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ABSTRACT

Charge tra n s fe r  complexes of polymeric donors having pendent 

he terocyclic  rings and low molecular weight acceptors were 

stud ied . E lectron ic  spectroscopy was used fo r  the observation of 

charge tra n s fe r  processes fo r  systems with molecular iodine as 

the acceptor. The app lica tion  of e lectron  spin resonance, 

in fra red  spectroscopy and nuclear magnetic resonance 

spectroscopies lead to  d e ta iled  information on the charge 

tra n s fe r  complexes involving tetracyanoethylene (TCNE) as the 

acceptor. A new syn thetic  route fo r  the synthesis of 

poly(4-vinylpyrim idine) (P4VPm), a polymer donor with diazine 

fu n c tio n a lity , was developed and a m echanistic pathway of 

dehydration of an alcohol interm ediate was proposed.

UV-Vis - Charge tra n s fe r  complexes of iodine with the 

following donors were investigated : a ta c tic  high molecular weight 

(HHV) and low molecular weight (LMV) poly(2-vinylpyridine)

(P2VP), is o ta c tic  (£-) P2VP,. and pyrid ine. Reaction schemes fo r 

P2VP were developed based upon the  position  and in te n s it ie s  of 

the absorption bands. In non - polar solvents the perturbed 

v is ib le  band was found to  be dependent on the type of donor and 

iodine concentration. E xtinction c o e ffic ien ts  increased with the 

extent of blue s h i f t  fo r  the  v is ib le  absorption band of iodine. 

The tr i io d id e  ( I j )  absorption band a t 366 nm showed a lower lim it 

of donor to  I 2 stoicheom tric ra t io  of 0 .5 :1 . This ra t io  

approached unity  with a corresponding decrease in  the degree of



blue s h if t  fo r  the v is ib le  absorption band of I 2 . Based on 

ex tinc tion  c o e ff ic ie n ts , formation constan ts, position  and 

in te n s ity  of the  absorption, i t  was concluded tr i io d id e  ion 

formed in the a ta c tic  HMV P2VP system while LMV and £-P2VP 

resu lted  in  a species with both inner and outer complex 

c h a ra c te r is tic s . In solvent of le s se r  hydrogen bonding a b il i ty  

but of g rea te r d ie le c tr ic  constant, iso  P2VP and pyrid ine, unlike 

HMV P2VP, did not give t r i io d id e . A mechanism fo r  the d iffe re n t 

behaviors was given based on co iling  of the chain. Formation 

constants and ex tinc tion  c o e ffic ien ts  obtained in d iffe re n t 

solvents supported the above mechanism.

NMR - Charge tra n s fe r  complexes formed between z'-P2VP donor 

and TCNE acceptor were observed in the liq u id  and the so lid  

s ta te s  by NMR spectroscopy. In the liq u id  s ta te ,  formation 

constants (K) and the change in chemical s h if t  accompanying the 

formation of the  pure complex (Ao) were obtained. The nature of 

the molecular o rb ita ls  involved was employed to  explain the order 

of Ao values fo r  the f iv e  aromatic carbon nuc le i. Results fo r  2 

- e thy lpyrid ine (2EP) yielded an order fo r  Ao values d iffe re n t 

from the polymer systems. The d ifference was a ttr ib u te d  to  the 

lower extent of e lectron  tra n s fe r  fo r the 2EP complex. A 

mechanism fo r  th is  d ifference  was given based on Mulliken’s 

o rien ta tio n  and overlap p rin c ip le .

Formation constants were derived fo r the polymeric system by 

various a lgebraic  approaches based on the law of mass expression



fo r  the 1:1 complex. The value was found to  be 21 kg/mole and 

the system was shown to  be quickly sa tu ra ted . Proton NMR of the 

polymeric charge tra n s fe r  complex showed unique behavior of 

proton 3 (H3) and proton 6 (He) of the rin g . The value of K 

determined by proton NMR was the same as by carbon NMR but 

decreased a t lower donor concentration. The higher apparent 

formation constant fo r  H3 and the unusual chemical s h if ts  of He 

were used to  support a topographic model of the complex involving 

an an iso trop ic  magnetic environment around the donor. The model 

was substan tia ted  by an analysis of the 2EP complex. The 

formation constant fo r  2EP was found to  be dependent upon 

Additional Unspecific Shielding (AUS). A formation constant of 

6 Kg/mole was obtained fo r  a l l  protons. This value was 

independent of donor concentrations except a t very low 

concentrations. Reas'ons fo r  the behavior of the protons fo r  both 

systems were given. The o rig in  fo r AUS involved in  2EP but not 

in the polymer was given.

In the  so lid  s ta te ,  iso ta c tic  P2VP and P4VP complexes with 

TONE were studied. The degree of e lectron  tra n s fe r  was estim ated 

from in fra red  data and the  degree of change chemical s h if ts  fo r 

acceptor was found to  be the  same in P2VP and P4VP. Chemical 

s h if ts  fo r  the aromatic carbons confirmed the n:x complex. No 

evidence fo r  a t : x complex was observed. 13C absorption 

in te n s i t ie s  as a function of contact time were obtained to  give 

information including Ti/>(H), chain m obility and proximity of 

carbon nuclei on TCNE to  the proton pool. Delayed decoupling



experiments confirmed assignments fo r  the non - protonated 

carbons and yielded evidence fo r  the model developed from 

so lu tion  stu d ies .

ESR - P2VP, P4VP and P4VPm yielded free  rad ica ls  upon 

complexation with TCNE both in the so lid  and the so lu tion  s ta te s . 

Complexes of TCNE formed in 2EP, 4EP and 4-methylpyrimidine as 

solvents were observed. For the polymeric systems, there  are a t 

le a s t  two rad ica ls  present i . e .  the TCNE and the polymer 

ra d ic a ls . One is  expected to  involve de localiza tion  in to  the 

heterocyclic  r in g . In so lu tion  only the TCNE ra d ic a l, a product 

of complete e lec tron  tra n s fe r , was observed. The signal 

o rig in a tin g  from the 2EP complex was not well resolved; the 

rad ic a l may s t i l l  be p a r t ia l ly  associated with the 2EP molecule. 

Spin density  fo r  the P4VP system reached a maximum a t 2:1 donor 

ring  to  acceptor r a t io .  All P2VP polymers reached a maximum a t a 

4:1 r a t io .  The leve l of rad ic a l concentration in these systems 

is  not high enough (ca. 0.1 mol 7.) to  a ffe c t NMR measurements

P4VPm was synthesized by a new pathway with improved y ie ld . 

The preparation  used the formation of 4 - pyrim idinyllithium  and 

i t s  reac tion  with formaldehyde gas to  give a reac tiv e  carbocation 

which lead to  the formation of an alcohol interm ediate. In 

add ition , a second method was developed, involving the reaction  

of the alcohol with ace tic  anhydride to  give a high y ie ld  of the 

v inyl product. Mechanistic schemes were given and discussed. 

Reactions of the alcohol confirmed the mechanism fo r  i t s



dehydration. A six  - member hydrogen bonded ring  formed by the 

alcohol was found to  be the primary cause of low y ie ld s through 

regeneration  of s ta r tin g  m ateria l. Other exploratory syn thetic  

methods were attempted but were le ss  successful in obtaining high 

y ie ld s . These methods included: a)high pressure reaction  of 

form alin so lu tion  with 4-methylpyrimidine to  give an alcohol 

in term ediate b )reaction  of 4-methylpyrimidine, ace tic  anhydride 

and a - polyformaldehyde in  a sealed tube to  give the vinyl 

compound and c)reac tion  of 2 - bromopyrimidine with 

vinylmagnesium bromide to  give the vinyl compound.
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I  INTRODUCTION

The process of charge tra n s fe r  in te rac tio n  is  important in 

chem istry. I t  i s  involved in  the primary ac ts  and the tra n s ie n t 

s ta te s  of numerous chemical reac tio n s, is  the basis of many 

c a ta ly tic  processes, determines the sp ec ific  so lvation  in 

so lu tions and leads to  the formation of numerous new compounds 

with d iffe re n t p ro p e rtie s . Charge tra n s fe r  complexes have long 

been the subject of in tense investiga tion  mostly by e lec tro n ic  

spectroscopy and l a t t e r  by so lu tion  NMR spectroscopy. 

Inv estiga tions have overwhelmingly been on small molecules. The 

most studied polymeric system have been complexes with 

poly-(N -vinylcarbazole) as the donor. Investiga tion  of these 

systems has been confined mostly to  the use of e lec tro n ic  

spectroscopy.

