Am. Chem. Soc. 81, 823 (1959). R. A. ZINGARO and 

W. E. TOLBERG, J. Am. Chem. Soc. 81, 1353 (1959). W. B. PERSON et al., J. Am. Chem. Soc. 
82, 29 (1960). R. A. ZaTGARO and W. B. WITE.ER, J. Phys. Chem. 64, 1705 (1960). A. I. 
POPOV et al., J. Am. Chem. Soc. 83, 3586 (1961). F. WATARI and S. KINkrumAxi, Sci. Rep. 
Res. Inst. Tohoku Univ. A14, 64 (1962). 

959 
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Table 1. Infra-red spectra of pyridine—iodine system 

Iodine in 
excess of 
pyridine 

Equimolar 
pyridine 

and iodine 
in 088  

Equimolar 
pyridine 

and iodine 
in benzene 

Equimolar 
pyridine 

and iodine 
in n-heptane 

Equimolar 
pyridine and 

iodine in 
cyclohexane 

3149 w 
3085 m 
3065 s 
3042 w 
3032 w 
2999 s 
2952 w 
2910 s 
1990 w 
1911 m 
1868 w 

1594 s 
1445 s 1445 m 

1351 w 1361 w 
1295 vw 

1240 w 1236 m 
1209 s 1209 s 1209 s 1212 w 

1151 s 
1067 s 1067 s 1067 w 

1038 vw 1039 vw 
1030 m 

1007 s 1005 vs 1006 s 1003 w 
939 w 	 944 w 
746 vs 	 748 s 

	 746 s 
694 vs 
677 w 
653 w 

636 m* 	639 vw* 
625 s 	 620 vs 	 623 s: 

	
617 st 
	

617 a: 
436 w* 
421 sh 	 420 vw 

	 420 s 
167 s 	 171 s 	 180 s 
137t 

* Py2I+ 
t Ixs— 
t as these solvents are clear below about 650 cm—,  longer path length was used (1 min). 
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 C2i, structure 

the 33 fundamental vibrations fall into the classes 12a1  3a2  11b1  7b2.* Only 
the a2  modes are inactive in the infra-red. Of these vibrations 10a1  3a2  9b1  5b2  
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 to their counterparts in pyridine. The remaining six vibrations 2a1  2b1  2b2  
comprise five intermolecular modes and the al  IX stretching vibrations, all lying below 
400 cm-'. Consequently above 400 cm--1  the spectra of the complexes will closely 
resemble that of the pyridine parent. Adopting a C12, structure the vibrations of 
pyridine ICN classify as 13a1  3a2  12b1  8b2, 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 

of Pyle' in 
pyridine 

Saturated 
solution 

of PyIC1 in 
carbon 

disulphide 
(4000-400 em-1) 

Saturated 
solution of 
PyIC1 in 
benzene 

(2000-400 cm-1) 

PyICi in Nujol 
Mull 

(2000-400 cm-1) 

PyIC1 in 
Ilexachloro- Saturated 
butadiene 	solution 
Mull (Only 	of Pyle' 

from 2000 cm-1) 	in CH3ON 

3149 w 
3099 m 

3085 w 3089 m 
3068 m 3065 m 

3053 a 
3039 w 3039 w 
2999 w 2999 w 

2952 w 
2925 s 2928 m 

1980 vw 
1910 w 1915 w 

1838 vw 
1647 w 

1597 a 1597 a 
1569 m 

1449 s 1449 s. 1449 s 
1390w .  

1347 m 1350 w 1344 s 
1244 w 1239 m 1247 s 
1209 sh 1209 s 1209s 1209 s 

1197 a 
1150 s 1154 w 

1087 w 
1067 s 1064 s 1056 va 
1030 11113 1035 

1011 s 1009 s 1011 a 1013 s 
941 vw 948 w 

869 vw 
851 vw 

748 s 749 s 752 vs 
702 w 704 w 
692 s 689 vs 
675 w 
655 w 649 w 

632 s 627 s 630 s 636 vs 633 vs 
603 

434* 436 sh* 
424 s 421 sh 421 s 426 423 in 

406'w 
277 s 290 a 
223 wt 
160 m 147 m 

PYsi+  
t IC12— 

entirely accounted for by the equilibria 

2PyIX (Py2I)+ (IX2)- 

the possibility that species such as (PyI)71-  are present in small amounts cannot be 
eliminated, for the vibration frequencies 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 pyridine 
indicates the presence of Py2I+, but no bands which could be attributed to anions 
were observed. The PyION spectra also showed the most noticeable change§ with 
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Table 6. Assignment of infra-red active fundamentals of pyridine complexes, and comparison 
with pyridine and pyridinium ion 

Designation [12] Pyridine 
Pyridine 

ION 
Pyridine 

15  
Pyridine 

IBr 
Pyridine 

IC1 
Pyridinium+ 

(I—) 

a1 
VI  992 1003 1005 1009 1009 1010 
vs  3054 3065 3085 3067 3068 
vs  605 617 620 625 627 6331 
V4 1583 1597 1594 1597 1597 1638 
v5  1218 1213 1209 1210 1209 1194 
'L•6 1030 1032 1030 1031 1030 
v7  3054 3065 3065 3067 3068 3060 
vs  1068 1068 1067 1067 1067 1030 
vs  1482 1484 
vss  3036 3048 3042 3034 3039 

N—I stretching 120(l) 134 147 
I—X stretching 423 171 204 290 
C—N stretching 

bl  
vii 1218 

2155 

1213 1209 1210 1209 1326 
V12 652 656 653 655 649 
V15 3036 3048 3042 3045 
V14 1572 1608 
V's 1375 
vie 1148 1149 1151 1152 1150 1161 
V/7 1085 1050 
U18 1439 1445 1445 1449 1449 1535 
Via  3083 3085 3085 3089 3085 

ICN bending 336* 
4), 

V23 749 748 746 749 748 738 
V24 981 980 
V25 886 855 
V36 700 698 694 693 692 671 
V27  405 413 420 420 421 

ION 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 Coox [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 cm-1, 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. 

DrsoussIoN 
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 a-bonding framework; the resulting increase in the electro-
negativity of the nitrogen atom will modify the 7r-orbitals of the pyridine ring. 

[13] D. Coos, 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 (Tables 1-4), and is particularly clearly shown by the 
sensitive vibration v3  (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 PyI2  PyIBr PyIC1 

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 + IX PyIX 
2PyIX Py21+ IX2 

can account for all the bands in the vibrational spectra. Slight ionization occurs in 
CS2, 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 a 
grant to one of us (I. H.). 
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Abstract—The infra-red spectra of the complexes yPicI2, yPicIBr, yPicIC1 and yPicICN have 
been recorded from 80-3500 cm-1  in a range of environments. In polar solvents the first three 
complexes ionise 

2yPicIX ± (yPic2I)+ IX2 

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 C2„ symmetry, and compared 
with those of the pyridine analogues. 

INTRODUCTION 
WE have recently examined the infra-red spectra of the complexes PyI2, PyIBr, 
PyIC1 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 F (Py2I)+ IX2 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-1. 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 
basicity 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 a 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 distinct solids have been reported to be obtained from solutions of iodine in 
y-picoline. These solids have been designated compound I and compound II 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] S. G. W. Grxx and J. L. WOOD, Trans. Faraday Soc. 62, 777 (1966); I. HAQUE and J. L. 
WooD, Spectrochim. Acta 23A, 959 (1967). 

[2] G. BRIEGLEB, Elektronen Donator Acceptor Komplexe 23A, 959 (1967). Springer (1961). 
[3] D. L. GLIISBER and H. W. THOMPSON, J. Chem. Soc. 471 (1955). 
[4] V. LORENZELLI, Gazz Chim. Ital. 95, 218 (1965). 
[5] D. L. GLTYSKER and A. MILLER, J. Chem.. Phys. 26, 331 (1957). 
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NATURE OF THE SPECIES PRESENT 

y picoline-iodine 
Only a single strong band is present in the 100-200 cm-1  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 cm--4  is present, which is the asymmetric stretching 
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Fig. I. A. Equimolar y-picoline and 12  in benzene. B. I2  in excess y-pieoline. 
C. y-picoline IBr in benzene. D. IBr in excess y-picoline. E. y-picoline IC1 in 

benzene. F. ICI in excess y-picoline. G. y-picoline ICN in benzene. 

frequency of the I3 ion [1]. Low frequency spectra of y-picoline -I- 12  in nitro-
benzene—previously found to be a good ionising solvent—also show the 137 cm-1
band. Comparison with pyridine complexes suggests that the counter-ion is (yPic2I)+. 
This ion has only one strong infra-red band in the low frequency range, the asym-
metric NIN stretching at 168 cm-1  [9], but this frequency coincides with the 
I—I stretch of the un-ionised complex and so cannot be separately distinguished. 
Most of the higher frequency bands of the (yPic2I)+ ion lie close to corresponding 
bands of complexed yPic, and are thus of little diagnostic value. However the 
additional bands at ,--,545 cm-1  and ^4.027 em-I, observed in polar solvents only, 
both correspond with (yPic2I)+ frequencies. If it is assumed that the complex is 
un-ionised in benzene, chloroform, and cyc/ohexane, slightly ionised as (yPic2I)+ I3 

[9] I. HAQUE and J. L. WOOD, To be published. 
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y-Picoline iodine-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 F (yPic2I)+ IBr2 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 
solution of 
y-Pi—I—Br 
in CS2  

Saturated 
solution of 
y-Pi—I—Br 
in C6H6  

Saturated 
solution of 
7-Pi—I—Br 
in CH2C12  

y-Pi—I—Br 
hexaehloro- 
butadiene 

mull 

y-Pi—I—Br 
in Nujol 

mull 

Saturated 
solution of 
7-Pi—I—Br 

in y-pieoline 

3150 w 
3080 w 3082 m 
3063 s 3057 m 
3042 vvw 
3028 vvw 
2980 w (broad) 
1930 w 1937 w 1923 w 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 1420 s 
1385 w 1371 w 
1353 w 1353 w 
1333 w 1319 w 1319 w 

1289 w 
1250 w 1250 m 1250 in 1250 w 
12138 1212s - 	1212s 1202s 12036 
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 s 10228 1019 
969 w 970 w 973 w 975 w 

956 wt 
804 s 806 s 808 s 812 s 
793 sh 
714 m 706 m 707 m 

663 w 
535 s 537 s 540 s 544 s 544 s 540 s 
485 s 485 s 486 s 487 s 487 s 

201 s 189 s 189 s 
168 m 

124 m(?) 146 s 131 m 

complex. Only in fresh solutions in excess y-picoline is an additional low frequency 
band observed at 168 cm-1. Both the IBr2 antisymmetric stretching vibration 
(174 cm-1  in pyridine [1]) and the (yPic2I)+ antisymmetric NIN stretching vibration 
(168 em-1) are possible origins. The former is the stronger band, and comparison 
with the yPiclCl system (q.v.) indicates that it gives the main contribution to the 
observed absorption. The characteristic bands of the (yPica+I) ion at ,--,545 cm-1 
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to the IC12 ion (antisymmetric stretch = 223 cm-1  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 (yPic2I)+ ion frequency. Nitro-
benzene is not clear in this region, but a weak shoulder is also found at ,--,167 cm-1  
in both the ionising solvent C112012, and in an equal volume mixture of MeCN and 
benzene. The higher frequency (yPic2I)+ bands at 545 cm-1  and 1025 cm-1  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 

(yPic2I)+ ICI2 

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 

PERSON et al. [10]. The three ICN vibrations, modified by complexing, were observed 
in the frequency ranges 310-340 cm-1  (bending) 390-490 cm-1  (I—C stretching) 
and 2150-2170 cm-1  (CN stretching). In the present work the frequency range 
down to 80 cm-1  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 X338 cm-1, can be assigned to ICN bending. 
The IC stretching is observed at N420 cm-1  in benzene, 0112012, and in excess y-
picoline solutions. Iodine 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-lin excess y-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 et 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 ones). The infra-red inactive bands of y-picoline (a2  class, C2„ point 

[10] W. B. PERSON, R. E. HUMPHREY and A. I. Porov, J. Am. Chem. Soc. 81, 273 (1959). 
[11] J. H. S. GREEN, W. KNYASTON and H. M. PAISLEY, Spectrochim. Ada 19, 549 (1963). 
[12] D. A. LONG and W. 0. GEORGE, Spectrochim. Acta 19, 1777 (1963). 

3 
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Table 5. Assignment of infra-red active fundamentals of y-picoline complexes, and comparison 
with y-picoline and y-picolinium ion (cm-1) 

Designation 
[11] y-Picoline v-Pic-I-CNy.Pio-I2 7-Pic-I-Br y-Pic-I-Cl (y•PioH)t 

al  
v(CH) 2 3050 3059 3060 3063 3067 — 
v(CH) 20a 3040 3041 3042 3042 3045t — 
v(CC) 8a 1603 1610* 1616* 1620* 1623* 1633 
v(CC, CN) 19a 1495 1503* 1499* 1498* 1498* 1504 
13(CH) 9a 1220 1224 1249 1250 1250 1259 
P(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-sans 12 801 — — — — — 
X-sens 6a 514 526 531 535 535 521 
methyl 2924 — — — 2923t — 
methyl 1378 — 1382§ 1385* 1383* 1377 
v(I—X) — 420: 169$ 201: 284: — 
v(N—I) — — 124: 135t — 
v(C—N) — 2146 — — — — 

b, 

v(CH) 20b 3050 3059 3060 3063 3067 — 
v(CH) 7b 3029 3028 3025 3028 3018 — 
v(CC) 8b 1561 — — 1560t 1560t — 
v(CC, CN) 19b 1417 — — 1420t 14201 — 
v(CC, CN) 14 1365 — — 1355* 1366 
I3(CH) 3 1283 — 1286 — — 1311 
/3(CH) 18b 1114 — — 1115* 1117* — 
sx(CCC) 6b 669 — — — 651 
X-sens 15 341 — — — — 351 
methyl 2970 — — 2980 2982t — 
methyl 1449 — — 1445t 1445t — 
methyl 1068 1070 1067 1068 1067 1069 
tx(ICN) — 336: — — — — 

b, 

V(CH) 5 969 972 968 969 970 — 
v(CH) 10b 799 800 802 804 804 793 
(MCC) 4 728 722 714 714 714 — 
cb(CC) 11 485 486 485 485 485 477 
X-sens 16b 211 — — — — 222 
methyl 2960 — — — — — 
methyl 1445 — — 1445 1445 — 
methyl 1148 — — — — — 
a(ICN) — 336: — — 

All frequencies refer to CS, solution except: 
* In 0112012. 
t In mull. 
$ In benzene. 
§ In CHO,. 