For th is  th e s is  poly(vinylpyridine) as donor in charge 

t ra n s fe r  reactions was investigated  by Fourier Transform 

Infra-Red spectroscopy (FT-IR), e lec tro n ic  spectroscopy, e lectron  

spin resonance and nuclear magnetic resonance. Much work has 

been done on the  pyridine ring  and i t  is  of fundamental in te re s t  

to  study in te rac tio n s  of i t s  polymer analog. Information fo r  the 

polymer complexes i s  severely lacking in the l i t e r a tu r e  although 

poly(2- vinylpyridine)(P2VP) is  e sse n tia l as a conductance - 

enhancing add itive  in lith ium  - I 2 c e l ls .  This work in v estig a tes  

P2VP and i t s  analogs as donor fo r  the acceptors iodine and 

tetracyanoethylene (TCNE).
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Charge tra n s fe r  complexes of polymeric donors with iodine 

were investigated  by e lec tro n ic  spectroscopy. This technique 

enabled study of d ilu te  so lu tions of donor and acceptor in a 

v a rie ty  of so lven ts. The perturbed blue s h if t  of the v is ib le  

iodine absorption was studied in depth in re la tio n  to  solvent and 

type of donor. T a c tic ity , molecular weight and solvent were 

important fac to rs  which influenced the equilibrium  of iodine 

so lu tions . i-P2VP and 2EP with TCNE in DMSO-de were studied by 

NMR spectroscopy. This is  the f i r s t  in  depth study of a donor 

having m agnetically non-equivalent nuclei in which each nucleus 

is  analyzed. Overwhelmingly, highly symmetric small molecules 

are reported in the l i te r a tu r e .  A topographic model of the 

complexes was proposed based on NMR re s u lts .
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I I  BACKGROUND

This background section  w ill introduce the  concept of the 

charge tra n s fe r  v ia  quantum mechanical treatm ent. Application of 

spectroscopies and mathematical treatm ents used in the  analysis 

of parameters fo r  charge tra n s fe r  complexes w ill then be 

addressed.

II.A  THEORY OF THE CHARGE TRANSFER COMPLEX

II .A .1 D escription of the Charge Transfer Complex

The formation of charge tra n s fe r  complexes involves an 

in te rac tio n  of an e lectron  on the donor moiety with a vacant 

molecular o rb ita l  on the acceptor moiety. The assumption is  made 

th a t the e lec tron  occupies the highest occupied donor o rb i ta l ,  

HOMO, and is  tran sfe rred  to  the lowest unoccupied molecular 

o rb i ta l ,  LUMO of the acceptor. Interm olecular bonds are thus 

formed as the re s u lt  of e lectron  tra n s fe r . The degree to  which 

e lec tron  tra n s fe r  occurs i s  much le ss  than what o rd in arily  occurs 

when new compounds are formed ( 1) and thus n e ith e r covalent or 

ion ic  bonds are formed.

A charge tra n s fe r  system can be represented by donor 

(D) and acceptor (A) in a resonance hybrid of the s tru c tu res  I  

and I I :
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D-+ A S (D,A) S (D+A‘ )
I  I I

Scheme I I .A .1.1

This resonance can be expressed as an approximate wave function 

f n which is  the  sum of two terms given in  equation I I .A .1.1

In = a fo (M )  + M i(D+-A-) I I .A .1.1

Vave function to re fe rs  to  the "no-bond" s ta te .  In th is  s ta te  

the molecules are s itu a ted  a t a d istance equal to  th a t in the 

complexed s ta te  while having the same geom etrical configuration 

as in  the complex. Vave function represen ts the dative  s ta te .  

This s ta te  involves tra n s fe r  of an e lec tron  from a molecular 

o rb i ta l  on the  donor to  a vacant molecular o rb ita l  on the 

acceptor. The second e lec tron  located on the donor remains 

paired with the e lec tron  now present in the  vacant acceptor 

o rb i ta l .  The c o e ff ic ien ts  a and b charac terize  the frac tio n  of 

the no - bond and dative s ta te .

Normalization of l n re s u lts  in :

/ f nfndv = o2 + b2 + 2abS<>i = 1 I I .A .1.2

where Soi  = / fo*idv over a l l  space. Soi  rep resen ts the overlap 

(or non - orthogonality) in te g ra l between the function f 0 and f i .  

The term Soi  is  p roportional to  the overlap in te g ra l of the 

f i l l e d  donor o rb i ta l  (fd) and the lower vacant o rb ita l  of the
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acceptor ( i a)* The o rien ta tio n  of the  donor - acceptor complex 

maximizes the overlap in te g ra l between id  and f a . This has been 

termed the o rien ta tio n  and overlap p rin c ip le  (2 ) .  The p rin c ip le  

s ta te s  th a t the partners in  the  donor - acceptor complex tend to  

assume a mutual o rien ta tio n  so th a t the  o rb ita l  from which the 

e lectron  is  tran sfe rred  has the g rea te s t overlap in te g ra l with 

the o rb ita l  which accepts the e lec tron . The need fo r  maximizing 

overlap between o rb ita ls  of donor and acceptor is  im portant.

Vhen a donor and an acceptor come in contact in a medium, the 

formation of a charge tra n s fe r  complex depends on whether or not 

the c o llis io n  is  successfu l, i e . ,  maximum overlap is  required .

Quantum theory requ ires th a t fo r a ground s ta te  i n there  

must be an excited  s ta te .  This excited s ta te  i e is  given as:

f e = a*ii(D +-A- ) - 6*5o(D, A) I I .A .1.3

Quantum theory also requ ires th a t the excited s ta te  wave function 

be orthogonal to  the ground s ta te  function as follow s:

/ f nfedv = 0 I I .A .1.4

Normalization of the excited  s ta te  function re s u lts  in :

/ f e2dv = a*2 + 6*2 - 2 a *b * S o i  = 1 I I .A .1.5

The sp ec ific  case of pyridine and iodine w ill be considered



6

based on the fundamental approach discussed above. Pyridine acts 

as an increvalen t n donor as discussed above. The e lec tro n ic  

configuration of Iodine ( I)  i s :  [Kr]4d105s25p5 which makes iodine 

a s a c r i f ic ia l  a acceptor by addition  of an e lectron  in to  an a n ti 

- bonding o rb ita l  as seen in the diagram below.

Figure I I .A .1.1: Molecular o rb ita l  diagram fo r  I 2 showing the 

LUMO as anti-bonding.

LUMO

The equilibrium  between pyridine and iodine is  given

Py + I 2 * PY-I2 -  PY P-I- 

Scheme I I .A .1.2: Pyridine (Py) and I 2 in equilibrium

The ground and the excited  s ta te s  can be represented (from 

equations I I .A .1.1 and I I .A .1.3 respective ly ) as:

i n = ni0( P y I 2) + M,(PyI+- I - )  

ie = fl*ii (pyl*-l‘ ) - 6*io(Pyl2)

I I .A .1 . 6a 

II.A .1 .6b
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For a loose complex, Soi  in equation I I .A .1.2 is  small and 

a + b ~ 1. When b2 is  small the ground s ta te  wave function is  

dependent mostly on the f i r s t  (no - bond) term.

The co e ffic ien ts  a and b represent respec tive ly  the frac tio n  

of no-bond and dative  con tribu tion  to  the wave function f n. Vhen 

the value of b is  low, the frac tio n  of charge tra n s fe r  is  small 

and the system is  s ta b iliz e d  mainly by c la ss ic  e le c tro s ta t ic  

fo rces. At high values of b the con tribu tion  of charge tra n s fe r  

may be much g rea te r than the c la ss ic  interm olecular fo rces. 

C oefficien ts a, b and a*, b* in equation I I .A .1.1 and I I .A .1.3 

are re la ted  to  the orthogonality  (equation I I .A .1.4) and 

norm alization conditions of functions f n and f e5 leading to 

equations I I .A .1.2 and I I .A .1.5. As a r e s u l t ,  a* % a and b* 2 b.  

I f  Soi were 0 then a = a* and b = b* would be tru e  exactly . In 

the case where there  is  mostly no-bond in the ground s ta te  (a 2 »  

b2 ) there  is  a short wavelength absorption. That i s ,  in the 

excited  s ta te  there  is  mostly dative  character and a * 2 »  b*2.

I I .A .2 CLASSIFICATION OF DONORS AND ACCEPTORS

C lassifica tio n  of charge tra n s fe r  complexes has been 

developed by Mulliken (3) in which donor and acceptors are each 

divided in to  th ree  major groups. The p rin c ip le  used in 

categorizing  the molecule is  based upon the type of o rb ita l  

taking p a rt in the in te ra c tio n . The f i r s t  group of donors, 

represented by n, are those in which the en erg e tica lly  highest
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o rb i ta l ,  HOMO, accommodates a lone p a ir  of n - e lectrons of a 

heteroatom such as R2O, R2S, R3N, e tc . In the  second group the 

e lec tron  p a ir  is  in a sigma o rb ita l  and th is  group is  denoted as 

<r. The th ird  group co n s titu te  those donors in  which the 

e lectrons are in a t  - o rb ita l  of an unsaturated or aromatic 

compound and represented as r .

Acceptors are also divided in to  th ree  major categories and 

are grouped according to  the character of the lowest unoccupied 

molecular o rb i ta l ,  LUMO, capable of accepting e lectron  density . 

The f i r s t  group consist of acceptors with v  - vacant o rb ita ls  of 

the  metal atom (metal h a lid es , some orgasometalic compounds) and 

designated as v  acceptors. The second group contains a non - 

bonding a - o rb ita l  such as iodine, bromine and iodine 

monochloride and is  given the symbol a.  The th ird  group are 

those which accept e lectron  density  in to  the jt - o rb ita ls  and are 

represented by 1. Commonly seen in the l i te r a tu r e  are the 

symbols b and a, which stand fo r base (donor) and acceptor 

resp ec tiv e ly , placed in fro n t of the symbols r  and a to  

d if fe re n tia te  the fu n c tio n a litie s .

Donor and acceptors can both be termed increvalent and 

s a c r i f ic ia l .  Increvalent complexes are of the  type n-w with 

increased valence of both the donor and the acceptor, such as the 

complex of a nitrogen heteroatom with th a t of boron. In the 

complex RsN’BRs, the nitrogen valence as well as the boron 

valence, is  increased from 3 to  4 and thus the term increvalen t.
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Replacing the boron moiety with the acceptor I 2 gives an example 

of a s a c r i f ic ia l  acceptor. The complex is  designated as n - a a ,  

i . e .  an e lec tron  is  tran sfe rred  from a n -  o rb ita l  of nitrogen to 

a <r - antibonding o rb ita l  of I 2 . Accepting e lec tron  density  in to  

an antibonding o rb ita l  weakens the bond between the acceptor 

I  - I  atoms, thus i t  is  a s a c r i f ic ia l  acceptor.

These c la s s if ic a tio n s  are important in p red ic ting  s ta b i l i ty .  

The strongest complexes tend to  be those in which both donor and 

acceptor are  increvalent while the weakest are those in which 

both donor and acceptor are s a c r i f ic ia l .  An in te re s tin g  and 

s ig n if ic a n t s itu a tio n  a r is e s  fo r benzene and i t s  d e riv a tiv e s .

The benzene ring  may ac t as e ith e r  a donor or acceptor but is  

always s a c r i f i c ia l ,  as are a l l  x donor and acceptors. Figure 

I I .A .2 .1  rep resen ts the energy level of the x molecular o rb ita l  

of benzene.

Figure II .A .2 .1 : Energy leve ls  of the Benzene x o rb ita ls

ANTI-BONDING

1 1 T 1 h

*_LL bonding

The s ix  x - e lec trons in benzene are d is tr ib u te d  with two in each 

of the th ree  bonding MO’s. Thus, i f  one is  removed to  form Bz+ 

in donor ac tio n , the bonding is  weakened. The lowest u n filled  x
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- o rb i ta l  in  Figure IIrA .2 .1  is  antibonding, thus i f  an e lectron  

i s  added to  form Bz‘ in  acceptor ac tio n , the  bonding is  weakened 

r e la tiv e  to  n eu tra l benzene. I t  is  in te re s tin g  and informative 

to  compare benzene, a r  system, with th a t of pyridine in the 

formation of a charge tra n s fe r  complex. Pyridine has two sp2 

e lec trons availab le  fo r  donor action . Therefore pyridine may act 

as an increvalen t donor by the action  of the non - bonding 

e lec tro n s . This has important im plications on the s ta b i l i ty  as 

well as the topography of i t s  complex. Thus iodine forms a 

complex co llin ea r with the nitrogen heteroatom of pyridine (4) 

whereas in benzene the complex is  along the Ce axis (5).
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I I .B . l  THE ELECTRONIC ABSORPTION SPECTRUM

I t  is  not d i f f ic u l t  to  re a liz e  why e lec tro n ic  spectroscopy 

has been so popular in the study of charge tra n s fe r  complexation. 

Both the theory of e lec tro n ic  ex c ita tio n  and the instrum entation 

necessary fo r i t s  p recise  observation has been well estab lished  

before the theory of charge tra n s fe r  was developed. The 

occurrence of absorption bands, usually  in the v is ib le  region, 

was idea l fo r stud ies by e lec tro n ic  spectroscopy. A survey of 

the vast amount of l i te r a tu r e  reveals th a t the theory of charge 

tra n s fe r  complexation developed from a need to  explain the 

appearance of the new absorption band ra th e r than from a need to  

explain complexing i t s e l f .  I t  is  therefo re  appropriate to  d e ta il  

the th e o re tic a l aspects of what is  known as the charge tra n s fe r  

t r a n s it io n .

According to  theory (6) the tra n s it io n  of an e lectron  from a 

donor to  acceptor is  expected to  cause an in tense absorption 

corresponding to  the tra n s it io n  f e «— in  which represen ts the 

wavefunctions as defined by equation I I .A .1.1 and I I .A .1.3. I t  

should be emphasized th a t the two wavefunctions a r is e  from 

in te rac tio n  between two separate m oieties which f u l f i l l  the ro les 

of the  acceptor and the donor. The tra n s it io n  requ ires the 

p a rtic ip a tio n  of both a donor and acceptor and th is  can serve as 

a means of iden tify ing  a charge tra n s fe r  complex. Therefore, the 

term charge tra n s fe r  tra n s it io n  has been used to  d istin gu ish  

those type of absorption band due to  an intram olecular tra n s it io n
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of an e lec tron  from a ground s ta te  to ' a higher energy molecular 

o rb i ta l .  I t  is  advantageous a t th is  point to  consider simple 

molecular o rb i ta l  theory to  b e tte r  v isu a lize  the tra n s it io n .

Figure I I .B .1.1: Molecular o rb ita l  diagram representing  the 

tra n s fe r  of e lec tron  density  from the HOMO of donor to  LUMO of 

acceptor

DONOR ACCEPTOR

ANTIBONDING -------

M.O. ;S

LUMO
LOCALLY
EXCITED
TRANSITIONS

HOMO
BONDING 
M.O. ;S H 1 1

ll_ _u
J L ± -  J L ± .

As seen in Figure I I .B .1 .1 , the charge tra n s fe r  tra n s itio n  

is  represented as an e lectron  being tran sfe rred  from the highest 

occupied molecular o rb ita l  (HOMO) of the donor to  the lowest 

unoccupied molecular o rb ita l  (LUMO) of the acceptor. The 

tr a n s it io n  can then be considered as a ris in g  from the tra n s fe r  of 

an e lec tron  from a f i l l e d  o rb ita l  of the donor to  an empty 

o rb i ta l  in  the acceptor. The Figure is  inform ative because i t  

p ic tu res  the  tra n s it io n  which would occur with the absorption of
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energy. The ground s ta te  would then be a low energy s ta te  which 

has the  same geometry and d istance between donor and acceptor as 

in  the  excited  s ta te .  I t  i s  a lso  seen th a t the LUMO of the 

acceptor is  of a lower energy s ta te  than the LUMO of the donor. 