The infra-red spectra of y-picoline—halogen complexes 	 2533 

demonstrated for v1, voo, and viob  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.) 

COMPARISON 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 	 12 	IBr 	IC1 
y-picoline 	169 	201 	284 
Pyridine 	171 	204 	290 

The effect however, is quite small, less than that produced by change of solvent. 
The M 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. 

Acknowledgement—We wish to thank, the Education Department, Government of Assam, for a 
grant to one of us (I. H.) 

[15] See Ref. [2], p. 156. 
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ERRATA 

I. HAQUE and J. L. WOOD, 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 

7-PicICN 	y-PicI2 	y.PicIBr 

V68 
1 
2 
3 
4 
5 

526 
528 
529 
530 	' 

531 
632 
633 
636 

535 
537 
540 
540 
544 

535 
540 
543 
543 
549 

Viob 
1 800 802 804 804 
2 802 802 806 809 
3 803 805 808 809 
5 

vi 
1 1008 1012 

812 

1014 

808 

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, carbon disulphide solution; 2, benzene solution; 3, methylene chloride 
solution; 4,y-piooline solution; 5, nujol mull; 6, ohlorobenzene solution; 
7, benzene + acetonitrile solution. 
• This band merges with the solvent band at 195 ona-1. 

J. E. CfrawraERLAIN, A. E. OosTLEY 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/(103  p). To correct for this error the 
values published (as darks) in the last column of Table 1 should be multiplied by 1.36 x 10-2  
to give the correct values in darks. 
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THE VIBRATION SPECTRA OF THE COMPLEXES PYRIDINE-BROMINEr  
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of Science ancl Technology, 
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ABSTRACT'  

The vibrational spectra extending- to 80 cm-1  of the 

complexes formed by-  pyridine wititbromine, and with bromine 

chloride have been examined, by infrared grating- spectrometers 

and a Heilie laser Raman spectrometer. In non-polar:solvents 

-complexes are predominantly un-ionised. The spectra of the 

complexes are consistent with C2v symmetryr  the halogens 

atoms lying on: the C2  axis. Electron transfer appears to be 

as great as inIthe corresponding- iodine complexes. Additional 

bands!, prominent in polar medlar  are identified as due to the 
.4- 	- 

catiam 2 (Py. Br) r and:the all-ions- Br
3- 
or-  BrCI2 in the bromine -  

and'bromine chloride complexes respectively, 

2PyBrX (Py2BW + (BrX2)- 



71-7TRODUCTI4N  

The role of ,  both bromine and bromine chlerido 
to aceept'electroneand form-Oharge-transfer OotraeXes 
io moll e3tab1ished(1) 	The complexes with - pyridtae 
are sufficiently stable to be isolated(2)  as crystalline 
solids. The infrared spectra or the equimcilarpyridine--.  
bromine, and pyridine bromine -Chloride solutions in chloro 
form have been:ool;amined over a small frequency range • 
around 1000 cm 	 (3) by Zinger° and Witmer 	but 
extensive study of, the-vibratienaI. spectra:of.these 
complexes appears toAlave been made0 .- Recently features 
of the low frequency infre4red spectrum of the pyridine 
bromine - complex have been - described(4), and thobe agree 
inibstantially with the present restate. We understand 
an account of this.parallel investigation will Shortly 
be published(5)  0 The Wile laser Raman spectra of 
solutions of bromine in various donors have 'bean recently 

reported(') but a more extensive examination of the 
Raman spectra of the pyridine-bromine'complex in various 
solvents fails to support 

3171717”7-111;\y 

these results. 

 

All reagents and solvents were tAnalaR' grade 

except nitromethsne, acetonitrile, and methylene chloride, 



which yore 'Reagent Grade'. All were purified and 
dried by standard methods. Pyridine bromine and . 	, 
pyridine bromine chloride 'ere prepared as describe& 

by allisms(2)  FyBr2  insp. 610  (lit. 62-3°) Br 66% 

cal0.66.9%; FyBra m, P, 103a  Wt. 107.8°) ' 6.8% 

cab, 7.2% total, halo-2;m 4.5% ea10.59•4% 

Eate.trasopz 

Above 400 curl  infrared spectra were recorded 

with t Grubb-Parsons 'apeotromastert, There were ne 

differences between the spectra-of fresh solutions -using 

Ag01 or polythene windows, but, more rapid decomposition 

ensues in cells with KBz• windows, Spectra below 400 cm-wl  

were obtained using a single beam vacuum grating spectro-

meter constructed in the Department, For these spectra 

all samples were enclosed in sealed polythene bags, and 

examination completed within 30 ninutes of preparation, 

Raman spectra were recordcd with a Cary 81 

sneetrometer oquinped with a 'Spectra-Physics' model 125 
8.  

lie-Ne laser, giving 6323 51 raaations  solution were 

The poor total halozen analysis probably results from 

the difficulty of recrystallising the solid, duo to 

decomjnosition'efs  ref. 2. ' 



Irradiated along the axle of a conventional 'nier' 
Ramaa sample tube, shortened to 12 cm, Glycerol was 
em,ployed between the •end optical flat of the sample tube 
anal the condensing lens to reduce reflection losses. 
Tests showed that liquid:phase R 	spectra were stable 
for at least 30 minutes, but all runs tere COMpieted 
within 15 minutes. Visual examination showed rapid 
discolouration of solid PyBr2  samples placed in the-
laser beam. To minimise the effecta of decomposition 

a fresh sample was used for each band-in the spectrum. 
In addition, the wavelength shift was fixed en the 
strong 166 c41-1  band, which was recorded without wave—
length drive, from the onset or irradiation. This 
showed that the band (3.ssiied. to Br;) appears to be 
present ab iice, and disc pears after— 30minutes 
exposure, Solid PyBrCa save no evidence of decomposition 
under Raman examination. 
Results 

The comnlexes were examined OVO7 the frepuency 
range 50 — 2000 ciP*1  in various solvents, end aa mulls 
in the range 50 — 3500'cm71 	Altho 	some bands are 
obscured in each 	by intercomparison,the entire 
complex spectrum can be built up, and certain bands can • 

be followed_throuish a ran ;e of environmants.• All the 



bands shown in Tables 1 and 2 have thus been clearly 

_distinguished fri= solvent bands, though many may 

nearly coincide with th4be in a particular solvent 

such as pyridine*  The anpearanco of the low frequency 

spectra are shown in Piga and 2, 

- DISCUSSION 

IDENTIPICATIOTOVSPECiaa PRIS4NT 

12.P- Acline''Bromill2.2=Pm 

The low frequeney range is the most useful for 

IdentifYina the species present. In benzene solution, 
.1 

the wedk LatMlralbana at 187 cm and the medium Raman 

band. at 1.62cm-1  indicate the presence of fismalI amount 

of Br: ion-(7), The weak Raman band at 308 cm71:is 

due to bromine solvated by'benzenes as, shown by the 

intensity chanze of this bandNihen the pyridine/bromine 

ratio is changed (Table 3)* The remaining:bands below 

400 cM"*2", Viz* 229 cm 71  (infrared.) 226 em71,(Raman) and 

128 =71  are ascribed to the un-ionised PyBr2  complex, 

which is the 1.)redominant species present* - The antici- 

pated counterlon to the tribromide is•the bis-pyridine 

bromine I cation (Py2Br)+0  . Salts of this cation have 

been, examined(8)  and. ,show that two bands occur in the 

present frequency ran7se'-  170 cap.1  (infrared) and 195•=7 !(naman 



Both bands are rather weak compared to 13r3  bands, 

end neither is observed in benzene solutions of the 

complex* In the higher frequency =Igo most or the 

(Py213ris' bands nearly coincide with corresponding . 

PyIr2  bands s.rising from the same pyridine ring mode. 

The rin3 modes vlGb  and .06 giving rise to strong 

infrared bands arotald 430 cm and 630 cm are, however, 

sensitive to the nature of comnlexing at the nitrozen 

atom(943). These bands are doubled in, benzene solution. 

In each case the weaker component closely coincides' with 

the appropriate ring vibration of the (Py2Brii.  ion, 

to vhich it is ascribed. An the remaini.ng observations 

On benzene solution are consistent with the presence of 

the etTailibriva 

2PyBr2  :t 0:12.1304'f Br3  $ 

the tur-ioniso' d complex. beinj favoured* 	Examination 

of Me ITBr-.>  solutions show that the Bra ion is not 

insoluble in benzene* 

On passing to more 'polar solvents, e.g. CH2C12  

Or excess pyridine the 163 cm71  Raman 'band and the 135 cm71  

infrared  band. of the Bari  ? ion increase in intensity,, as

expected, as• do the two higher freauency bands vont 

viGb  Of the Py2Br+  ion. floWever the low frequency 

bands of 'this ion still cannot be distinguished. The 



bands due to the tmeaionised colzaex show siall..and 

progressive solvent shifts as the polarity or. the 

solvent increases, in the same direction as in .the 
iodine comnlexes(9)  • Xn a solution, of 0,2 11 Br2  and 
1,0 It pyridine. in benzene, laaboe ) .obserVed two 2.ow 
frequency bands in the Raman spectra, a weak band. at 

302 =71  ascribed to the benZene Br2  complex,. and 

a stronger band at 231 cm ascribed to. the pyridine 

Br2  complex, In repeated examination of the Raman 

opeetra of this solution: we find two sera i's bantiap.  

at 163 c 	(- signed to Bre) and 215 cm 1  (aesioaed 

to Br-Br stretch of complex), In -an attempt to resolve 

the disagreemmt goith Elaine's result, we have examined 

the Raman spectra of the pyridine complex in various 
solvmts•  The observed bands, shoe in in, Table 3, can 

be satisfactorily accounted for in a twainer consistent 

with the other ob;3ervations reported in this paper, 

but 17e are unable to.offer an explanation of Klaboe to 

observations. 

The low frequency sIDeetra of the solid "complex" 

chow some notable differences from the solution epectra, 

root remarkable is the absence in both the infrared 
and Raman spectra of any band near the frequency of 

the Br-Dr stretching of the un-ionised complex, Even 



after makin.is allowance for the change of environment, 

this band would still be, expected in the range 200-220 cm-1, 
strong in both the infrared and Raman., The- indication 
that the solid-  is not composed of "the nn-ionised charge 

transfer comolex is tnipported by the presence of only 

sin le infrared bands-  in the v6a and'v16b  vicinity*  

the frequencies of these bands corx,.esponding'with those 

or the  (11 2̀B0+  Ion* all the low freauency bands can 

be accounted for by the (742Brr 'and Br.; ions.  Thus 

the strong infrared band at 180 cm and the strong 

Raman band at 166 cm 71  can be confidently assiuled to 

v3.. and. vi  of the B.r ion.. respectively. 'The .vieak 

Raman band. at 180 cm and the shoulder on' thein.frarca 

band. at 169 cm may also be assigned to these vibrations, 

weakly allowed by relaxation of the symmetry' in the lattice. 

rn inframd band of the (Py2BrY+  ion also llos at 170 cm1, 

and may contribute to tho observed shoulder. The' only 

Raman band of the (Py2Br)+  ion in this, range is a fairly 
.1 weak pie at "' 195 cm I  and satisfactorily act :or-its 

for the observed band at this frenu.mc,y. • In other 

Py2Br+  salts this Raman band is not split("), so the • ' 

assignm.,,m 	-/t of 180 cm to the Br.; ion is more probable 

• than that 183 ea and 3.93 cm / form 'a doublet arising 

from the Py2BrI" ion. As the almearanco, and position, 



of all the higher fresueney, bands of the solid also 
closely correspond to those of (PyBr)+  salts OWILla 

- frequencies vary slightly with the anion) we infer,  that 
the solid 'complex' is entirely in the font of (Py2B0+  
+ Br; ions. The ionisation is weVersible, Oa solu-
tion the solid gives spectra identical with those 
obtained by directly mixing pyridine and bromine solutions 
in the appropriate solvent (Table 1). 

In bmtzene solution the low frequencyrange.  
containa only two, irifrared bands. Thehigh.er  freeueney 
band at..,  308 cm 71, which is stron.g in both the infrared 
and Raman spectrum is asSiated to the Brol stretching 
of the un-ionised charge transfer complex.. Since 
brort4ne chloride can disproportionate 2Bre1 	3r2  4. C12, 
the question, arises thether the observed band. might be 
due to the benzene-Br2 complex, which has a bend at 

303 cm71,,, Any 3r2  however would preferentially 
complex with the pyridine present 	that the latter 
is associated is clearly she= by the•hifeher frenuetacy 
opeotrum. The die ;incision frost the low freaumoy 
epectrun of the PyBr2  °enrol= in betuzene shows that 
disproportionation has not occurred, Further evidence 
is the fact tht.It no Clo  is evolved*  019  does not fore 



a stable pyridine comelez undor these conditions. 
The lower freven.cy band. is assigned to the 17--Br 
stretching- of the complex. The remaining high fre-

quency spectxsuz can, be assiveed =tinily to a single 
species, the un-ionised complex. This is: supported 
by,.the presence of foray single v6a  and vi6b  bands.- 

In excess pyridine solution the low frequenoy 
nfra.red range contains an additional strong band at 

..- 226 cm4.1, 	Although the_aeymmetrie stretching 
freclueney of the Tr012 *as originally reported at 

-1 (7) O5 cm 	0  this is high in comparison t7ith other 
trihalide ions(11), and reeently Evans and Le(la)  have 
determined the freauency of this mode at 227 =1'61  in 

the spectra of tetralammonium+  DrC12.*  salts in a 
benzene/acetonitrile mixture as solvent, we there-

fore ascribe the 226 cma*1  band to the 13r012  ion. 
The strong polarised 'Ramon band at 275 cat-  - azreee 
with the reported v3.  freci.uency of the ion(10)  

strorg,3 band is also present in the iafrared s-oeetram 
at this fret-mm.0y, and cannot. b6 duo t€9 v1  of 3rC12-
Comparition -with the spectrum in benzeie solution 
.suggcsts its ascription to the 13r-01.  etraohing of 
the -an-ionised complex„ It pot  there should also 

be a contribution from.this moae to the Raman. band. 
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The 2atter is appreciably asymmetric (polarisation 

is t.ound not to change the asymmet17), and in 1:4 
dicaane solution the two contributions to the Raman 

band. are nor-t) clearly resolved* The fairly strong 

band In the infrared at 160 cm 1  is very weak in the 
Raman*  il...1thouet this auggests its assignment to 

the bending vibration, -of the Bra2  ion,-which in
crystalline salts is found. near 140 ca-111 (1°), there 
are?  two reasons for preferring its assivlment to the 

ii-Br stretching or the un-ionised complex* The first 

is that the ZrC12 bending fncquency would be expected 

to be lower in solution then. in the solid rather than 

higher, secondly, a similar infzv.red band'is observed 

at 144 011.171  in a. benzene 'solution. of the complex, which 

contains no r 12 ions, This band is unobservable in 

the Raman spectrum, Further support. for the occurrence 

of dissociation. 2.ryBrCl 	(y21.3r) 	(BrCl2).  is - 

provided by the (Py211.0 bands. The,IZarnan band at 
---,192 al (this is the vi  type vibration). is observableg  

and in the higher frecauency r.nge the spresence of an 

additional band in polar solvents at 1445 e. "1  comes- 

,ponce to the vi6b  band Of 2B7r**  ..Lae v6a band o 

this ion is at 639 cai 1, and althouEh a strong infrared 

band is present at this frequency in pyridine solutions, 
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the v6a  band of the um-Ionised complex Is also expected 

near this frequency. No indication of a doublet 

structure is observed in pyridine solution*  but in 

ai el a second contribution becomes apparent. Thus 2 2 
all the featurea of the solution spectra are consistent 

with the equilibrium 

2 PyBra sizt-13y2Br+  + Bra: 

no detectable dissociation occurring in benzene, 'but 

appreciable ionisation taking place in polar solvents. 