This i s  the  essence of a charge tra n s fe r  tra n s it io n  re la tiv e  to  

an absorption of energy by a lone moiety.
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I I .B .2 EVALUATION OF THE EqUILIBEIUl CONSTANT AND EXTINCTION 

COEFFICIENT BY ELECTRONIC SPECTROSCOPY

4

The parameters of in te re s t  in  the study of charge tra n s fe r  

complexes are  the equilibrium  (or formation) constant K and the 

ex tin c tio n  co e ffic ien t of the charge tra n s fe r  complex, ec - For 

the case in which donor (D) and acceptor (A) are in  a one to  one 

equilibrium  with complex (AD) as in :

A + D * AD 
Scheme I I .B .2.1

the equilibrium  constant is  expressed as:

[AD]
( W o  - I^Dj )( DJ0 - |ABJ)

where [AD] is  the concentration of the complex and A and D 

represen t acceptor and donor m oieties and the subscrip ts ’o ’ 

represent i n i t i a l  concentrations in u n its  of m o le /li te r . In the 

case of a one to  one complex, equation I I .B .2.1 can be rearranged 

to  give:

T  = - ( W o  + [» ].)  + [*»] I I .B .2 .2

The f i r s t  app lica tion  of the  above general equation toward 

evaluation of the equilibrium  constant and ex tinc tion  c o effic ien t 

in  a charge tra n s fe r  system was presented by Benesi and 

Hildebrand (7 ). Their publication  resu lted  in an in flux  of
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a r t ic le s  dealing with both experimental and th e o re tic a l aspects 

of charge tra n s fe r  complexation. The expressions used to  obtain 

the parameters are  d e ta iled  below.

The absorption of a species in so lu tion  i s  given by Beer’s

law

Abs = l e c C I I .B .2 .3

where I is  the o p tica l path length and C the concentration. 

Equation II .B .2 .3  may be rew ritten  in terms of the concentration 

of the complex

[AD] = Abs/cci II .B .2 .4

Experimental conditions are chosen such th a t the concentration of 

the complex in  equation 1X.B.2.2 is  small re la tiv e  to  [A]o +

[D]0. This is  assured by se ttin g  the condition th a t [D]o >> M o

or [A]o »  [D]o. Under such conditions, the l a s t  term in 

equation II .B .2 .2  becomes n eg lig ib le . E lim inating the term [AD] 

in  the  denominator of equation II .B .2 .2  by equation II .B .2 .4  

y ields equation II .B .2 .5 .

lEifflfPHro = licUAJo1? LUJoJ * "b n -B-2'5

I f ,  fo r  example, a large excess of donor is  used then equation 

II .B .2 .5  can take the form:
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Other conditions necessary in  the  use of the  above equations are 

th a t the complex absorbs a t a wavelength which no other 

components absorb and the charge tra n s fe r  complex has a 1:1 

stoicheometry. A lin e a r  re la tio n  between the l e f t  side of 

equation II .B .2 .6  and 1 / [D]o is  commonly used to  v e rify  a 1:1 

re la tio n .

Equation II .B .2 .6  has been c r i t ic iz e d  (8) fo r  i t s  dependence 

on ex trapo la tion  to  higher concentrations. A lternative 

expressions fo r equation II .B .2 .6  have been given to  avoid th is  

type of ex trapo la tion  (9):

Both assume the same experimental conditions as s ta ted  above and 

re ly  on ex trapo la tion  to  in f in i te ly  d ilu te  so lu tions.

A method, applicable to  systems showing a decrease in  the 

free  absorption band corresponding to  an increase in  a new 

absorption band of the complexed s ta te ,  w ill be discussed. The 

method depends upon the blue s h i f t  of the acceptor, e .g . iodine, 

which has an in te n s ity  proportional to  the amount of complex 

formed. The method is  idea l fo r  study of iodine with pyridine

II .B .2 .7

jjjj - -  -K(Abs) + K[A]oCc II .B .2 .8
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ring  systems which show s ig n if ic a n t pertu rbation  of the free  

iodine absorption band. The equations

AOD a [ I 2 ] 0 - [J-2]c I I .B .2 .9a

0DC <x [ I2] c I I .B .2 .9b

define the re la tio n s  between absorption of the free  and complex 

s ta te s  of iodine with added donor a t a constant iodine 

concentration . AOD is  defined as the d ifference  between the 

absorption of iodine in  so lu tion  free  of donor and the absorption 

a t  the same wavelength a f te r  addition  of donor. 0DC is  defined

as the  absorption of the complex band and is  proportional to  the

concentration of iodine in the complexed s ta te :  [ l 2]c .  The 

number of moles of the complex, n, can be expressed as:

A H alf = n I I .B .2.10
CI 2 ~

where AOD = A[I2] f ,  the change in free  iodine as a re s u lt  of 

complexation and is  the ex tinc tion  co e ff ic ien t fo r  iodine.

The ex tin c tio n  co e ff ic ien t of the complex ec is  then:

I I .B .2.11

from which the concentration of the complex is  determined:

I I .B .2.12



18

where 0DC is  the absorption of the perturbed band fo r  each 

increment of donor concentration.
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I I .C . l  DEVELOPMENT OF NME IN THE STODY OF COMPLEX EQUILIBRIA 

I l .C . l . a  BASIC EQUATIONS

For a NMR observable nucleus located on one of the components of 

Scheme I I .B .2 .1 , a re la tio n  between the resonance absorption frequency 

(h erea fte r re fe rred  to  as chemical s h if t )  and the concentrations of 

the free  and the complexed m oieties can be estab lished . Let us 

consider an observable nucleus to  be contained in the acceptor 

molecule. From scheme I I .B .2 .1 , the nucleus is  p a rtitio n ed  between 

two m agnetically nonequivalent s i te s ,  i . e .  the free  and the complexed. 

I f  the exchange between s i te s  is  fa s t  on the NMR time scale (as is  

usually  the case) then the  observed chemical s h if t  is  ac tu a lly  a 

weighted average of the s i te  frequencies. This observed chemical 

s h i f t ,  £0bsa > of a nucleus on the acceptor molecule is  thus 

represented by equation I I .C .1.1

$obsa = ff + fc^c II .C . 1.1

where f f  and f c are the frac tio n  of free  and bound acceptor while Sj 

and Sc are the chemical s h if t  of the nucleus under observation while 

in the free  and the complexed s ta te s  respec tive ly .

The use of nuclear magnetic resonance as a method to  obtain the 

equilibrium  constant and the chemical s h if t  of pure complex (A0) in a 

recognized charge tra n s fe r  system of small molecules was f i r s t  

reported by M.V. Hanna and A.C. Ashbough (10). Development of the
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equation used to  re la te  the  observed chemical s h if t  to  the equilibrium  

constant and s h i f t  of pure complex vas based on a method previously 

used to  study hydrogen-bonded systems (11). Following such treatm ents 

(12), i t  was shown th a t

where Afa is  the chemical s h if t  of acceptor nucleus in  the 

uncomplexed form and Aca , the  chemical s h if t  of accepter nucleus in 

the pure complex. For A = A0bsa - f r a and A0 = Aja - 5fa , equation 

I I .C .1.2 becomes:

which is  the NMR 1:1 binding isotherm. L inearization  of equation 

I I .C .1.3 is  accomplished by taking the rec ip roca l form:

Equation I I .C .1 .4 , which can also  be w ritten  fo r the s h if t  of a 

nucleus in the donor moiety, is  analogous to  the Benesi-Hildebrand 

equation fo r  e lec tro n ic  spectroscopy given in section  I I .B .2. 

Examination of equation I I .C .1.3 reveals th a t i f  the denominator is  a 

constan t, a p lo t of A vs [D]o w ill be a s tra ig h t lin e  with the slope 

equal to  the product (K x A0) .  Under such conditions the parameters K 

and Ao can only be obtained as a product. The conditions in which the 

denominator of equation I I .C .1.3 would be constant are i f

I I .C .1.2

II.C.1.3

1 1 . 1  
“T  = ir[D joT  + T o II.C.1.4
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(K x [»]<,) «  1, or i f  (K x [D]o) remains unchanged over the 

concentration range studied . Therefore, in order to  obtain values fo r

both K and Ao a p lo t of A vs [D]o must be a curved lin e .

Although fo r  some systems the above conditions have been met and 

values fo r  K have been found consisten t with o p tica l da ta , (13) the 

use of equation II .C .2 .4  has been c r i t ic iz e d  (14,15). The app lication  

of equation I I .C .1.4 su ffe rs  in th a t an ex trapo la tion  to  so lu tions of 

high concentration has to  be made. P a rtic u la rly  in systems where the

assoc ia tion  constants are sm all, the ex trapo lation  may lead to  

inco rrec t values of A0 and consequently incorrect values of K. The 

use of equation I I .C .1.5

A/ [D]o = -A K + A0 K I I .C .1.5

was suggested (15) which is  the algebraic form of equation I I .C .1.3, 

corresponding to  the equation used in the o p tica l determ ination 

described by F oster, Hammick and Vardley (16). In con trast to

equation I I .C .1 .4 , a p lo t of. A/[D]0 vs A requires ex trapo la tion  to  an

in f in i te ly  d ilu te  so lu tion , and the evaluation of K is  obtained 

d ire c tly  from the slope of the lin e  without recourse to  an 

ex trapo la tion .

The above treatm ents a l l  assume th a t the term [AD] in equation 

I I .B .2.1 is  neg lig ib le  compared to  [D]o- Therefore, the condition

th a t [D]0»[A ]o must be met. From the re la tio n  [D]0 = [D] + Cc and Cc

= K[A][D] equation I I .C .1.6 can be obtained
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[D] o = [ D ] ( l  + K [ A ] ) I I .C .1.6

Assuming [D] = [D]0 is  therefo re  e sse n tia lly  the same as assuming 

K[A]«1 (17). Vhen the condition can not be met, such as when K is  

large  or the excess component is  not very so luble, then the term fo r 

the concentration of complex must be considered. I t  then becomes 

necessary to  use an i te ra t iv e  procedure to  ca lcu la te  K and A0 (18).

The observed chemical s h if t  can be expressed by equation I I .C .1.7

where [A]0 is  the i n i t i a l  amount of species containing the nuclei 

under observation. Solving equation I I .C .1.7 in terms of the 

concentration of complex y ie ld s equation I I .C .1.8

From equations I I .C .1.8 and I I .C .1 .9 , equation I I .C .1.10 is  obtained

(19)

I I .C .1.7

m  = M. I I .C .1.8

Equation I I .B .2.1 can be rearranged to  give

K[D]0 [A]o - K[AD]([D] 0 + [A] 0 - [AD]) = [AD] II .C . 1.9

= 6% - g f  (M o  + [A]o - [AD]) + K(fla 1.  fla) H .C .1 .10
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The above equation can be w ritten  so th a t the nuclei being observed is  

e ith e r  the donor or acceptor. The two unknowns, [AD] and A*> are then 

determined by successive approximations which conclude when [A]0/ A vs 

[A]© + [D]o - [AD] fo r two successive cycles y ie ld  e s se n tia lly  

id e n tic a l convergent values fo r the slope. K is  calcu lated  from the 

lim itin g  slope and in te rcep t values. 6<•, and thus A0 i s  obtained from 

the f in a l  slope. The technique has been found to  be successful when 

[A]0 and [D]0 are comparable in concentration (20). D if f ic u ltie s  with 

very strong complexes have been reported (21). The reason fo r 

un re liab le  values of K with strong in te rac tio n s were given in terms 

of hydrogen-bonding systems. K fo r a strong hydrogen-bond system was 

found very sen sitiv e  to  small changes in the in te rcep t value of the 

f in a l  regression lin e . Other complicating fac to rs  are th a t NMR 

chemical s h if ts  of a proton in a hydrogen-bond is  dependent on the 

concentration of the proton acceptor and th a t most proton donors show 

a tendency to  se lf  associate  and to  form other then 1:1 complexes with 

the acceptor (22).

An add itional expression fo r graphical determ ination of K and A0 

is  as follow s. Taking the rec ip rocal of equation I I .B .2.1 allows the 

equilibrium  constant to  be expressed as equation II.C .1 .11

1/K = ( [A]o[D]o/[AD]) - ([A]0+[D]o) + [AD] II.C .1 .11

Vhen the sum of the i n i t i a l  concentrations of donor and accepter are 

large  enough th a t the complex concentration is  small by comparison, 

then the l a s t  term of equation II.C .1 .11  can be dropped. Rearranging



24

equation I I .C .1.8 a f te r  making the usual su b s titu tio n s  with A and A0 

re s u lts  in equation I I .C .1.12

[A]0 + [D]0 = ([A]oA0)/A - 1/K II.C .1 .12

The above equation was w ritten  such th a t a nucleus on the donor moiety 

is  being observed. Equation II.C .1 .12  has the advantage of 

ex trapo la tion  to  d ilu te  so lu tions (as does equation I I .C .1.5) and both 

the parameters A0 and K can be determined d ire c tly . Another le ss  

obvious advantage of equation II.C .1 .12  is  the dependence of the 

ord inate  on both donor and accepter concentrations. This is  important 

i f  addition  of one to  the other causes the constant component to  

change by a ffec tin g  the to ta l  weight or volume of the so lu tion . 

Obviously, mole f rac tio n  u n its  can not be used in app lica tion  of 

equation II.C .1 .1 2 .

I l .C . l .b  ADDITIONAL ONSPECIFIC SHIELDING

Vhen a nucleus within the acceptor molecule i s  being observed fo r 

the evaluation of the equilibrium  constant (K) and chemical s h if t  of 

the pure complex, Ao, i t  is  required th a t the values 6® and 6% remain 

constant in the presence of donor even when the donor is  in large 

excess. Because the of need fo r maximum overlap to  occur between the 

h ighest occupied donor o rb ita l  and the lowest vacant acceptor o rb i ta l ,  

unfavorable topographic arrangement of the  co llid in g  molecules w ill 

re s u lt  in unsuccessful c o llis io n s  (23). Additional unspecific  

sh ie ld ing  (ADS) is  the net re su lt  of unsuccessful c o llis io n s  on the
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observed chemical s h if t  of the acceptor in the free  and complexed 

s ta te s .

Evaluation of AUS can be made based on equation I .C .1.13(24).

= - K(A - a[D]o) + constant II .C . 1.13A -  apq
The above equation was derived based on equation I I .C .1.5 where a is  

the AUS c o e ffic ie n t. For a p lo t of the l e f t  side term vs (A - a[D]o) 

the constant term in equation II.C .1 .13  (in te rcep t) is  an 

approximation of the product (K x Ao). The term Ao can not be derived 

by th is  treatm ent. The value of a depends on the geometric position  

of the observed nucleus re la tiv e  to  the position  of the complexing 

species in a complex. The re la tiv e  value of a w ill increase i f  the 

observed nuclei can be exposed to  c o llis io n s  with a complexing moiety. 

A nucleus le ss  exposed to  c o llis io n s  when complexed w ill need less  

co rrec tio n , re su ltin g  in a lower value fo r  a .  In complexes of

I,3 ,5 -triace ty lb en zen e  with benzene, the value fo r a was found to  be 

appreciably g rea te r fo r  the ace ty l protons than th a t of the aromatic 

protons (24). This re s u l t  was a ttr ib u te d  to  exposed position  of the 

ace ty l protons in the complex re la tiv e  to  the aromatic protons.

I I .C . l .c  SATURATION FRACTION

Application of spectroscopy to  the evaluation of formation 

parameters usually  involves the t i t r a t io n  of a d ilu te  component a t 

fixed  concentration [P]o by a second component with to ta l
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concentration [X]o- The formation constant is  defined by the mass law 

expression of equation II.C .1 .14

[PX] = K[P] [X] = K([P]o - [PX])([I]o - [PX]) II.C .1.14

and the sa tu ra tion  f ra c tio n , 3 , is  given by equation II.C .1 .15

3 = [PX] /  [P] 0 = K [X] /  (1 + K[X]) II.C .1 .15

where the species without subscrip t are equilibrium  concentrations and 

s is  0 < 3 < 1 (25). Vhen the concentration of the free  (unbound) 

excess component approaches the concentration of complex to  within the 

same order of magnitude, the su b s titu tio n  [X] = [X]o - [PX] is  

required . This has been addressed fo r  evaluation of the parameters in 

e lec tro n ic  (26) and NMR (18) spectroscopy. The usual experimental 

condition is  arranged so th a t a large excess of one component allows 

fo r  the assumption th a t [X] ~ [X]o. This approximation leads to  a 

sp ec ific  e rro r given by equation I I .C .1.16

(K’ - K)/K = - 3 [P]0/ [X] 0 II.C .1 .16

where K* is  the value calcu lated  using the approximation [X] ~ [X]0 

and K is  the value calcu lated  from the exact so lu tion . From equation 

II.C .1 .16  the value of K obtained from the approximation is  always 

sm aller then the tru e  K.

The saturation fraction can be related to the concentration of
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the complex and the concentration of the d ilu te  component by some 

parameter which is  d ire c tly  proportional to  the concentration of the 

complex. For e lec tro n ic  spectroscopy Beer’s law re la te s  the 

absorption (A) to  the  complex concentration by the p ropo rtiona lity  

constant e, the ex tinc tion  co e ff ic ien t. I f  A = e[PX] then a maximum 

absorption (Amax) can be expressed as Amax = e[P]o» th a t is  when a l l  

of the d ilu te  component is  complexed [P]o = [PX]. Equation II.C .1 .17  

expresses s in these terms.