The interpretation- of the vibrational spectra 

or the solid complex presents several diftl,culties. 

From the appearance andm.p. the solid appears to be 

identical with the material reported by Willlams(2). 

The solubility is similar to that of the other solid 

complexes examined, and after solution the spectra 

(see above) are readily interpreted. It can be 

concluded that no chemical reaction ouch es sUbstitution 

in the pyridine ring has taken place during preparation. 

' In the frequency range of the ring vibrations, only 

, 

	

	single vakb  and v6a  occur in the infrared, the frequency . 

corresllonding to the um-ionised complex. Comparison 

with, e.g. the bromine complex, suggests that a 'solvent' 

shift is unlikely to be sufficiently large to permit 

as alternative interpretation as (Pg2B0+  (0r d-% 
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The remaining higher frequency spectrum vas° corresnonds 

quite closely to that of the un-ionised complex*  except 
for some notable intensity changes*  as in the 1206 and 

1250 ca bandst-but taken as a whole gives the general 

imoreosion that the solid is entirely in the un-ionised 

form - in contrast to the PyBre  complex* In the low 

frequency range the absence of the strong infrared 

band of Bra2  near 220 cm 1   and the Raman band near 

276 cm-l.at first sight also supports this' view. 

However the assignment of the observed bands entirely 

to the un-ionised form is not etraightforward0 •firstly 

because four*  instead of two bands*- occur in the .  
3.60 - 00  cri-1  reset  cecondly*  because the 255 cmiel  

band is entirely absent in the infrared, .while the 

295 crrl  band is entirely absent in. the Raman. The 

near mutual exclusion of the infrared and Raman spectra 

indicates the presence of controsvmmetric 'units* 

Formal this means a centrosymetric 'mitt cell. Such 

a model, with each cell containing 2n un-ionseed PyBrQl 

units has the morif of being in accordance viith the 

higher frequency spectra. The low frequwicy spectra 

can be accaigtted for if there is strong interaction 

betvee,u the PyBrel units*  the 255 and 255 cmge*1  bands 

both derivin3 .2rom the. 1,3rA stretching mode*  and. the 



13 

196 and 171 cm 1  bands from the NBr stretching' modes  
The band at 104 cm 1  and lower bands are then assivied 
to bending or rocking medes. If the intermolecular 

interaction is sufficiently great to produce splittings 
or this magnitude, the distinction between .internal 
vibrations and lattice modes dissolves.* as does the 

• concetit of molecular units. This assignment however 
still conflict,a with the depolarisation of the 255 cril  

band. 
It is also passible to assicn the low frequency 

spectra to (Py2Br)+  and Dr01: its, not necessarily 
k-kow,c2A 

situated in a centrosyrizetric unit cell. ThO assign- 
eat requires the vi  band of BrC1-2..  to be activated 

in the infrared (of ref.10) and to be separated from 
the accompanying karatanvl  band by 40 cm 	Assignment 
Of the 196 cm' band to v.3  would also require a displace-
malt of some 30 cma°1  from the usual position. A further 
difficulty is that no band is found near the expected 
Dt-01 2  Ìs- bending frequency 140 mil,. Thus much larger 

then usual displacements of the 'BrCI:sband positions 
are implied. As, farther, the (P-J2Bri inT'rared band. 

170 crawl is not observed, and the higlier frequency 

bands are more difficult to fit to the (Py23r) f.  
the preferred interpretation is on the basis of 	 ionised  



PgBrOl units* This contrasts with solid, PyBro but 

in's crystal where the strong intermolecular or inter-_ 

ionic forces are: comparable to the weak charge-transfer 

intramolecular or intraionic foroost  the ionic 

orm-ionised =Asia represent only limiting structures, 

the spectra showing that neither exactly represents 

the solid PyBrOl complex* 

12...z..alstMata 

The bands ascribable to the un-ionised complex4, 

may readily be assigned by'compari on with the Spectra 

of pyridine and its iodo-complexes, 	shorn in 

sable 4. The absence in the solution infrared spectra 

of bands corresponding to the a2  modes of pyridine 

suggest that C27  symmetry is retained in the complexes, 

ive, that the halogen atoms lie on the 02  axis of 

pyridine* As usual, inferences from the absence of 

vibrational bands do not exclude the possibility of 

a small amount of asymmetry. 

Ccaparison with lode comolexes 

On forming comaexes, certain: pyridine or 

y-picoline vibrations show appreciable frequency shifts* 

The. modes involved and the direction of the shifts are 

the same in series of hydrozon bonded(12)  chargo-t11—. 1-fer(9/13j  40 14 

(1405) or metal-co-ordination 	- couplozos. There is no 



correlation of the frequeney shifts with the pass of_ 

the adjacent co-ordinateviatom, - which can Vary. from 

to l,. and so_ mechanical .eoupling. does not appear to 

be the .cause„ . The. shifts, howayert  :fit.. In yell with. 

the expected extent or electron transfer old of- the 
pyridine or y-picoline rings, In Table 5 the frequencies. 
Of come of the most sensitive vibrations (vi, v6af v1.11  

clay16b) are.shov“or the brow and lodo- complexes„ 

The frequency shifts.  indicate greater charge transfer 

in, the bromine chlorlde.than in the Immine 

This =panels the increasing clear= transfer in' 

the passingthrough the 12  - 1Br 7 101 series. Less 

.erneete4 is-the observation that the shifts in-the 

.bremine _complexes aro as great ae. in the corresponding . 

iodine.onesi suggesting a comparable amount of charge 

tr. nsfer, 

In the iodine and iodine halide complexes, 

increasing electron transfer .e accomanied by a pro- 

gressive weakening of the interhalogen bond, as manifested 

in the decrease of the halogen stretching 2requency(.16).. 

Table o shove the prollortional decrease A of this 

frboucney in the present series, and, for comparison, 

that
. 
 in the corresponding Iodine and iodine halide 

comnexes, The order supports the of 	in, 



16 

the sensitive donor modes thus A is greater for the 
Bra than for the Br2  complex, It is also greater 
for the bromide complezea than for the corresponding 
166.ine ones, suggesting greater electron transfer in 
the bromine series. Despite this, the bromine and 
bromine chloride completes give the imereSSion of 

being less stable than the iodine complezee. Continuing 
the series throueh, attempts to prepare a Py01 compleX 

. • 

have failed, supporting the order of stability 

ry12  PyDr2ellye12e  

IZaT.A..a.L1Potr..qa_WZMPSPr 
It has been seen above that the vibrational 

spectra indicate that the erten' of charge transfer 

in the bromine series of complexes is as great, or 
greater than in the corresponding iodine series, despite 

the greater stability of the latter, A possible 
explanation in terms of vbeck-transfee - the contribution 
of a valence bond structure Pr.', (XYY+  has been seezoeted 

by Dr. i.ilillier(2°), Sue on electron transfer, 
involving donation from the antibonding fig orbital of 
the halogen to the loveet =occupied e orbital of the 

pyridine would occur more readily in. the iodine than 
in the bromine series, The effect could be to increase 

the stability of the iodine aeries, reduce the net 
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charge transfer-  in these complexes*  and t increase 

the strength of the IX bond compared" to the Dr: bond, 
attempt is now be-L%,  made to explore the itrolications 

of this )3us,j:;estion quanititatively, 

Ltt2aLatjatdmaglsaJi 
Ve are eating here*  as before(9013)  

effect of change or solvent or phase on a given 
complex, This is in distinction to moat previous 

work*  in which a given acceptor has been examined 

in various solvents*  which act both as donor and as 
solvent, Thethe.pyridine-iodine halide and y-nicoline 
iodine halide complexes the effect of the environment 
was olesrly establiShea, r increasing polarity facili.A 

-tates.charce.transfer*. with the result Fiat the 'sensitive, 
Vibrations of the donor moiety move in the same direction 
in_cavironments of increasing polarity.  as they do with 
a series of increasingly electron attracting accePtors., 
ElmetIg similar behaviour is,exhibited by the present 
complexes (see Table 7),• The skeletal vib ations are 
particularly sensitive to solvent chances and also 
follow the previously established pattern: as the 
polarity of the environment increases*  the 11Br stretching.  
frepuency•rises*  and. the BriK stretching frepuenoy falls. 
Doth these chances are in_the same direction as those 
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produced by increasing electron tranefer. The requency 

uhifts are noticeably greater in the more polar Brcl 

complex. It 13 also apparent that the magnitude or the 

frequency shirts produced by changes of environment are 

comparable with those produced by a change or acceptor — 

thus it is as important to pay itgard to the solvent in 

measuring or considering the properties of a charge 

•transfer complex, as to consider the chemical nature. 

of the donor and acceptors This eeems-to have beat 

-rather ,overloOked 1.4 some earlier work, 

10 thank the e#R,C, for a postdoctoral 

and the Government of Assam for a maintenance grant. 
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446 13 

- • - 
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Infrared-Spectra o the Pyridine-Bromits chloride in 
various media 
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181414. w' 
1595 a 1597 s 

1517w .  
1433 w 3449 a 1451 6 _1449 s 

1548 w 1349 ml 

1250 m 
1.206 .6 1206 a 1205 s 

1154 e 

1065 s 1064 a 
1041 ms /040-0 
1033 s 

1011 a 1012 s 1012 S 

991 w 

942 

'cos 702,-* 

635 oh 
631a 632_s X63 
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214 

'able 2. continued 

422m 
307 a 
21414 ras 

4.25 a 428 s 
2714 8:. - 
226 s 
16C) raa 

Loo 
295 a 

196 a 
104 zna 
85 Iv 

ro 

1+30 la 



235 m 	308 s 

163 s 
162 m 

.163n (Pol) 

163 s (Pol) 

163 m 

164 s 

163 s 

165 s 

166s 

215 a 
221 s 	300 w 

218 a (Pol) 

215 s (Pol) 

218 s 	300w 

214 s 

211 a 
	

252 w 

210 s 
	253 w 

188 xi 
	

193 w 

25 

able  

Raman Spectra of the Pyridine-Bromine Complex 
in various media 

Solvent 
	

Observed bands 
cm 

Benz one 
	

162m 
	

226 a 	308 v, 

Benzene and excess 
of Br2  

*Benzene and excess 
of Pyridine 
1:4 Dioxane 

Methylene chloride 

*Pyridine 

Acetone 

*Nitrobenzene 

*Acetoni trite 

*Nitromethane 

Solid PyBr2  

* .4.63 clIr1 band is stronger then 220 o 	band 
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Table 3 continues 

Raman Spectra ot the PJI3rC1 Complex in various media 

Solven 	 Observed bands 

Banzene .  

Dioxane 

Methylene chloride 

A.cetoni trile 

Solid 

162 vw 

102 w 

308 a 
280 all 300 s(1301) 

192w 	—270 eh,* 

192 w 	278 s (Pol) 

190 w 	276 s 

171 m(dpol) 	255 s (d.pol) 
198 in dpol 

appears as a shoulder on the v band of CE2C12 
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Assignment of Infrared active fundamentals of Pyridine 
bromine and pyridine-bromine chloride complexes, and 
comparison with pyridine wad pyridine-iodine chloride 

Desiolation 
(19) 

Pyridine Pyridine 
Iodine 
chloride 
(In 062) 

3058 
3068 
1597' 

1209 
1067 
1009 
3039 
1030 

627 

290* 

3085 

1449* 

1209 

655 
1150 

a v-04: 
4 	• 

'v(cal) 20a 
✓ 00 8a 
v (00,0) 19a 

(ca) -  9a 
(a.i) 18a 

Ring 1 
X sens 13 
X amts 12 
X glens 6a 
NI or NBr 
stretchinL 
X-Y stretch- 

v• (CH) 2013 
✓ (CH) 7b 

• v (CO) 8b 
✓ (X, CIO 19b 

P (013) 3 
(CH) 13b 

e (000)67b 
X sons 15 
N (CR) 5  

3054 
3054 
1583 
1432 
1218-
1068 

992 
3036 
1030 

605 

OS 

3080 
3036 
1572 
1439 
1375 
1218 
1035 

652 

9112 
836  

Py dine-IA *2  

(In al 	) 

aro 

1597 
1430  
1206 
1067 
1012 

1030 
623 

• 128* 

2291' 

1450 

1206 

3.155 
942 

alp 

Pyridine-
Br01 

(In t 12012) 

1597 
1433 
12.06 
1064 
1012 

w - 

1033 
632 

1L(4 

307 

1451 

1206 .  
IMO 



COnt 

Deniznation Pyridine PYridine PYridine-Br2 frldirie"' 
• chloride 

c6 (co) 4 
pc (co) u 
X acne. I.6b 

749.  
700 
405 

7148 
02 
421 

748* 
0.0 : 

420 

75o* 

425 

IleaoroaranwesmisiariNgma...riv 

In benzene eolution 



PY 12 Py 1 Br 
e 	--‘ 

Vi 1006 1010 
623 627 

V2.45‘ 1445 124.149 

\'16 420 

Py 1 C. Py5r2  PyBr(71 
City= 

1009 1011 

627 630 

14/47 1449 
418 422 

1011 

630 

liVi9 
421 

29 

  

Sensitive vibrations compared with those of Iodine 
I Br-  v.nd 1 Cl complexes 
(Al]. treveneieo rere to benz e solution) 



Com-olez v complex 
in Benzene 

v tree (17) v free SP 
v complex 

cm em -1  viva- 

Py12  171 (roe.18) 23.3 20.  
PY 1 Bra  204 (ree.16) 266 23.3 
Py 3. Cl 290 (re ',18) 333. 2. 
Py Br2  226 316 23.5 
Py Br 0/ 307 439.5 30 
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0411.4.2a 

Effect or medium on temstttve/  vibrations 

Mode of 
vibration 	Solvent PyBr 

ci 

NJ
1 	

Benzene 1009 
Methylene chloride 1012 
Pyridine IOU -  
Bmzene 627 
Methylene chloride 628 
Pyridine 629 

413 vi6/3,1 	Benzene 
Methylene chloride 420 
Pyridine 421 

v(Br..X * Bmzene 226 
1:4 Diozane 221 
Acetone 213 
Metb,ylone chloride 218 
Pyridine 2/5 
Nitrobenzene 214 
Acetonitrile 211 
ilitromethane 

v 	B.2nzaie (U-Br) 
210, 
123 

Pyridine 140 

PyBrOl 
ctrl' 

1011 
1012 
1012 

630 
632 
636 
422 
425 
142& 
308.  
300 

273 

275 

*Raman data 
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SUMMARY 

irt. (80-4000 cm-') and Raman spectra of various perchlorate, tetrafluoro-
borate, and hexafluorophosphate salts of bis(pyridine)iodine (I), bis(pyridine) 
bromine (I), bis(y-picoline)iodine (I) and bis(y-picoline)bromine (I) have been 
examined in various media. For the first three cations, the spectra are sufficient to 
establish the linearity of the N-I-N and N-Br-N atoms, and the presence of a 
centre of symmetry, in both mull and solution. In the iodine cations the mull spec-
tra indicate coplanarity of the two ligand rings, and there is slight evidence that this 
persists in solution. Shifts of sensitive ring modes indicate the charge distribution, 
which is compared with the corresponding charge-transfer complexes. In contrast 
to the charge-transfer complexes, solvent effects are slight. 

INTRODUCTION 

IQ 	Salts of the bis(pyridine)iodine (I), (ZYIPyr , and bis(pyridine) bromine 
~'i(I), ( yBrRy)

+ 
 cations have been known for a considerable time' -3. Some bands ....,___. 

n the 700 cm_ 1  and 1000 cm' region of the IR spectra of solid bis(pyridine)iodine 
nitrate and perchlorate were observed by Zingaro and Tolberg4a, and of solid 
bi§(pyridine)bromine nitrate and acetate by Zingaro and Witmer", but no full 
account of the spectra were given. The bis(pyridine)iodine (I) cation has also 

- 	been shown by X-ray diffraction to be present in the pyridine-iodine adducts. Our 
interest in these cations derived from an examination of the IR spectra of pyridine 
and y-picoline-halogen and interhalogen charge-transfer complexes6-8. In polar 

1 solvents the complexes ionise to give these cations 

off) 	2 fyIX ••&-" (fiyipyr + DC2- 	(X = Cl, Br, 1) 

which were identified by comparison of the spectra of the solutions with those 
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now reported. In addition to their occurrence in these solutions the cations have 
a ..umber of intrinsic features of interest. In the crystal, X-ray data show that the - 
uyI6T)+  ion has a centrosymmetric structure, with the two/̀y rings nearly copla-

:nars  (point group D2h). Determination of the structure in solution will indicate 
whether the two salient structural features above, viz. the collinearity of two li-
gands bonds, and the coplanarity of the pyridine rings, arise from the internal 
force field, or result from interionic forces dominating the crystal packing. Preser-
vation of the N—I—N collinearity in solution would emphasise the similarity with 
the pyIX charge-transfer complexes, and with the IX2" ions, which may be regard-
ed as isoelectronic in that two 3-centre a-type M.O.'s involving four electrons 
(each halogen providing none, and each nitrogen two) can be formed throughout6..  

The question of the possible retention of the coplanarity of the pyridine 
(or y-picoline) rings in solution is particularly interesting. As far as the authors 
are aware, in all instances of restricted rotation so far established, the tops involved 
are directly united by a single bond*. If (as will be seen) the cations are linear, 
restricted relative rotation of the pyridine or y-picoline rings would imply a tor-
sional interaction extending over two collinear single bonds. The similarity of the 
present cations with the corresponding charge-transfer complexes also Suggests an 
intercomparison of the. N—I bond strengths, and of the charge distribution. A 
measure of the latter is provided by the shift of the frequency of a number of char-
acteristic "sensitive" vibrations which are largely localised in the pyridine or 
y-picoline rings7. The effect of the environment on the vibration frequencies, which 
appears to be closely related to the charge distribution in the C.T. complexes6' 7b  
has also been examined in the cations. 

EXPERIMENTAL 

Materials 

"Analar" pyridine was dried over KOH and BaO for several days and dis-
tilled from fresh BaO. The IR spectrum of purified pyridine did not show any bands 
of picolines, which are the most likely contaminants. y-picoline was dried over 
KOH and BaO and distilled under reduced pressure. The purity of y-picoline, 
checked by v.p.c., was found to be 98.8 %. "Reagent-grade" methylene chloride 
and acetonitrile were dried and purified by standard methods. "Analar" bromine 
(BDH), "Analar" iodine (BDH), sodium fluoroborate (BDH), ammonium hexa- 

a7,  fluorophosphate 01- Mohaning Company) and silver nitrate (BDH) were 
used without further purification. Nujol (liquid paraffin) and hexachlorobuta-
diene were kept over molecular sieves "type 4A" for several days, prior to use. 

* In, for instance, dimethyl ether, torsion is about a C-0 bond, which unites a Me group and 
an —OMe group. There are two torsions in all in dimethyl ether, and two torsional azimuthal 
angles are involved. In collinear ylpy)+ only a single torsion is possible. 

• 116 — MOLSTRUC — 1stro P 



Preparations 
bis 

,pyridine silver (I) fluoroborate and „dpyridine silver (I) hexafluoro- 
phosphate-were prepared by the same method at's;4yridine silver (I) perchlorate 3; 
NaBF 
salts Iy2 	.1. r2I1I3F6  and 6y2BriPF6  were prepared in the same way as 

2Br]C10:4-, and ky2IJC104  were preparedz 3  from 6,y2Ag]C104. The corres-
ponding, y-picoline salts were similarly prepared. All-the salts were purified by 
recrystalgsation from methanol. 

Analysis: 
•I 33.9calc 34.15%; N 7.47 5 cok-- 	4 2 	2- 	%, 	•  	 talc. . 

V., [PY2I]PF6: I 29 %, calc. 29.5 %; N 6.3 %, calc. 6.5 %. 
[PY2Br]PF6: Br 20.4 %, calc. 20.88 %. 
jy-13ic2IPF4: I 32 %, calc. 31.75 %; -N 7.11 %, calc. 7 % F 19.3 %, 

calc. 19 %. 
ic2I1PF6: I 27.9 %, calc. 27.7 %. 

[y-pie2Br]PF6: Br 19 %, ca019.5 %. 
• C.,  

Spectroscopy 

Two instruments were used to obtain IR spectra. A single-beam vacuum 
grating spectrometer constructed in the department was used for measurements 
from 400 to 70 cm-1. On carefully drying the cell compartment with P205  and by 
passing dry nitrogen gas, no background absorption due to water vapour was 
observed. In this frequency range all the samples were examined in polythene bags. 

A Grubb-Parsons' spectrometer was used for measurements from 4000 to 
400 cm'''. In this range, samples were usually examined in cells with KBr or 
AgC1 windows. 

Solid samples were examined by dispersing in nujol ?r in hexahlorobuta-_ct,..12; ‘,,,t. 
diene. AgC1, KBr and polythene windows were used. The (pty2I)+ , 67.3/2Br)+  and 	f) ,. 	, 	) 
(7-Lptc2Ir salts were stable, but (y--Dic2Br)+ (PF6)-  slowly discoloured, with ac-' 
companying spectral changes, particularly if KBr windows were employed. For 
this salt, fresh samples were used for the measurement of each band, using AgC1 

p or polythene windows. In methylene chloride solutions, all except (y- i-C-2-1W 
salts were stable for at least two flours..'Nevertheless, the precaution o using a 
fresh solution after every 10 minutes was made for all salts. AgCl or polythene 

,-Q> windows were preferred. For comparison with charge-transfer complexes, some A --_,A `i.  bands .of (y-pic2D+  and (y-pic2Br)+  salts in y-Iiicoline solution were required. 
These solutions are not -stakle; however by repeatedly renewing the solutions 

e--olutie+ks the required spectra were established. Measurements on the ,.„ Jy-( ic2Br)± salts were particularly difficult, as these react more rapidly than 
\(y:  tc2I)+ salts, but by distinguishing between bands increasing and decreasing 
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00 400 600 800 10001200 1400 -400 

I 

 
CM -1  

I-t.5 	. 

100 

b  

N6 

200 400 600 800— I0001 	1200 1400 1600 
111111_1111_11  

cm"'  
0 	72, Egv=,1;72-. (a) IR spectra, 400-1650 crn-' in C1-12C1,, 150-400 cm-' in pyridine soln.; (b) Rarnan 

spectra in CH,CI, soln. Fig. 1, the (py2I)+ cation; fig. 2, the (pyBr2)÷ cation. 
_ 

in intensity, the spectrum ascribable to the (y-pic,Br)41  ion was determined. 
Raman spectra were recorded with a Cary 8.1 spectrometer equipped with 

a "spectra physics" model 125 He/Ne laser, giving 6328A radiation. The solutions 
were contained in a 10 cm long glass capillary tube of approximately 1 mm internal 
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I 

Figs. 3-4. (3a) and (4), to spectra, 400-1650 cm-1  in CH2C12, 150-400 cm-1  in y.-picoline soln.; 
(3b) Raman spectrum in C1-12C12  soln. Fig. 3, the (y-px2I)-1-  cation; fig. 4, the (y-lic2Br)-E cation. 

--- 
diameter sealed at one end. The sealed end of the capillary was flattened with a 
fine file. After filling the tube with solution it was "sealed" with plasticine, leaving 
a small gap of about 2 mm between the solution and plasticine. Glycerol was em-
ployed between the flat end of the capillary cell and the spectrometer lens to en-

L'Z sure good contact and thereby reduce reflection losses. The pyridine salts were 
cg- 

-f 
cg- 	quite stable, as was the (y ic2D+  in CH2C12  solution. As a precaution, however, 

) all observed bands were cCtecked individually with freshly prepared samples. For 
comparison with the m, the frequency of the skeletal stretching band of (y-iiic2I)+  
was required in the same medium, viz. y-picoline. In this solvent decomposition 
is rapid, however the"band at 161 cm-1-  is strong in fresh solutions, but disappears 
completely after 10 minutes; All attempts to obtain the Raman spectra of 
(y-qc2Brr salt solutions were unsuccessful, decomposition occurring very rapidly 
on laser illumination. 
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TABLE 1 

4 	ASSIGNMENT OF VIBRATIONAL FREQUENCIES RELATED TO INTERNAL VIBRATIONS OF THE'BASE GROUPS 
0 

1-i 	 (PYsil+ 	 i..),,Br14- 	 ly-nicill+ 	Cs'11.4,-.7' 1L.- 	__.. 	[y-pic2ite]+(PF3 )- cn 

IR in Designations .° 	 Raman IR in 	Raman IR in 	Raman IR In  Raman IR inRaman IR in Raman IR in IR In 
solo. 	in 	mull 	solid 	soln. 	in 	mull 	solid 	soln. 	in soln. mull 	solid 	cH2o, mull 

I 	 & 	 sign. 	 soln. • 	 (CHICI3 , (CH2C13 ) 	 soln. 
CH3CN) 

ch. 
v(CH) 	2 3079 3073 3067 3077 

v(CH) 	20a 3049 X053 3053 3058 

v(CC) 	8a. 
• 

160/ 1607 1600 1603 1601 1608 1600 1609 - 1618, 
1610 

1622 — 	1618, 
1610 

1620 1623, 
1613 

1621, 
1610 

v(CC,CN)19a 1481 1488 • 1479 1486 1487 .1487 1499 1501 1502  1506 1509 1502 

I3(CH) 	9a 1210 1216  1207 .. 	1216 1205 1213 1206 - 1213 1226 1226 1228 1228 .1223 

fl(CH) 	I8a 1062 1059 1066 1062 ' 1066 '1072 • 1038 . 1043 1040 .  1045 

Ring • 	1 	' 1009, 1019 1010, 1019 1011,. 1022 1011, 1021 1024 1028 '1024 ,1028 1026 1024 
1005 1005 1008 1006 

X-sens 	13 3035 3037 1207 ' 1211 • 1209 1215 1206 1205 

X-sens 	12 1040, 1036 1040, 1036 ' 1040, 1035 1037, 1035' • 814 	' 813 ' ' 	820, 813 811 808 
1030 1032  ..., 1033 - 1032 • 813 	' 

X-sens 	6a 637 644. 638 645 639 649 639 " 647.  • 545 554 • 545 553 543 • 538-,. 

Methyl Ma  • 2924.  2923 • 

Methyl Ma  

b, 
-v(CH) 	20b 3109, 3114 

. 1383 ' 1383 1387 ' 

3053 

1387 1385 .1387 

 3058 
3102 

v(CH) 	7b' 3053 3037 3021 3023 

• 



• 

v(CC) • 	8b 1576 1577 1580 1576 x . 1574 1584 1574 1577 1560 1557 1568 1562 

v(CC,CN)19b 1452 1455 1438 1454 1439 1435 

v(CC,CN)14 1355 1355 1351 1354 1366 .1366,  • 

1 
fl(CH) 	3 
ACH) 	18b 

1246 
1090 

1248 
1094 1090 

1254 
1095. 1121 

1297 
1121 1120 1120 • 

0 •a(CCC) 	6b 662 .663 666, 663 666, 
660 660 

t-1 X-sens 	15 1158 1157 1160 1167 , 	1158 1161 1160 
Methyl M, 2992? 2990 

Methyl M, .1447 1450 

Methyl M, 1061 1069 "1063 •1072 1063 1062 

0 a,  
y(CH) 	17a 978 952 941 954 

y(CH) 	10a •• 871 873 

co(CC) 	16a 

b,  
y(CH) 	5 -945 952 

362 

945 953 952 975 	" 975 970 976 975 

y(CH) 	10h 813. 820, 811 810 
813 

q)(CC) 	4 760 761 758 766 712 713 714. 711 

p(CC) 	11 692, 491 487 490 485 494 495 
707 

X-sens 	16b 438 422 438 425 450 452 

Methyl M, 2992? 2990 

Methyl M4  1447 1450 

Methyl M6 



Conductivity studies indicate that in concentrated electrolyte solutions, 
Particularly in solvents of low dielectric constant, the major part of the ions 

r 	present are associated as pairs, triplets or higher clusters. In order to ensure that 
„sr°  the observed spectra did not reflect the influence of the counter ion the hexafluoro- 

S' _phosphate, the tetrty borate, and occasionally the perchlorate salts were 
coinpared.. 'go -effects due to the counter ion were observed. Variation of the 
counter ion also permitted the entire range of the cation spectra to be built up.. 