Spectroscopic treatm ent fo r  evaluation of K and e was derived from 

equations II.C .1 .15  and II.C .1 .1 7 . For the case of NME spectroscopy, 

the observed chemical s h if t  S is  proportional to  the r a t io  of PX to  P 

and the p ro po rtiona lity  constant is  So as seen in equation II.C .1 .18 .

Combination of equations II.C .1 .15  and II.C .1 .18  y ie ld  equation 

I I .C .1.4.

In determining the range of s  which would minimize the  e rro r , 

equations I I .C .1.19 and I I .C .1.20 are considered.

A/Amax - A/e [P]o -  [PX]/ [P]o = ^ II.C .1 .17

S = 5o[PX]/[P]o S/So  = 5 II.C .1 .18

II.C .1 .19

Ac/c = SSo /So  > AsV 2 / s I I .C .1.20
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when the rela tive  error, 100AK/K and lOOAe/e = 100AAo/^o> given by the 

above equations are plotted as a function of s  the minimum error in e 

and So are obtained when the concentration of complex is  maximized (s 

= 1). For K the most accurate values are obtained when s  is  between 

0.2 and 0 .8 . Since K is  linked to e and So the best data should be 

obtained when 0.2 < s < 0 .8 .
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I I .C .2 SOLID STATE NUCLEAR MAGNETIC RESONANCE

Charge - tra n s fe r  systems have been studied prim arily  by 

e lec tro n ic  spectroscopy and la te r  by proton NMR spectroscopy. 

Through advancements in theory and instrum entation the  study of 

these complexes by NMR in the  so lid  s ta te  was made possib le . The 

technique of so lid  s ta te  NMR has been applied to  the study of the 

complex with tetracyanoethylene (TCNE) as the acceptor with 

hexamethylbenzene as the donor (27). The one to  one complex was 

iso la ted  as c ry s ta llin e  m aterial in which the s ix  aromatic 

carbons were equivalent and gave one sharp s ig n a l. The methyl 

carbons were also equivalent giving one sharp s ig n a l. The 

purpose of th e ir  work was to  investiga te  changes in the iso tro p ic  

chemical s h if t  values in the aromatic donor carbons. Topographic 

arrangements of benzoid x - type donors and TCNE have been well 

defined. I t  is  known th a t the plane of the TCNE molecule l ie s  

above the plane of the benzene ring . The geometry of th is  

complex was expected to  be influenced by the replacement of a 

carbon with a nitrogen heteroatom in the rin g . I t  is  of in te re s t  

to  study the complexes of TCNE with pyridine ring  systems of the 

polymers poly(2 - vinylpyridine) and poly( 4 - v in y lp y rid in e). 

Polymers play an important ro le  in  contemporary science, 

including engineering m ateria ls and semi - conductors. The 

charge tra n s fe r  complex of I 2 with P2VP is  cu rren tly  used in the 

lith ium  b a tte ry , an important new technology. Analysis of the 

geometry of the charge - tra n s fe r  complex with TCNE would be of 

grea t in te re s t .  Information obtained may help con tribu te  to  an
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understanding of complexation in  the amorphous so lid  s ta te .  For 

th is  work re s u lts  from so lid  s ta te  NMR stud ies were complemented 

by high reso lu tio n  NMR.

Carbon - 13 resonance absorption may be obtained in the 

so lid  s ta te  by the technique of combining c ro ss-p o lariza tio n  and 

magic angle spinning, CP/MAS. Rapid motion of the molecule in 

so lu tio n , which reduces d ipo la r in te ra c tio n s , chemical s h if t  

anisotropy and sp in-spin  coupling to  iso tro p ic  averages, is  not 

p resent in  the so lid  s ta te .  In order to  overcome th is  

disadvantage, the  technique of magic angle spinning (MAS) is  

used. To overcome the long re laxation  times of the 13C nuclei in 

the so lid  c ro ss-p o lariza tio n  (CP) is  used. The two techniques 

can be coordinated to  y ie ld  well resolved resonance absorption 

spectra . D etails of the CP/MAS experiment w ill be given followed 

by app lica tion  to  the charge tra n s fe r  system.

The th ree  main contribu tions to  anisotropy in the so lid  

s ta te  are d ipo lar in te ra c tio n s , chemical s h if t  in te rac tio n s  and 

spin - spin coupling. All th ree  comprise p a rt of the general 

Hamiltonian. The general Hamiltonian fo r the in te rac tio n s  

experienced by a nucleus is  given in equation I I .C .2.1

H = Hz + Ha + Hcs + Hsc + Hq I I .C .2.1

Here Hz and Hq represent the Zeeman in te rac tio n  and quadrupolar 

in te rac tio n s  respec tive ly  The remaining th ree  terms are of
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in te re s t  and w ill be discussed fu r th e r . The Zeeman in te rac tio n  

is  a function of the applied magnetic f ie ld  and an in tr in s ic  part 

of the experimental condition not under con tro l. Therefore th is  

con tribu tion  w ill not be addressed fu r th e r .

For a system containing a d ilu te  spin s ta te  S ( l3C spins) 

and an abundant spin s ta te  I  (!H spins) only the in te rac tio n s  

between I  - S spin s ta te s  are  important in observation of the 

d ilu te  component. In te rac tio n  between S - S s ta te s  are 

e s se n tia lly  non-existent due to  s t a t i s t i c a l  im probability of 

contact between such s ta te s .  For such a system the d ipo lar 

coupling term to  the general Hamiltonian is  given in the 

equation:

Hd = HiS = A2 I  • D • S II .C .2 .2
r is

where 7 ’s are the respec tive  magnetogyric ra t io s  and ft
a  -k

Plank ;s constant divided by 2x. I  and S, vector q u a n titie s  fo r 

the in te rac tio n  between an iso la ted  p a ir  of unlike sp ins, are 

re la te d  to  each other by the  d ipo lar coupling tensor D. The 

streng th  of the  in te rac tio n  depends on the magnetogyric r a t io s ,  

is  independent of the applied f ie ld  and f a l l s  o ff rap id ly  with 

d istance . These fac to rs  w ill be important in experimental pulse 

sequences applied to  obtain important information.

The chemical s h if t  in te rac tio n  is  represented by equation 

II .C .2 .3
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Dcs = 7i # I  • «r • Hq II .C .2 .3

Here the  f ie ld  streng th , Ho, is  re la ted  to  the spin vector by the 

sh ield ing  ten so r, <r. The tensor re la te s  the in d ire c t coupling 

of nuclei to  the s ta t ic  magnetic f ie ld  by in te rac tio n  with the 

e le c tro n (s ) . The spin - spin coupling in te rac tio n  fo r  spins I  

and S  i s  represented by the equation:

The in te rac tio n  is  1 - 2 orders of magnitude le ss  then the 

chemical s h if t  and d ipo lar in te rac tio n s .

The above re la tio n s  show th a t fo r a system of d ilu te  nuclear 

spins the main con tribu tion  to  broadening are d ipo lar 

in te rac tio n s  and chemical s h if t  anisotropy. In the so lid  sample 

the former condition can be elim inated by conventional decoupling 

f ie ld s  applied a t the proton resonance frequency. The chemical 

s h if t  anisotropy therefo re  remains the dominant source of lin e  

broadening in the so lid  s ta te .  Improvement in  reso lu tion  by 

e lim inating , as much as possib le , th is  source of lin e  broadening 

is  possib le  fo r  d ilu te  and abundant spin systems. The spins are
A

re la te d  to  the  applied f ie ld  by the tensor a .  This tensor is  a 

3 x 3  m atrix represented by the equation

Hs C = I * d S II .C .2 .4

a n  12 0i s  
ff = <721 ^22 023

/ S I  0 3 2  0 3  3 .