RESULTS 

Figures 1-4 show composite spectra of the cations, produced by combining 
data from the various salts. The spectra shown refer to CH2Cl2  solution, supple-
mented, where solvent bands obscure the spectrum by data from other media. In 

• other solvents, or in the crystal, the spectra are generally similar and tables detail-
ing the observations are given in the Appendix. 

DISCUSSION• 

1. Vibrational Assignment 

It is apparent that the higher-frequency vibrations are the counterparts of 
modes in the corresponding free base. To a quite good approximation two normal 
modes of the ion are formed by linear combination from each base mode, each 
pair of cation modes being split by interaction via the halogen atom. These 2 x 27 

-• 	vibrations (bis(pyridine)ions) or 2 x 36 vibrations (bis(y-picoline)ions) may there-
fore be classified according to their parentage in the isolated base (Table 1). As-
signments to the corresponding parent mode are made by comparison with the 
spectra of pyridines, y-picoline9  and their halogen charge-transfer complexes", 
which are of very similar appearance. The only problem in relating the cation I-)  
bands to those of the free bases arises with the!), mode v3  of (y-Pic2X)+  salts. In AT  
both cations and the y-picoline C.T. complexes a band at 	1260 cm-1  is much 	' 
stronger than that at -- 1297 cm-1, suggesting that the former is the fundamental 
derived from v3 . As the frequency is not sensitive, to complexing, this suggests 
that the assignment of a band at — 1297 cm-1  in y-picoline to the v3  fundamental 
may need revision. Fortunately the question is not essential to any of the arguments 
employed here. Most of the weak bands can be plausibly explained as overtones 
or combinations. As the ions have a centre of symmetry, the g . . . u rule requires 
la-active combinations to be formed from one nt-active and one Raman-active 
component. This has been followed where possible. ,In addition to modes derived 
from ring vibrations the ions have 9 skeletal vibrations which involve the motion 
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Ct+-4-NQ CP1-1-NQ a  CI -14)  

• • 'planar 

a 

of the base rings as a whole, and which have no counterpart in the isolated base. 
The only modes of this type which can be identified in the observed spectra are the 
symmetric and antisymmetric "N—I—N stretching" modes. The mutual exclusion 
of these between the m and Raman spectrum particularly clearly demonstrates 
the collinearity of the N—I—N.  bonds. 

C N-I-ND 

planar 

74 \N/d  

Nb 
D2 	02d  Cl 	C2h D2h  

Fig. 5. Some possible rigid structures of the (m21)4-  cation, incorporating a linear N-I-N group. 
• x.&t- 

S011̀" 
The possible rigid structures which incorporate a linear N—I—N grouping 

are shown in Fig. 5, and Table 2 gives the correlations between the internal vibra-
tions of a single ring, and the in-phase and out-of-phase binary combinations 
which represent the corresponding normal modes in the cation, together with the 
IR and Raman activity. The D2  and D2d  structures do not contain a centre of sym-
metry, and consequently cation modes derived from the b1  and b2  ring vibrations 
should be active in both the IR and Raman spectra, while the pair of cation vibra-
tions derived from each al  ring mode should both be Raman active. The fact that 
these requirements are not observed eliminates these structures, and only those 
incorporating a centre of symmetry remain. The D2h  structure is distinguished 
from the C2h  and Ci  structures by the inactivity in the 1R of either of the cation 
modeg derived form a particular a2  ring modei.06 IR bands corresponding to these 
ring modes are observed, so that of the rigi51/structures, D2h is preferred. 

The torsional barrier 
	 04413 a. (1-4.1.1 	t' 

One of the most interesting features of the cation structure is the question 
of hindered rotation of the pyridine or y-picoline rings about the N—I bonds. As 
far as we are aware all established cases of restrictedrotation relate to the torsional 
orientation of tops containing off-axis atoms directly attached by a single bond. 
This includes cases such as dimethyl ether, where the non-linearity of the C—O—C 
bonds means that a single C—O bond, directly links two tops (Me and OMe) con-
taining off-axis atoms, Where more than a single hond separates tops containing 
off-axis atoms, e.g. in dimethylacetylene, there is no barrier to internal rotation. 
In the present cations it is possible to conceive of a •x-orbital extending over both 
rings and the halogen atom, stabilising the planar configuration. Such a coplanar 
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structure is observed in the crystals, where it may be the result of packing factors. 
It is therefore particularly interesting to examine the evidence relating to the struc-
ture in solution, where the internal force field can be expected to play a more 
decisive part in determining the structure. 

TABLE 2 

CORRELATION BETWEEN THE SYMMETRY CLASSES, AND SELECTION RULES, FOR VARIOUS POSSIBLE 
CATION STRUCTURES 	 X 	VW" 

Rigid 	Rigid Pyridine or 	y  Rigid 	Rigid 	Rigid 	Non-rigid 
cs(z) 	' y-Picoline 	 c2(y) 	c4(3) 

Ds 	D 	 Cth 	D212 	DA 

a 
(R) 	(R) 

as  
tit 	 tost 
(nt+R) 	(m-FR) 

	4:7;;; blg 

_--- a 1 /! 

41 

, (m) 	(IR) ([ )  	(4" ) 
/ 

b,, 	a4. Fbla 
R) 

‘.(\ 
a„ —> a, 	a„ —.—> c 
(IR) 	(m) 	inactive 	Qrabtive 

a, 	a, --> 
(R) 	(R) 
	

(R) 

bs 4._____ 	—.> 

n •
tR-FR) 	inactive 'r\ 	,..---4' 	(R) 

as 	• 	- 
.*--"-- a 	 bi  

(R) 	 (R) 

To explore the spectroscopic consequences of internal rotation it is necessary 
to employ the group theory of non-rigid systems, which has been developed by 
Longuet-Higgins' °, Bunker" and Hougen12  in particular. We have examined in 
some detail the effect of adding the torsional operation (the rotation of a pyridine 
or y-picoline ring by it-radians about the N—I—N axis) to, the rigid D2h configura-
tion. Although the effects of adding the torsional operation to the other possible 
rigid configurations have not been examined in any detail, we expect them to be 
closely similar to those for D2h  . The consequences relating to the interpretation of 
the vibrational spectra will be given here, and the detailed group theoretical dis-
cussion reserved for separate treatment. 
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If torsional rotation is a permitted symmetry operation, a group isomor-
phous with D4h  must be employed to classify the vibrational levels, the operations 
being the analogue of those found by Finch et al.1  3  for the similar diboron tetra-
fluoride molecule. It should of course be appreciated that the non-rigid group is 
always the appropriate basis for the symmetry classification; when the torsional 
barrier is high the rigid model serves as a satisfactory approximation. 

Table 2 shows the relationship between the modes (q1) of the rigid D2h  model, 
and the corresponding ones of the labile D4h model, established by use of the 
correlation rule of Watson". Each of the vibrations derived from the Ag , 
Big  or AL, modes of the D2h model gives a pair of non-degenerate vibrations un er 

e D4h group. The reason why each mode under p2, correlates with two modes 
under D4h is as follows. With a twofold torsional symmetry axis, as here, the torsi-
onal ground state T = 0 is comprised of two sublevels, the lower of species Aig, the 
upper Big  under D. With a high barrier, these sublevels coincide; with a low 
barrier they are still only separated by an energy comparable with that of free 
rotation about the N—I—N (z)t  5  axis. The entries shown in column seven of Table 
2 represent the symmetry of the wave functions which can be approximately de-
scribed as the product of the first excited state of the q, mode with the torsional 
levels A ig  and Big  respectively. These wave functions can be symbolised as 11,0>+  
or 11,0> _ , the first index referring to q,, the second to r, and the parity to the torsi-
onal sublevel. Since the ground-state torsional sublevels have the same parity with 
respect to inversion, application of the selection rules to the individual transitions 
from the L0,0>±  levels to the various 11,0>t  levels shows no change in the mutual 
exclusion rule based on consideration of the symmetry of qi  alone. This means that 
the non-coincidence of the IR and Raman cation modes derived from the al  and 
a2  modes of the constituent bases provides no information about the torsional 
barrier. The fact that these modes do not coincide, and follow the mutual exclu-
sion rule simply shows that there is a large vibrational interaction between the 
rings; and that the ions have a centre of symmetry. 

The situation however is different with the cation modes derived from the 
b1  and b2  modes of the bases. Here for each ring mode, the correlation rule gives 
a fourfold representation Eg +EL, under D4h. If qi  represents the normal coordinate 
of say, a beg  mode under D2h, and q2  that of the corresponding b3u  mode derived 
from the same ring vibration, qj, then the four wave functions 11,0,0> r  , 11,0,0> , 
10.1.0> ,10.1.0> _ , [1 > 1q1  q2  r>1 form the basis of a fourfold representation of• 
Doh, reducible to Eg +Eu . Descriptively we may say that Eg  +E. represents the 
symmetry of the first excited levels of qt  or q2  combined with the torsional ground 
state. When the torsional barrier is zero (free internal rotation), or if there is no 
vibrational interaction between the two parent qj  vibrations, one in each of the 
two rings, the Eg  and Eu  levels coincide*. Thus although formally the mutual ex- 
* Not taking account of energy differences of the order of the overall rotational energy about the 
z-axis. 
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clusicin selection rule is preserved under Aft, the IR and Raman vibrations derived 
from a particular ring mode q j  will occur at the same frequency. If a twofold torsi-
onal barrier is present, and at the same time, there is a torsionally dependent vibra-
tional interaction between the q1  and q2  modes, i.e. of the form kim, cos 0, then 
the coincidence of the modes under D4b  derived from e.g. the Beg  and 133„ D2hi  
vibrations is removed. For a given interaction parameter k the splitting increase 
with the torsional barrier. The appearance of the spectrum then goes over to that 
derived on the basis of the rigid D2h model, one of the transitions derived from q j  
lying in the IR, the other in the Raman spectrum. It should be noted that the in- 
troduction of the interaction term does not formally decrease the symmetry from 
D4hi  simply that with a high barrier the D2h rules suffice, and when vibrational 
interaction is also present, the IR and Raman lines do not coincide. 

In examining the spectra to determine whether the vibrations derived from 
the b1  or b2  ring modes show any evidence for restricted rotation, it is important 
to bear in mind that'the assignment must be reliable, and that the frequency cali-
bration of the IR and Raman spectra sh6j; el be better than the difference in the 
observed frequencies. This requires a difference of > 2cm-1  in the, band frequen-
cies. The pairs of cation vibrations derived from al  ring Modes show splittings of 
up to 10 cm-1,"so vibrational interaction between the rings appears to be quite 
substantial, and may hopefully be sufficient to produce appreciable effects in the 
modes derived from the b1  and b2  vibrations. 

Examination of Table 1 shows that few of the vibrations derived from the 
b1  and b2  ring modes are observable in the Raman spectrum. This is true even for 
the solid, which provides better spectra than the solutions with He/Ne laser exci- 

4 tation.In the solid py2I)+  the best evidence appears to be the non-coincidence of 
— the pairs of modes erived from v4  and v161, of pyridine, since the possibility of 

alternative assignments of ring modes in the low-frequency range is least. The 
coplanarity of the pyridine rings in the solid salts thus indicated harmonises with 
the X-ray data. The only slight evidence for solutions relates to the v16b  mode, to 
which a weak Raman line at 422 cm-1  is assigned, also supporting a coplanar 
structure. It should perhaps be added that the coincidences of the IR and Raman 
modes derived from v81, or v15  does not provide counter-evidence. With free rota-
tion, all the IR and Raman modes derived from b1  and b2  parents will coincide; 
with a rigid structure, some may, and some may not, coincide, depending on the 
magnitude of 	interaction constant, k 

91 	In solid (y-iiic2I)+  salts, coplanarity of the y-picoline rings is also indicated , 
L, 	by the non-coincidence of the IR and Raman lines derived from the b2  parent modes „/,-1  

v5  and v11 . The Raman lines, particularly v11  .are stronger than in (p'y2IY, and L.,  
the occurrence, frequency and assignment of the lines are well established. Less 
weight can be given to higher frequency lines. e.g. 	, where more possibilities of 
alternative assignments arise. In solution, both the IR and Raman lines derived 
from v11  are quite reliable, providing some evidence that coplanarity is preserved 
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in solution. It would be desirable to examine whether the presence of a torsional 
interaction in solution, if it can be more definitely established, is independent of 
the solvent. The present measurements refer to CH2Cl2  , which seems unlikely to 
provide a solvent interaction resulting in the coplanarity of the rings. The data for 
the 42Brr and (yc9c2Br)+  salts is insufficient to throw any light on the relative 
orien ation of the rings. 

Charge distribution 

Certain pyridine and y-picoline ring-vibration frequencies. e.g. v1, V6a  

V8a; and v16b  are sensitive to the electron affinity of the acceptor'. Thus these 
frequencies show increasing shifts through the series of acceptors ICN, 12  , IBr 
and ICI. Table 3 compares the frequencies of some of these sensitive modes in 
the free bases, in the idoine chloride complexes, and in the present cations. The 
shifts indicate that charge transfer has proceeded even further in the ions than in 

Q.  those complexes (with iodine chloride) which involve the greatest extent of charge 
transfer. Direct comparison of the ICI etc. complexes with the (pyi2Br)+ 	,( 

pic2110+  ions .may be affected by the change in the inertial coupling•consequent '-
n the change in mass of the central atom. This does not generally appear to be 

very important, and the closeness of the corresponding bromine and iodine cation 
frequencies also suggests that the mass change has only a minor effect. Thus it 
appears that similar charges are borne by the rings in the two pairs of ions. 

TABLE 3 

• .v•sl• CV.( 

THE FREQUENCIES OF SOME RING MODES WHICH ARE SENSITIVE TO THE CHARGE BORNE BY THE BASE 
L p 

Mode py 	pyiCl a  (Phi 	(PY Itb y-pic 371-picIC1 a (y-pic2B6+  (y-picm+ b 

v8,„ 1583 1597 1605 1605 1603 1623 1618 1619 
v, 992 1009 1016 1013 994 1023 1026 1026 
v,,, 605 627 - 	644 640 514 543 543 550 
vlab 405 421 450 	438 — — — — 
v, 749 748 76(-....,.

-- 
 761g..__ -- 

----7--: 
728 711 . -_ (712)mun (712)n:un 

a IR frequencies in CS, soln. 
b mean of IR and Raman fre uencies in CII,C1, soln., where available. 

IR only. ' 
c m frequencies in CH,C12  soin. 

Influence of environment 

In the C.T. complexes, solution in polar solvents was observed to facilitate 
electron transfer, as evidenced by the shifts in the sensitive frequencies". This may 
be regarded as due to the stabilisation by the solvent of the resulting more-polar 
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form. This effect may not be expected to be so pronounced in the cations, which 
have no dipole moment, the quadrupole being the first term which can be influenc-
ed by solvation. Reference to the tables in the Appendix does indeed show that 
the sensitive frequencies do not change with the environment. The mull spectra 
refer to the crystalline salts. Experience with the C.T. complexes shows that these 
can be regarded as equivalent to a very polar medium, and even here only small 
frequency shifts are observed: 

The Ni stretching and interaction force constants 

Without undertaking a complete normal-coordinate analysis, only limited 
inferences can be made regarding the strength and interaction in the N—X bonds. 
The absence of other normal-vibration frequencies in the neighbourhood permits 
the assignment of the symmetric and antisymmetric NX stretching modes to be 

TABLE 4 

THE SKELETAL VIBRATION FREQUENCIES OF THE CATIONS COMPARED WITH THE N—X_ (HALOGEN) 
STRETCHING FREQUENCIES OF XCl CHARGE-TRANSFER COMPLEXES 

. pyIC1 	(pyil)+ 	pyBrCl (py2136+ y,piact (y-ef_c20+ 	_(Y-e.1521304- 

   

• in CHZCIC  soln. 13  in Cella  soln. c in pyridine soln. d in y-picoline •soln. 

made with confidence. Table 4 compares these frequencies with those in the cor-
responding XCl charge-transfer complexes. The increase in frequency in the ca-
tions is much larger than could arise* from the change in the effective mass, arid 
is a clear indication of a greater N—X bond order in the ions than in the strongest 
complex. This increase in the NX force constant may reflect additional rr-bonding 
in the cations, compared to the neutral complexes. Individual values for the N—X 
stretching and interaction force constants properly require the internal flexibility 
of the pyridine or y-picoline units to be accounted. A rather crude approximation, 
depending on the separation of the low skeletal frequencies from the higher base 
unit modes is to replace these by rigid units of 79 and 93 a.m.u. respectively. Some 
justification for utilising the entire mass of the pyridine or y-picoline units is pro-
vided by comparison with hydrogen-bonding studies". The resulting stretching 
and interaction force constants are given in Table 5, and compared with those for 

* Indeed this would probably lead to lower frequencies in the cations. 
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TABLE 5 

STRETCHING AND INTERACTION FORCE CONSTANTS 

' 	k 
(mdyn A -1) 

k' 
(mdyn A -1) 

k'/k kl-k.  
(mdyn A-1) 

k—k' 
(mdyn A-1) 

1.08 0.46 0.426  1.54 0.62 
1.09 0.64 0.59 1.73 0.45 
1.02 0.40. 0.40 1.42 0.62 
0.91 0.32 0.35 1.23 0.59 
1.02 0.33 0.33 1.35 0.69 
0.91 0.30 0.33 1.21 0.61 

the XY2  trihalide ions16  — which involve no approximation. The interaction 
force constant is exceptionally large for the trihalide ions". Table 5 shows that 
those for the cations are even larger. As Maki and Forneris 7  have pointed out for 
linear YXY molecules, the equations relating the frequencies to the force constants; 

4r2 vs2  = As  = (k + k')Ity  
4x2  vA2,-= AA  = (k — kl(p,,+2py ) 

may be interpreted as involving a composite force constant (k + k') for the N • • • N 
stretching 'vibration, and (k k') for the antisymmetric vibration, in which the 
N—N distance remains constant, while the halogen atom oscillates in a one-dimen-
sional potential well bounded by the fixed N atoms. The values of (k — k') for the 
cations with a central iodine atom are very similar to those found for the trihalide 
ions. These are very low, i.e. indicative of a tendency to a flat potential well. 
(k 	k')_ for thg_(py2Br)t  cation is still lower. Ultimately this tendency would result 
in—a double minimum potential for the central atom, emphasising the similarity 
between the present "charge-transfer" cations, and the corresponding H-bonded 
complex ions (pyHpy)+  and (y-picHy-pic)t .18. 

to-krs - 

	

	The possibility -that the halogen atom is asymmetrically situated between 
the N• • •N atoms, i.e. in a high-barrier double-minimum potential can be rejected 
since it would imply the activity of the vs  skeletal mode in the IR, and of vA  in the 
Raman. No indication of either band is observed. 
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1161ms . 1161s 1158s 1156s . 1166m  1158m 1160m 1158m 1167s 1157s(dp) 

1094w 1094w 1090w 

I055s 1059s 1059s 1062$ 1066vw ' 

1038ms . 1039s 1039s . 1040s, 1038s, 1040s, 1036s 1036s (P) 
1032sh • 1032sh . 	1030w 

1010s, 1009s, 1010s 1010s, 1010s • 1020s . 1021s - 1010s, 1009s 1009s; 1019s • 1019s (P)  
1005sh 1005sh 1005sh 1005sh  1005sh 

760s - 

700sh, 
690s 
638s 
439s . 

172s 

952m 	. 
761s 

•700sh, 
690s691s 
638s 

' 441ms 

172s 

t 

 638s 
. 	441$- 

945m 

637s 
'437ms 

172s a 

750sh 
707ms, 
692s.  
.638.s 
437m 

954w 

. 

646s 
• .424vw, 
• 362vvw 

182s 
• 

644s 
422vvw 

180s(P) 

760s, 758w 
952w 
759s 

700sh, 
690s 
638s 
438s 

172s 	- 
1810'  

701.sh, 
689s 
.638s 
438s 

946w.  

637s 
438s.  

172 

949w- 

644s.  
 419w 

181s 	' 
. 

645s (P) 
• , 

181s (P) 
182s a. 

• 

• b, fundamental 
 b1  fundamental 

3b
2  fundamental 

al  fundamental 
• b2  fundamental 

skeletal 

s In pyridine soln. 

 

P.,. 	P.9 `0••:. 

  



1574x2 
b, fundamental 

a1  fundamental 
a, fundamental 
a1  & b, fundamental 
1454+1584 
766+1160 
639+1213 
690+1021 
647+1011 

a, fundamental 
b, fundamental 

x Z).  . 
al  fundamental 
b, fundamental 
(638+766) 
b, fundamental 
b, fundamental 
a1 fundamental 

b, fundamental 
b, fundamental 
a, fundamental 
a, fundamental 

a1  fundamental 	. — . 

a, fundamental 
b, fundamental 

fundamental b2  
3  b, fundamental 

a, fundamental 
b2  fundamental 
skeletal 

APPENDIX. TABLE 2 

VIBRATION SPECTRA OP Lpyorirr. IN VARIOJS IEDIA 

IR 

 

Ranum 

   

In nujol 	In CH2C12  In hexachloro- Solid 	In CH2Cl2 	Interpretation , 
mull 	soln. 	butadiene mull 	 soln. 

above 2000 em-1  

3141w 
3114s 
3099sh 
3073w 

. 3053m 
3037 
3015w 

1929w 
1845w 

1915w 
1845w 
1708m 
1658w 

1600s 1601s 1609m 1608w 
1574w 1574w 1577m 1584w 

. 1538w (744 
1487m 1487m 
1454s 

1408w 
1354m 1351ms 
1254ms 
1206s 1205s 1213s 1213s(P) 
1192sh 
1161m 1158s 1160w 
1095w 1090w 
.1066s 1062s 1072w 
1037s, 1040s, 1035s 1035s(P) 
1032sh . 1033sh 
1011s, 1011s, 1021s, 1022s(P) 
1006sh 1008sh 1012sh(w) 
978w 
953m 945m. 952w 
766s 
690s, 
674sh 
639s 639s 647s 649s(P) 
452s 450s 635sh(w) 
170s 170s a  189s 13?s(P) 

... 	168w 
138w 

,s, 

a In pyridine soln. 
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15 2 
1610+1502 
ai  & b1  fundamental 
ai  fundamental 
b, fundamental 
1502+1506 
al  fundamental 
712+1228 
810+1028 
813 +952 
712+958 
a, fundamental and 
810+813 
b1  fundamental 
ai  fundamental 

& b, fundamental 
bi  fundamental 
a, fundamental 

p
ai
d

 ls
i  
—

 Dm
: u

s-
Io

n  
—

  9
11

 

APPENDIX. TABLE 3 

[Y-Ific211.1317, [141c311PF, 

Interpretation 
IR .  Raman IR 

In nujol 
mull 

In CH3CI, 
soln. 

In CH3CN 
soln. 

Solid In CH2C1, 
soln. 

In nujol 
mull 

In hexa- 
chlorobuta- 
diene mull 

In CH,CI, 
soln. 

Solid • In CH,Cls  
soln. 

3133w 
3,1(57‘2& 

3067m 
3053m 
3021W 
2992w 
2924w 

1938w 1941w 1945w 1944w 1941w 1930w 

1848w 1838w 1838w • 1848w 1848W 1835w 
1767w 

1689w 1680w 1680w 

1623s, 1620s, 1618s, 1620ms 1621m (P) 1618s, 1621s,• 1618s, 1620m 1622w 
1613s 	, 1613s 1610s 1610s 1610s • 1610s 

1560w 1557w 1560w 1557w 1560m 

1504w 1499m 1506m 1506m 1506W 1502m 1502w 1499m 1506m 1501w 
1447s 
.1439s 

1383m 1387s •  1385ms (P) 1387m 1383m 1387ms 1383ms.  



	 952w  	 

0 

1366w 1366w 

1333w 1333w 1333w 1333w 1333w 1331w 

1248m 1297vw 1297vw 

1254m 1253m 1258m 1255m 

1231w 1225w 1225w 1233s 1227s (P) 12.111228w 12 228w 1226w 

1211s 1212s .1211s 1216s 1215s (P) 290 1290 1207s 

1125w 1121w 1121w 1120w 

1096w 1098vw 1098vw 1096w • 

1067s 1068s 1063s 1063s 1061s 

1037m 1036m 1043w 1042w 1038w 

1022s 1025s 1025s 1027s 1031s (P) 1024s 1025s 1024s 

983vw 990vw 990vw 975w 975w 
970vw 

662+712 
1338w 	 660+662 

491 +808 
b1  fundamental 

1228s 	1226s 	al  fundamental 
1215s 	1211s 	al  fundamental 

b1  fundamental 
549 + 551 

1072m 	1069w 	b1  fundamental 
al  fundamental 

' 1028s 	1028s 	al  funddmental 
,9686w 	g 	b, fundamental 

• ...986w 4  6 g 	 494+484 
a2  fundamenta 

820s, 8I3s 814s 813s 813s (P) 810s 808s 810s 813s 

813s -----....._ 

713m 712m 714Vw.  712m 711m • 

666w, 662w 663s 663s(dp) 666w, 662s 662s 
660w 660w 

545s 545s 546s 553s 554s (P) 545s 545s 549s 551s 553s 

490s 490s 494s  ' 484m 491s 491s ' 491s 485w . 487w 

164s 168s* 	' 164s 162s (P) 162s 160s 

813-saatindamental 
II al & b, fundamental 

b2  fundamental 
(b1 fundamental 

al  fundamental 
.b, fundamental 
skeletal 

161s* 	 . 

* In li-picoline sole. 



• APPENDIX. TABLE 4 , 

IR SPECTRA OE (y-iflO731;;6 IN VARIOUS MEDIA 

In nujol mull 
	

In hexachloro- 	In CH,Cl, 	Interpretation 
butadiene mull 	soh:. 

3130w - 	 5 x 1562 
3105m 	 (1502+1610) 
3077ms 	 61  & b1  fundamental 
3058ms 	 a1  fundamental 

b1  fundamental 
(2 x 1502) 
cr,1  fundamental 
(712+1222) 
(810+1026)) 
(810+ 873) 
(666+975) 
a1  fundamental and (810 x 2) 
b1  fundamental 
at  fundamental 
b1  & 62  fundamental 
bi. fundamental 
a1  fundamental 
b1  fundamental' 
(666 x 2) 
(543+712) 
at  fundamental 
at  fundamental 
b1  fundamental 
(2 x 543) 
b1  fundamental 
at  fundamental 
at  dundamental 

975m 	 976m 	 b2  fundamental 
954w 	 941w 	 _a, fundamental 
810s 	 808s 	 811s 	 al  & 62  fundamental 
711ms 	 712ms 	 62  fundamental 
666w, 660w 	 61  fundamental 
536s 	 538s 	 543s 	 at  fundamental 
493s •• 495s 	 - 	494s, 486s 	b2  fundamental 
170s 	 • 170s a 	 skeletal 

• 3023m 
2990w 
2923w 

1943w 1943w 1932w 
1848w 1848w 1838w 

1680w 
1644m 

1621s, 1608s 1621s, 1610s 1623s, 1613s 
1562w 	• 1568w 
1496w 1502m 1509m 

1450s 
1435s 
1387ms 1385m 

1366w 
1332w 1332w 1328w 
1259m 1260m 
1223w 1223w . 
1205s 1205s 1206s 
1120w 1120w 1121w 
1099vw 1100vw 1098w 
1062s 1062s 1063s 
1041sh I045sh 	' 1040sh 
1025s 1024s 1026s 

a in y-picoline sot. 

116 — MOLSTRUC — 1st proof 
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The Reaction Products of Y-Picoline and Iodine 

by I. Waque and J.L. Wood  

Imperial College of Science and' Technology, 

Imperial Institute Road, London, S.W.J. 

`Summary 

Solutions of iodine in Y-picoline contain the 

(Y-Pic I Y-Pic)i.  ion. In the presence of: free Y-picoline this reacts 

to give solid la, with structure Me-05T4t-Cff2-05Pre, 1 established 

by infrared and N.M.R. spectra. Further reaction produces solid 

. 1b, Me-05H4*-CW2-05E4Z-CIT2-05H4N, 21-, and also solid 1c, 

Me-(C5R41-0"2)3-05Hre, 31, 'MP protons eliminated in these reactions 

are incorporated in the (Y-Pidifr-Pic)f  ion. 

X.Phy.Chem. _(in press) 1968 



Introduction 

Two distinct solid compounds can be isolated from 

solutions of iodine in. Y-picoline.(1) The first which is rapidly 

formed on mixing, is _soluble in Y.-picoline and other organic 

solvents, but insoluble in water. Both crystal structure studies(2)  

and the infrared spectrum show this to be the charge-transfer complex 

Y-PicI2. The second compound is formed more slowly, and eventually 

precipitates from the Y-picoline solution. It is insoluble in 

many organic solvents, but soluble in water.. This compound 

("compound 1" of Glusker and Miller) was shown by these authors to 

contain no I-I distance shorter than 3.0R, and suggested the structure 

A. Hassel et al(2)  however, proposed that 15-  was more probable, by 

analogy with the corresponding pyridine sail. 