II .C .2 .5
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For a coordinate system with the applied f ie ld  Ho l ie s  along the 

z a x is , conversion to  a diagonal form of the above m atrix y ie lds 

the p rin c ip le  elements <ru, p 2 2 and 0-33. In a p o ly cry s ta llin e  

sample the  chemical s h if t  consist of a d ispersion  of o rien ta tio n  

where each spin s ta te  has d irec tio n  defined by angles re la tiv e  to  

the p rin c ip le  ax is . The chemical s h if t  tensor element which

describes the  in te rac tio n  between I  and H0 of equation II .C .2 .4

is  given in  equation II .C .2 .6

p  = ffiso + (8/2)(3cos20 - 1) - (tf»7/ 4 ) s in 20(e i20 + e’ *20) II .C .2 .6

where 0"iso = (l/3j((Txx  ̂ Pyy "̂zz) I I .C .2 .6a
8 = (2/3)erzz - 1/3(<7xx + Pyy)  I I .C .2 .6b
7] = 3 (Pyy O ' x x ) I ~  Pyy ~ Pxx)  II.C .2.6C

8 is  re fe rred  to  as the sh ield ing  anisotropy and 7j is  the 

sh ie ld ing  asymmetry fa c to r . These l a t t e r  terms give r i s e  to  the 

broad lin e s  in so lid  s ta te  NMR. They represent instantaneous 

spin d irec tio n  fo r a l l  possib le  o rien ta tio n s . These terms can be 

shown to  be dependent upon the term (3cos2/? - 1). Vhen the angle 

0  is  chosen so th a t th is  term vanishes then

p — Pi so  I I . C•2.7

The angle which s a t is f ie s  equation II .C .2 .7  is  termed the magic 

angle. The sample is  spun around an axis inclined  a t 0  (55°44” , 

the  magic angle) re la tiv e  to  Ho, the laboratory  f ie ld .
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The technique of magic angle spinning does not reduce 

anisotropy to  the iso tro p ic  value fo r  powder samples because the 

anisotropy is  on the order of 10s Hz whereas spinning ra te s  

commonly obtained are on the order of kHz. MAS alone is  not 

e n tire ly  e ffe c tiv e  fo r  observation of 13C nuclei in  so lid s 

because of long re lax a tio n s. A technique which enhances S/N and 

makes observation of the resonance absorption p ra c tic a l is  cross 

- p o la riza tio n .

The method of cross - po lariza tion  (CP) involves a 

p o la riza tio n  tra n s fe r  of magnetization from a source ^H nuclei) 

with a low spin temperature ( I  spins) to  a nuclear sink ( 13C 

nuclei) of high spin temperature ( S  sp in s). The technique of 

spin - lock p o lariza tion  tra n s fe r  was applied in  which 

simultaneous r f  ir ra d ia tio n  of I  and S spins bring the two spin 

systems in contact. The two systems are in thermodynamic 

equilibrium  when the magnitudes of the spin locking f ie ld s  fo r 

the I  and S  spins sa tis fy  the Hartmann - Hahn condition:

7i-^slf = 7s i f  I I . C . 2 . 8

where 7 represen t the gyromagnetic ra t io  fo r  the respective  spins 

and I  and S  are spin locking f ie ld s  fo r each species of nuc le i.

In the usual case I  re fe rs  to  *H and S  re fe rs  to  l3C and the 

r a t io  of 7i / 7s is  approximately 4. In order to  s a tis fy  equation 

II .C .2 .8  the l3C locking f ie ld  must be 4 times th a t of the 4H 

locking f ie ld .  Under such conditions the energy of the spin
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s ta te s  are id e n tic a l fo r  both types of sp ins. The d ilu te  spin 

s ta te s  adopt the more favorable spin d is tr ib u tio n  of the abundant 

spin s ta te s  as equilibrium  is  estab lished . The e n tire  pulse 

sequence may be repeated within a tim escale re la tiv e  to  the 

proton re lax a tio n  and not the  much longer 13C re lax a tio n .

A ty p ic a l CP sequence involves p o lariza tio n  of the ^  spins 

along the y ’ axis of the ro ta tin g  frame followed by an on - 

resonance pulse applied to  the 13C spins in order to  o rien t the 

spins along the y ’ ax is . Vhen the Hartmann - Hahn condition is  

s a t is f ie d , p o la riza tio n  of the (cold) *H spins with the (hot) 13C 

spins takes p lace. The time in  which the two s ta te s  are allowed 

to  eq u ilib ra te  is  the contact tim e, Tct* After cross - 

p o la riza tio n  the 13C resonance absorption is  recorded during 

heteronuclear decoupling. Therefore, the effectiveness of the CP 

technique depends on the d ipo lar coupling of the carbon nuclei to 

the proton n u c le i. This in te ra c tio n , according to  equation

II .C .2 .2 , depends on the negative th ird  power, r *3 of d istance. 

Further, evolution of the 13C resonance absorption is  dependent 

upon the proton 1 \ p .  These conditions m anifest themselves as a 

maximum value of Tct and a sp a tia l  dependency of JH spins to  13C 

sp ins. 13C nuclei which are fu rth e r  away from the proton ’pool’ 

of spin s ta te s  w ill not be observed i f  the contact time is  

lengthened because of decay of the ’co ld ’ *H spin s ta te s  by a Ti/? 

process with the l a t t ic e  (spin - l a t t ic e  re la x a tio n ). Non - 

protonated carbons can not be observed under the conditions of a 

CP/MAS experiment i f  the carbons are not within close spacia l



36

proximity to  the proton spin s ta te s .  The su b s ta n tia l d ifference  

of the  e ffe c t of the  d ipo lar in te rac tio n  on a carbon attached to  

a proton ( r  ~ 1.1  A) and with carbons with protons only on 

nearest neighbors ( r  ~ 2 .0  A) allows d if fe re n tia tio n  of the  two 

types of carbons possib le . This is  achieved by in se rtin g  a delay 

a f te r  evolution of the 13C spin s ta te s  during the CP period.

h e t e r o n u c l e a r
iH DELAY d e c o u p l i n g

* Tc t »

b u i l d  up of  .
1 3C c a r bo n .v m a g n e t i z a t i o n a c q u s l t l o n

FIGURE I I .C .2 .1 : Basic pulse sequence

This i s  a basic pulse sequence. The delay is  elim inated in a 

ty p ic a l cross - p o la riza tio n  experiment. 90$ represen ts a x/ 2  

pulse along the X’ axis of the ro ta tin g  frame which o rien ts  the 

m agnetization along the Y’ ax is . A 13C on resonance pulse 

o rien t the 13C spins along the Y’ ax is . When the equality  of

I I .C .2 .8  is  s a t is f ie d  as described above, the  spin s ta te s  

eq u lib ra te  whereby the d ilu te  spins adopt the more favorable spin 

d is tr ib u tio n  of the abundant sp ins.

There are th ree  d iffe re n t experiments described in Figure

I I .C .2 .1 . The f i r s t  is  the  cross - p o la riza tio n  sequence usually  

associated  with magic angle spinning in which the delay is  

removed. The second can be a study of the contact time
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dependency upon carbon m agnetization.' Ti/?(H) may be obtained as 

a function of contact time due to  the carbon s ig n a l’s dependency 

upon proton m agnetization. The carbon absorption in te n s ity  is  

maximized a t a ce rta in  contact time and f a l l s  o ff as spin - 

l a t t i c e  processes begin to  dominate as described above. A th ird  

experiment involves the in troduction  of a delay between the build  

- up of 13C magnetization during cross - po lariza tion  and data 

acq u isitio n  with decoupling (28,29). During the delay no radio 

frequency is  applied ( the ^  locking f ie ld  is  elim inated) and 

the 13C spins are allowed to  precess in th e ir  loca l lH d ipo lar 

f ie ld s .  The time fo r  a polarized carbon nucleus to  loose i t s  

m agnetization depends upon the magnitude of the d ipo lar coupling. 

The carbon spins which are strongly associated  with the attached 

proton dephase quickly in the y* axis (spin - spin d iffu s io n ).

All th ree  types of experiments were used successfully  in the 

present work to  investiga te  the charge tra n s fe r  system.



I l l  EXPERIMENTAL

I I I . l  MATERIALS

All solvents were purchased as anhydrous m ateria ls of the 

highest ava ilab le  p u rity . Further p u rif ic a tio n  involved 

reflux ing  over appropriate  drying agents and r e d i s t i l la t io n .  The 

f i r s t  and la s t  portions of the d i s t i l l a t e  were d iscarded, using 

only the middle portion . Solvent were stored in  sealed deep - 

red ground g lass reagent b o ttle s  over fresh ly  ac tiva ted  molecular 

sieves. Deuterated dim ethylsulfoxide (DMSO-de) was purchased as 

99.97. deuterated product. The solvent was stored over molecular 

sieves fo r a few days before use without fu r th e r  p u rif ic a tio n .