We have recently determined the infrared and Raman spectra 

of.various iododiV-picolinium salts(3). Comparison with the infrared 

spectrum of the water-soluble compound show decisively that Hassells 

conjecture is untenable. (see fig. 1). 

We have therefore sought to determine the structure of 

this product, and the nature of the process by which "compound 1" 

is formed, largely using spectroscopic means. The situation turns 

out to'be appreciably more c9mplioated than initially envisaged-

nevertheless, many features have been elucidated. 



The Reaction Process  

If equimolar proportions of Y-picoline'Ld 'iodine 

are mixed in an inert .  Solvent, e.g..,nhexane, or benzene, 

the' molecule-P  charge-transfer complex Y-picoline 12 is 

formed the equilibrium strongly favouring thebomplex.(')  

At room temperature these solutiond show no spectroscopic 

Chariges either in daylight or the dark, at.least over a 

period of 2'12 hours, provided.no excess Y-picolia6 is 

present. The presence of excess, and consequently free;  

12  also does not lead to reaction in inert solvents. In 

polar solvents, and also in CS2  to a lesser extent _partial 

ionisation takes place. -(5).  
2YPic12 	(fPic2I)4.  

the cation being the iodddiYpicolinium ion. When 12  is 
added to excess Y-picoline in an inert solvent, or when 

T-piooline is itself the solvent - in. both cases necessarily 

implying the possibility of ionisation, spectroscopic 

changes are immediately apparent, culminating in the 

precipitation of the water-soluble solid. Owing to the 

opacity of the solution it is not possible to fix a time 

at which precipitation commences, but it is apparent 

within 30 minutes. The spectroscopic changes are most 

clearly shown in the 500-700cm-1  region, which in the 

freshly made up solution contains only bands at 

515cm- (vea(6)  of free Y-picoline), 536cm-i is the 

corresponding band of YPic12, and 54.6cm-1  that of (ale I 



.- 	• 

The changes in this frequency range are shown.in fig. 2, 

and display the rise in a strong; band at -605cM71,:one of 

the most characteristic features in the spectrum of -the 

product.. The band at 5415cm71  due to (1Pic2I)+  rapidly 

disaPpears, and eventually the band at 515=7.1  also . 

decreases in intensity, a consequence of the utilisation 

. of Y-picoline in forming the product. The retention of 

the 535cm71  band arising from the Y-picoline 12  complex 

is apparently irreconcilable with the disappearance of 

since the equilibrium.  

2YPicI2  4  Yi?ic2l +13  

is found to be rapidly set up, i.e. within the time that 

the first observations can be made, so that the concentrations 

of 'ITicI2  and YPic2I71-  should keep proportionate. The 

difficulty is resolved by examination of the spectral 

rlage around 1000cm71. The charge transfer complex 

Yeic12  has a single sharp band at 1011cm-1  in 1.-picoline 

-solution (this is 2/4.(6)  of the complex). The corresponding 

band of (r-Pic,,I)i-  i6 at 1025cM-i. As reaction proceeds, 
•• 

both the 1011 and 102cm71  bands disappear, and are replaced 

by a sharp band of the product at 1018cm7i (fig. 3). This 

shows that as reaction proceeds, the 535cm71  band is no 

longer due to Y-PicI2, and therefore.  arises from a product. 

Furtherl it is apparent that the bands at 1011 aad,1025.pm71  
ft• 



disappear, and 1018cm71  appears before the appearance of 

605cm-1. It will be seen later that 605cm-1  and 1018cm-1  

arise from different products. The 1018cm-1baad is still 

present in old solutions which also show the 605cm-1  band, 

and is consequently not due to a forerunner of the "605cm-10  

product. The changes of the spectrum in other frequency 

ranges are generally complex, but it is significant that 

in the low frequency range the strong band initially present 

at 137cm71, due to the Is- ion(5) and the band at -162cm-1  

which comprises both the I-I stretching of the un-ionised 

complex (162cm-9 and the antisymmetric (N-I-N) stretching'-

of (YPics)+  at (168cm-1) both disappear, and the lower 

frequency range (100-300cm-1) becomes devoid of all bands 

except a weak band at ..210cm-1. The rate of reaction, as 

shown by the intensity of the 606=-1  band, is the same in 

the dark and in daylight. These observations do not permit 

us to distinguish whether it is the ion (YPic2I)+  or the 

complex YPicls, which reacts with Y-picoline. It is easy 

to demonstrate that at least the (YPic2I)i-  cation reacts 

.with Y-picoline to give a product containing the bands at 

535 -1  606cm71-and 1018cm71  (fig. 4). The characteristic 

(YPic2I)4.  bands at 545cm71  and i68cm'"1  (not shown) rapidly 

disappear. The accompanying anion (BP, or PPG-) remains 

unchanged. The reaction of (YPiclI)+  salts with Y-picoline 

can also be demonstrated in CH2C12  solution, forming the 

same product Examination of the electronic spectrum shows 



5.(a) 

that no free 12  is formed. Further the (YPic 

cation (in the form of the fluoroborate salt) is 

stable in a polar solvent (nitrobenzene) for at 

least 24 h.., and theie is also no reaction when 

free I2 is added to (YFic2I+  BF4) in 0112012  ,for 

at least 6 h. The fact that (YPic2I)+  reacts 

with Y-picoline does not exclude the possibility 

that in solutions YPicI2  also reacts directly 

with Y-picolins. As it is not possible to have.  

YPicI2  alone present its Y-picoline solutions, 

since equilibrium(i)  always provides 



(YPic2I) a detailed kinetic investigation is required 

to decide whether TPicI2  is also reacting directly with 

y-picoline• 'dc shall adopt, simply to economise on 

hypotheses, that the reaction is due to tke rc,ectiQa of 

the (YPic2I)+  ion 

(YPic2I)+  + yPic 	products 	 (2) 
Although for simplicity we have2eferred so far to "the 

product" this turns out to comprise several chemical 

species, and the proportions can vary with the reaction 

conditions. - 

The observation that the Is  counterion 

:disappears in the original process could be easily accounted 

for, using equilibria which are known to occur .inY 

solution 

+ TPic 	yPicI2  + 17 

aPicI2 	(0Pic2l)+  + I27  

(rPicaI)4- 	1i)Pic 	products 

(3) 

• This possibility can be tested directly by dissolving 

(NAlk41+  13  in Ar-picoline. Aftercmeday the characteristic 

product bands at 535cm-1  and 1018ce*i are clearly present 

(fig. 5), while the 157cm""- band disappears. leither the 

1011airi'Y'Pic1.2  nor the 1025cm-i- (yRic21)+  bands can be 

picked up in rapid scans of this frequency range (fig. 5), 



7. 
but the speed with which these bnnas disappear from 

YPieoline+ 12  solutions (fig. 3) shows that their absence 

is not inconsistent with the reaction scheme 3* 

The reaction of 13 with Y Picoline suggests that 

IBrj should also react to give the same product, since 

the corresponding equilibria 

IBr2 	Y Pic ;2  Y PiciBr2i 	Br 
(4) 

2YPiclBr 	 (rPic2I)+ 	IBr2  
would produce the (YPic2I) . This expectation is borne 

.outs  as the spectrum of a solution (141.1k..tit  IBr2 in 

Y-picoline after 1 day (fig. 6) shows. The IBra band 

at-17/4=-1  (not shown) correspondingly disappears. 

In this case scans of the 1000cm-1  region of freshly 
•• 

prepared solutions show evidence of the transient -Presence , 	.  
of yPic113r, which has a sharp band at 1019crr1 (5) • This 

band rapidly decreases .at first (fig.• 6), the weaker 

permanent residium being .ascribed to 101.8cm7.1  of the 

product. 

=4'e have also examined the reaction of Y.PicIet 

with Y-picoline. wince (YPic21)+  is formed in this 

solvent(5), 

2rPicIC1 	(Y.Pic2I)+ 	IC12  

the same product can be expected. Pig. 7 shows that 

both YPicIC1 and (YPic2I)+  disappear from a solution in. 



ypicoline, as evidenced by the disappearance of the 

545cm7i band (The frequency corresponding to yea is -• 

almost the same in'the tvio compoundsareflection of 
the similarity of the electron transfer from the 
y-picoline ring). The characteristic product band at 

606cm-1  arises, but .is now accompnnied by other bands 
at 570 and 630cm-1„ indicating the productions of further 

••• 

species. 

Taken together, these observations show that 

IsPic2I+  reacts with ie-picoline to form a product or 

products which are comprised in "compound 1". The 
possibility of other rc,actions„ e.g. directly between 
nicI2  or 'facie]. and 10-picoline cannot be excluded. 

The nature of the reaction product 

The only previous examination of the reaction 
product is by Glusker and Miller, (l)  andwe quote their 
description - "a saturred solution of resublimed iodine 

in pure y picoline was prepared under nnhydrous conditions. 
It set to a solid mass after aT)proximately two hours. 
The mixture was partially soluble in ethyl alcohol. The 
insoluble residue, (I), which proved to ,be water-soluble, 
and insoluble in the common organic solvents, was washed 

with ether and recrystallized from water-alcohol mixtures 
as a hit brown microcrystalline solid. Its meltin,-  point 



is 223-4 U with decomoosition, and its density a73roximately 

1.9 g/cm.3. Chemical analysis and equivalent weight 
determined from the freezing point depression of water 

solutions were consistent with an ionic formula C121114112I'I-. 

A precipitate of silver iodide is formed immediately `upon

the addition of acidified silver nitrate solution to an 

aqueous solution of (1)". 

Extraction of the IVYpicoline reaction product 

with ethanol f7ave a solution from which addition of ether 

precipitated a cream coloured solid (Ia.), md.p.175° very 

soluble in water, which gives an analysis ( 'Fable 1) 

corresi;ondia6  more nearly to 2YPica, in contrast to 

husker and 	result. The Lafrared spectrum of this 

substance, shown in fiz., 8 containo the characteristic 

606 em-1  band, but not bands near 535 or 570-580cm-1. 

The product of the reaction of (1-Pic21) IT with 

Y-picoline, when worked up in the same way, gives an 

identical infrared spectrum (fig. 8) if alownnce as 

made for the presence of (P.L06) bands. Both observations 

our-gest that Ia is the salt (21Pic)-1., X-. The analysis 

of the -oroduct from the second reaction bears this out 

(Table I), spowin,-,:: that P26  has partially replaced I 

This haTothesis was sunported by dissol-,:ing the 

In  iodide in 1:ater, and adding aqueous 



AgNO3  solution, which gave an immediate ppt of Agi. On 

extraction, a non—crystalline residue was obtained, which 

con-trilled no iodine. The presence of nitrate bands is 

clearly shown in the infrared spectrum. The remaining bands, 

although bearing a general similarity to those of solid Ia, 

show shifts of up to 10cm-1. '2:e take this to indicate that 

the Ia  infrared spectrum does not depend on the presence of 

iodine, prd  that the nitrate alt is rather unstable, as 

iadicated by its slow brownish discolouration. 

TO detertine the nature .of-.the:eatioa more 

precisely, the 	spectrum of the Ia  -iodide was - 

examined (fig. 9). Pecoupling experiments show the 

doublets d and b were coupled, likewise the doublets e and c, 

each individual doublet renreseating two protons, relative 

to. to = 3 protons. This indicates the structure Ia  as 

shown, the d b pair of doublets being assigned to the ring 

bearing the formal charge. The structure is consistent 

with the analytical results.— The absence of an. NH stretching 

vibration in the infrared, and the overall cation:anion 

ratio shows the cation is.the free base and bears only a 

single unit charge. Although we have not attempted a 

complete vibrational assignment of the infrared spectrum, 

(see Appendix) comparison with closely related compounds(5'6 7)  

shows that it is consistent with structure Ia, la particular 

the 605cm band is identified as a CH deformation mode., 



The mo:ss spectrum (see Appendix). generally sUpports- the 

structure shown, the peaks assigned to•c112- 	at 	= .92 
and KeCN at 1114/e. =.9.3 being particularlyprorvi'nent. The 

peaks at m/e. -= 184 and 185 suggest the -presence Of 

CH2 	.14-C H2  N a   Ee(1)N-CH2(DN. In view of the 
pronounced thermal instability of a  (see the following • . 
seption),the'agreement with' the proposed structure appears 

reasonable. 

In earlier work on the product, we followed 

Glusker and Hiller!s procedure, and recrystallized from 

ethanol-water- mixtures. The light brown *Product (nip. decamp 

2189 gave an infrared spectrum having strong, sharp bands 

at le,580c=71 .ami===6060M-1.. The variation In the relative 
•• 

-intensities of these two bands indicated that a mixture was 

present. Repeated. recrystallisation to -constant infrared 

_spectrum gave a product Ib  containingsharp bands at 580 and • 

.608cm71  of nearly equal intensity. (fig.10). -Despite the 

close coincidence of many bands in-the spectrum with bands 

of Iai there are many distinct lines in 	i infrared 

spectrum that have no counterparts in 	 (ace :o)pendiX table) 

and. vice versa. Consequently,. if 1, and -'gib  :e single species 

(which we believe because of the constancy of their infrared 

and 	spectra) they must be distinct.. 



The.N.M.R. spectrum of I,0  is shown in fig. 9. The lines 
bt  c, d, e and g found in Ia  are still present, with the 
same intensity relative to re, the sang coupling, and almost 
the_same position. 'There are in addition a further pair 
of 2 proton doublets a ds  and a 2 proton resonance at f. As 
with the infrared spectra One is concerned whether the 
sample could be a mixture of Ia  and a b proton species IX' 
giving the new lines. In samples recrystpllised to constant 
infrared spectrum the intensity ratio of the common and new 
lines would represent eouimolar proportions of a  and X - . 	. 
this is unlikely to arise fortuitously in a mixture. 
Decisive proof that Ib  is not a milrture of Ia  and X is 
provided by the N.M.R. of a nearly equimolar mixture of 1a  
and Ib  (fig. 9). If Ib  heady contained Ia, line g would 
be simply enhanced. In fact, two lines are seen, hence 
I contains noa' 	 Th and is a distinct epecies. 	e 
spectrum is readily assigned to the structure b shown. 
Structures involving substitution in the rings would 
involve a single proton resonance, which is not observed. 
Further, the spectrum of Ib  indicates that still only a single 

methyl group is present, so that an alternntive such. as Ibt 

can be eliminated. If structure b is adopted, the 

similarities in the 	spectrum to that of Ia  are readily 

explicable, as are also the positions and coupling of the new 

lines. The composition lb  is also supported by the analysis 

(able I).  Further, the similarities in the infrared spectra 



of Ia  and Ib  are now simply explained. The band at 608cm:1  
.• 

(the slight Change in frequency'isapparent on detailed 

examination)-  can be assigned to the end CH2  group, while 

580cmr . of almost equal intensity can be ascribed to the new. 
• -• 

CH2  group. The 580c m71  line is often much weaker than the 

line near 605cel in the infrared spectra of-the initial 

reaction products, and it appears that Ib  has largely been 

produced as a result of the heating involved in the 

recrystallisation. The maas spectrum (see Appendix) resembles 

that of at  and 	 supporting the close relationship of.. 

a an b'  d Ib, appears to be indecisive in confirming the detailed 

proposal for Ib. The larger proportion of iodine in this 

compound is apparent. //In some 'earlier- samples we noticed 

that the band near 580cm'1  was more intense than that ^..“306cm-1. 

This could not result from a mixture of 16  and Ib. 

Recrystallisation from methanol also resulted in a solid Ic  

(m.p. (decomp) 227°) with the 5806m!" band stronger than the 

605cm71  in the infrared spectrum shown in fig.10. The 
•• 

N.M.R. spectrum is shown in fig. 9. It' corresponds closely 

to that of Iv  with the addition of a yet further pair of 

two proton doublets at the a d position, and also a further 

two proton resonance at f'. Assignment.to the Itetramer.  

structure Ic  is suggested by comparison with Ib. The absence 

of further lines at g, together with the nearly integral 



intensity ratios shows Ic  does not contain Ib  OT' I. 
The elemental analysis. (Table I) however, is not very 

satisfactory, and indicates that 	has not been cleanly 
isolated. The frequency and relative intensity of the 
CH2  modes in the infrared spectrum further support this 

structure; there are now two chain CH2  Groups, 
contributing to the 580cm...1  band, for one end CH2  

group . 

The proposed structures fdr la , Ib and Zc 

also explain the surprising absence of any marked 

absorption bands in the low frequency ran,e, the sole 

weak band at 210ct-1  is due to the end Ee group(5). 

It is notable that more prolonged refluxing 

was entailed in the recrystallisation from methanol, 

further au-,)porting the view that polymerisation proceeds 

in the recrystallisation process... 

2.,-5 the chain length of the polycation increases, 

the empirical formula approaches (Co_ 	if the 

counterion is entirely iodide. This s he composition 

observed by Glusker and Liner sugges in- that the 

substr=e isolated by them was the ,)olymer. The cryoscopic 

depression observed by these authors also agrees with 

this interpretation as do the remainder of their observations. 

(see quotati3a). In the species we have examined, the 



.presence.Of the 4e group and the general features of 

the 1J.N•Ri spectra show there is no .appreciable ring 

closure to give polymers such as Shown This, hoWever, /  

cannot be excluded as the substance reorted by Glusker 

and Miller. 

Finally,' we return to the natur6'of the 

reaction product whip Gives rise to the bands at 536c 71  

and 1018=-1, present in aced solutions of 1 in Y-picoline 
2 

(product 11)). These bands are absent in solids 1a, b aad 

0  and pre umably have been. eliminated- In the washinL; involved 

in workJnc-up these solids. Direct spectroscopic e:4711ination 

of a CH C12 wash of the reaction product confirms the 

presence of both the 536cm-1  and 1018cm-1  bands. Owing 
•f 

to the presence in the solution spectrUm of bands due to . 

unroacted T-Dicoline, and some dissolved solid 1,, only a 

few further characteristic bands of zzoduct II can be 

identified. These are at 478cm-1, and a broad band centred 

about 2720c=-1, +i ;:h a smqller sh'Julder 	3376cai le 

These bands stron:ly s.1;;!rest that II is c ii-bonded Y-picoline 

species; we have therefore examined tr.) infrared spectra= 

Y-picoline k,dro:ea iodide dissolved ia an equimolar 

i:.ixture of CH2Cl2  and Y-Dicoline. The frequency, intensity , 

and contours of all the four identifiable bands of 

co pound II arc rel)roduce'L:, el-ewia,  this to be a solution 

of 	aad accounlin for theh pi t clilLial.-,ted in 

7,ho reactin. 



(YPic2I)+ 	(Id+  

.16 

Comparison of the spectra with those of pyridinium 
salts in solutions containing pyridine (8) indicates 
that the H-bonded species II is (YPicHYPic)+ 	rather 
than (Via)+, 

Conclusion  

No attempt has been made to formulate a detailed 
course, 'or to quantitatively examine the kinetics of:  

the reactions. The absence of a direct reaction between 

T2 (in excess) and T-picolinev :t4e.ab.sonqP  of reaction. . 
smut - 

in norv-polarisingqand the lack of any notable distinction 
A 	• 

between the rates in daylight and the dark suggest that, 

a. heterolytic, rather than a homolytic process is involved. 

Electron transfer•from the Y-picolIne ring increases 

series-(YPic2I)t > YPicI2  >-.Y7picoline,c3f5)  

and the following reaction scheme involving, the removal 
of a proton from the 	ion by the free Y-picoline. 
base present maybe tentatively proposed(14):  

(Me ,!.(DN-I-N 0-14e)4. 
	

+ 
' 9 

N-I + (Me 
4 

(ICH2  
+ 

Me- 	CH2  0 N solid I 

NH ...N 



Establishment of the detailed mechanism of the reaction 
process requires extensile investigation beyond the 
obj.ctives of the present examination, which has been 
.to explain the main temporal changes in the spectra of 
solutions of iodine. in Y-picoline, and the mature of .  
the products formed. 
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Experimental  

B.D.H. Y-picoline was first dried, over `:'odium 

Sulphate (anhydrous) and then over barium oxide and 

fractionated. The purity of Y-picoline thus obtained and 

exa-tined by V.P.C., was found to be 99;;-. .A.-11. Iodine 

was used without further purifications. 

_reaction  

A saturated solution of Iodine in Y-picoline 

was prepared and kept for•24. hours, when it' had become 

a solid mass. This was washed several times with ethanol 

and.  finally with sodium-dried-ether and dried. Column: 

chromatography of this solid showed the presence of three 

'components. 

?roduct Isolation 

golid la. 

A saturated solution of Iodine in Y-picoline 

was kept for about,3 hours. 2 volumes of ethanol were 

. added, the solid remaining  removed by filtration, and 

.again washed with ethanol. On adding'ether. to, the combined 

filtrates a nrecipitate was obtained, separated, washed, 
• 

dried and recrystrOlised from ethanol.  The solid was 

then dissolved in hot ethanol and cooled in ice-salt 

freezing mixture, the light microerystalline substance 

obtT,ined 	se7)arated by filtration. 	the filt,'ote  



dried. ether was added until precipitation was complete. 
Solid lb. 

A saturated solution of Iodine in T-picoline .  
was prepared and kept for 24 hours, becomi a solid mass. 

This was ground, washed with alcohol several times, 

finally washed with dried ether, and dried It was then 

dissolved in a mixture of water and alcohol (1:100) 

boiled for one minute, then filtered. The filtrate was 

cooled in dry ice for two hours - a microcrystalline light 

brown solid was precipitated, filtered, washed dried, and 

again crystallised. 
m.p. (decomposes) 218 

Solid 16. 

A saturated solution of Iodine in Y pieoline 

uas kept for about six hours. The solid thus obtained 

was filtered, washed several times with ethanol and then 

ether. The dried substance was mixed with 	Aaalar 

methanol and boiled for one minute, w - tcri most of the 

solid dissolved. The filtrate was then cooled in solid 

carbondioxide for 2 hours. The resulting pricinitate 

filtered, washed with ethanol then ether, and dried by 

rassing* dry nitrogen. It was a'rain r costa? lined from 

methanol washed and dried. 

n. p. (decomposes) 27° 



Infrared ;spectroscopy  

!Jove 400cm-1  infrared spectra were: recorded 
-• 

using a Grubb-Parsons I  Spectromastee ; below/00=7-1  a 

vacuum grating spectrometer constructed in-the Department 

was used. In general .KB.r windows were'used in the high 

frequency region and polythene in the lower range. No 

differences were formibetween the spectra of samples kept 

in. the cell, and samples stored in flasks. id.netic runs 

(Fig. 2) showed Similar developmeatusing iMrs. Age1 or 

polythene Windows. 

rss-snectrose0Dy 

ilaes spectra were obtained with as A.E.I. 3.9  

sDectrometer, with direct insertion, at T = 200°C, p = 5 x 10'2' 

.torr: Electron impact source, 75 e,v., 1811A 

The main peaks above We = 37 are tabulated 

in the Appendix. 

ODectrosconv. 

Eost of the 	Spectra were recorded using a 

Marian IIA.100317,ectrameter -solutions 'in both.  

(1.41.10. used as lock signal) and in D20 (s..2. 

used as external lock signal) were ex' mined. 
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Cans dons  

) Upper.- Infrared Spectrum of reaction product of 12  

with Y-picoline. Washed With etlianol to:remove excess 

Y-nicoline, but not otherwise treated.(14,,jol 

Lower. Composite infrared 'spectrum of +YPic2I)4" ion, 

from data usin3 the DF4  'and PFe  salts (Zujol + IC4D 

mulls). 

(2) Zcans of .the 500-650=71  range of a nearly saturated. 
•• 

solution of 12 in. Y-picoline at successive periods 

after preparation. she cell contalaiw: the solutien 

r=ained in the beam for the first five scans. The final 

scan infers to a sample kept throe :bout in a closed flask 

until examined. A - 5 mins., 3 - 25 mins, C - 40 mihs, 

- 65 mins, - 2 hrs., F 24 hrs. after mixinG. 
. . • 	. 

(3) .::cane of the 1300--1050 cm-1.  ranc:;e of a nes rly saturated 
•• 

solution of 12 in Y-Dicoline at successive neAods after 

1)reparatLon. The cell containinc 	re:-Lained 

in the beam throw;hout. A 5 mins. 	- 15. mins., 

2N 117.3, 

(4) 2Le reaction of (i ?ic2I) with Tric. Doth the ' 

and 22G  salts were examined. Anion 'w.tnds are omitted 

A - 5 lains.„ 	- 20 mines, C Li.') nine., D - 3 hrs. 

(5) . -f,d4̀ 13 iA.T-picoline after 1 day in vitro. 
- 	+ • (6, 	 f-picoline 	r: is.. :ote the bands 

at. 54 and 1019 c:a-1, characteristic o“PicIBr:B... after 



oae day in vitro. Note the bands of the reaction, vroduct 

at 536, 6o6 and 1.018cm7'7. he band at 558cM71. has not been 

accounted for. 

(7) Y-PicI01 in Y-picoline A 5 mine., B - 25 mins.40 

D - 2 lire. The bends at 545e.t71  (Yric2I1", and T2icI01) 

1022 YPicI01 :nd•1025.(Ylac2I ) disappear and 7,roduct-

bands at 536, 570, 608 and 1018=71  arise.' 
• 

(8) A. 2roduetIa. 
	in C, but after metathesis of anion with 

1102 	m indicates :4)2  bands., 

B. Product Ia  obtained by reaction of 
4.0 I (Y2ic2  ) 	141-1• 1.1  r.ee 	4,n. 

Y-Picoline. m indicates Fe bands* 

C. Ereduct a obtained by reaction of 	with Picolinc. 

(9) Top left U.N.it. doectrum of 1,. intensities relative 

to 1;le = 3 protons indicated. 

ToprL7ht 1.41. spectrum of Ih. 

Bottem left 	spectrum of ani...x .ure of- I, and 1, 

Bottom 	sectrum of .Ic. • 

..(10) A. Infrared sT,.;ectrum of Ic  (mull).', 

B. 	n 	11 	u b  (mull).. 

;Cull bc:::ads omitted. 
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Table I.  

Analyses %  

  

IT (PFer.  

IA  from YPici-I2  45.7 4.43 8.15 42.8 

, C1211131,121 
requires 

... 
46.1 4.16 8.97 40.7 

_ 

IA  from (YPic2  1 
PPG  + Ypic 

43.6 4.76 8.15 32.0 11.6 

Empirical  
Forraula 

12 15.8 1,93 0.84 0.26 

IH   . 	. 	. 38.5 3.53 7.38 46.9 

i CielL4,11312  
4:eq.i2ires 

40.07 
t 

3.57 7.9 ` 	t7.8 

37.79 3.26 7.52 47.6 

C24112511413  
recuiros 

38.4 3.30 7.46 	5F0.8 
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Table 2 contd.) 

solid Ia Solid lb  $o lig. Ic 

1070w 

10/aw 

1015sh 

1073w 

10/4.8w • 

1031w. 

1000m 

1071w 

1050w 

1031.w 

OW 

OW 

996w 

991w " 

961(broad 

•993m 

947w 

869vw 

858sh 

847w 

7214u 

7c4ri 

9L.7sh 
OW 

838ms 

826e 

816sh 

765s 

735m3 

721ms  

884mb 

.838w • 

82/4.r4S 

•83/i.sh 

773m 

7593 

724 3.:, 

705m 

816s 

799m3 
WI* 

7.58s 



Solid Ic Solid I, Solid Ib 

666w 

• 663w 

6052 

5O9ns 

/4.90s 

/451-tri  

668w 

662w 

603th 

5822 

521ms • 

500sh 

187m3 

455m 
417m  

666-w 

603s 

5772 
.. 	• 

53_4_ras 

4892 



 

IpaLl 

Mass Snectra 

Solid 	(as iodide) 

Peaks with relative abundance less than 	in 'both solids are 
omitted. 

ratio c't Rel.Abund. Rel.Abu=t. 	Tentative  
1s s fnment 

6.0 
22.5 
8.6 

3.6 
5.0 
9.0 
5.8 

5.4 
- 7.1 

3.0 
8.3 

30.3 

30.0 
6.6 

4.8 
1.9 

84  

7.5 
33.0 
12.5 
7.0 
6.0 
11.0 
7.0 
6.9 
8.1 
2.8 
6.3 
10.0 
26.5. 

34•0 
7.0 

33 
39 
L.0 
z1. 
50 
51 
52 

53 
54 
62 
63 
c14. 

65 
66 

67 

73 

91' 

92 

 

Py ring fragment (9) 

Die 	fragments 

iC31-14 



Table 3  (contd.) 

ratio 	/e. Rel.Abund. .11e1.Abund. Tentative 

93  
94 

10.0 

6.6 

100 

10.0 

Assi,zament. 

Y--oicollac. 

isotope. 

127 10.9 35 1 
128 3,5.5 60 HI 

157 

182 

nil 2.8 

0.5 

64+93 or 65+92 
fraLment, 

1.3 

184 3.7 0.7 Clzti T.CH2 	lf 
185 1.8 - Q.11g<74 

219 15.3 6.5. . 	J-1 

220 1.0 0.4 isotope 

254 8.2 47.0 T *2 

275 1.0 
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