Tetracyanoethylene was purchased from Aldrich Chemical Co. 

and resublimed under reduced pressure a t  le a s t  th ree  tim es. The 

c ry s ta llin e  m ateria l was sealed and stored in a desiccato r with 

d r ie r i te  and phosphorus pentoxide. Iodine was purchased from 

Aldrich chem. co. with 99.9997. pu rity  and used without fu rth e r 

p u r if ic a tio n . Iodine of lower pu rity  (99.87.) was resublimed a t 

le a s t  twice before use. Polymers were rep re c ip ita ted  from 

methylene ch loride so lu tions by heptanes. Only the f i r s t  

f ra c tio n  to  p re c ip ita te  from so lu tion  was iso la ted  and 

rep re c ip ita ted  a t le a s t  tw ice. The wet polymer was d ried  a t ca. 

80°C under reduced pressure overnight. Liquid donors were 

d i s t i l l e d  over appropriate  drying agents and the  middle portion 

of the  d i s t i l l a t e  r e d is t i l le d  again. The liq u id  was stored in a
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sealed b o ttle  over molecular sieves inside a desiccato r.

I I I . 2 PROCEDURES

Solution to  be studied by UV - Vis spectroscopy were 

prepared by mixing the required amount of stock so lu tions of 

donor and acceptor. All so lid  s ta r tin g  m ateria ls were weighed 

d ire c tly . l iq u id  m ateria ls were weighed by de livering  the 

required amount, estim ated by density , in to  a small vessel and 

tak ing  the d iffe ren ce . Solvent would then be used to  tra n s fe r  

the liq u id  to  a volumetric f la sk . Readings were taken a t room 

tem perature in e ith e r  0 . 1 , 0 .2  or 10 mm quartz c e l ls .

For NMR so lu tions so lid  TCNE was weighed d ire c tly  to  which 

stock so lu tion  of donor in deuterated solvent was added. The 

to ta l  weight was then recorded and concentration u n its  reported 

in moles/KG so lu tion . Units based on weight were used because 

the to ta l  volume was shown to  change upon addition  of a constant 

amount of donor stock so lu tion  to  various amounts of so lid  TCNE. 

Samples fo r  observation in  the so lid  s ta te  were prepared by 

mixing a 1:1 mole r a t io  of TCNE and polymer as so lid s . The so lid  

was thoroughly mixed by mortar and p e s tle  followed by 

in troduction  of methylene chloride to  form a s lu rry . The solvent 

was removed a t  room temperature under vacuum with occasional 

mixing. The re su lta n t f in e  powder was fu rth e r mixed with mortar 

and p e s tle . The same method was applied to  so lid  samples fo r use 

in e lec tron  spin resonance spectroscopy.



I I I .3 INSTRUMENTATION

Nuclear magnetic resonance spectra  were recorded a t a proton 

resonance frequency of 200 MHz with an IBM VP - 200SY 

spectrom eter. Solutions were run a t 303° K and the temperature 

con tro lled  by a Bruker Instruments B - VT 1000 u n it. The 

spectrom eter was equipped with a so lid  accessory fo r cross 

p o la riza tio n  and high-powered decoupling. A cy lin d rica l double 

a i r  bearing MAS probe from Doty S c ie n tif ic  Co. was used with 

ro to rs  having a sample volume of 0.36 cm3 made of A I 2 O 3 .  

Transients of 2K points each were coadded, zero f i l l e d  to  4K 

p o in ts , m ultip lied  by a decaying exponential ( lin e  broadening of 

50 Hz unless otherwise noted) and fo u rie r transformed. Recycle 

delays of a t le a s t  2 s were employed during averaging, in order 

to  permit rep o la riza tio n  of the lH spin rese rv o ir as well as to  

minimize heating. Chemical s h if t  c a lib ra tio n  was based on the 

methyl carbon (31 ppm) of p-di-ier<-butylbenzene (PDTBB). The 

x/2  pulse lengths were determined fo r  each experiment by 

ad justing  the pulse length such th a t PDTBB in te n s it ie s  are n u ll 

(180°) and taking h a lf the value. Because the Hartmann-Hahn 

matching condition had been f u l f i l l e d ,  the *H x/2 and the 13C x/2 

pulse lengths are the same. Typically the x/2 pulse length was 

found to  be ~ 5 /is. Cross po lariza tion  times were varied from 

0.2 ms to  10 ms. Delayed decoupling experiments were run with a 

cross p o la riza tio n  time of 4.2 ms. This value led to  strong 

in te n s i t ie s  fo r  the carbons of in te re s t in the CP/MAS 

experiments. Spinning ra te s  were varied between 2 and 4.7 kHz.
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Electron spin resonance measurements were made on a JOEL 

model JES-Ke-3X, X-band, ESR spectrometer (Cranford, N .J.) with a 

TE105 cy lin d ric a l dual cav ity . Spin density  measurements were 

made against a known quantity  of c ry s ta llin e  

di-phenylpicrylhydrazyl, DPPH. The quantity  of DPPH was 

determined experimently by measurements of i t s  o p tic a l density  in 

benzene, Amax = 519 nm, log e = 4.89. All f i r s t  d e riv a tiv e  

curves were doubly in teg rated  by the Wyard method (30). Spin 

density  calcu la tions are based on the assumption of one spin per 

DPPH molecule.

E lectronic absorption spectra  were recorded on a Cary 118 double 

beam scanning spectrom eter. A Bio-rad FTS-40 fo u rie r  transform  

in frared  spectrometer with a 3240-SPC data s ta tio n  was used fo r 

IE absorption spectra  of so lid  samples.

I I I . 4 POLYMER SYNTHESIS

Low Molecular Weight poly(2 - v inylpyrid ine) (LMV P2VP) was 

prepared by so lu tion  polymerization in toluene with AIBN as the 

in i t i a to r  a t 70°C fo r  one hour under n itrogen . The concentration 

of 2 - vinyl pyridine was 2.50 mol/L and AIBN, 0.609 mol/L. The 

molecular weight as determined by vapor pressure osmometer in 

toluene is :  Kn = 2.65 x IQ3. Figure I I I . 4.1 is  a 6PC curve fo r  

th is  polymer. I so ta c tic  polymer was prepared according to  

l i te r a tu r e  (31). A th ree  necked, round bottomed f la sk  (3 L) was 

equipped with a dropping funnel, mechanical s t i r r e r  and a



Figure I I I . 4 . 1 :  GPC curve for low aolecular weight poly(2-vinylpyridine)
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condenser capped with a drying tube. The set-up was flame dried 

by passing prepurified  grade nitrogen gas while under vacuum. 2 

L of toluene (dried  by CaH2, then re d is t i l le d )  was added in to  the 

f la sk  followed by 40 ml of 3 M phenylmagnesium bromide (Alfa 

Chem. Co.) in jec ted  through a serum stopper in to  the f la s k . 375 

ml of 2- vinyl pyridine (dried  by CaH2, then vacuum d is t i l le d )  was 

added in to  the so lu tion  through a dropping funnel. A small 

amount of monomer was added each time and the reaction  mixture 

was s t i r r e d  e f f ic ie n tly  by an overhead mechanical s t i r r e r .  The 

e n tire  volume of the monomer was added dropwise with the 

polymerization system cooled by a water bath. The mixture was 

s t i r r e d  fo r ca. 7 hours. The polymer so lu tion  was poured in to  a 

57. hydrochloric acid so lu tion  and s t i r r e d  u n t i l  the polymer 

dissolved completely in the aqueous phase. The aqueous so lu tion  

was added dropwise to  a well s t i r re d  solution of NH3 containing 

NH4CI. The polymer p rec ip ita ted  in white flocks, which on 

standing converted in to  a sem i-solid product, the polymer was 

redissolved in chloroform and p rec ip ita ted  by a non - solvent.

The high ta c t ic i ty  of the polymer is  v e rif ied  by i t s  13C NMR 

spectrum (Figure I I I . 4 .2) .  I w is  2.5 x 104 and Sn is  1.8  x 104, 

giving a d isp e rs ity  of 1 .4 . Figure I I I . 4.3 shows a 6PC trace  fo r 

th is  polymer. P2VP standards used fo r c a lib ra tio n  were purchased 

from Polyscience. Commercially availab le  high molecular weight 

a ta c tic  poly(2-v iny lpyrid ine) was purchased from Aldrich Chem.

Co. I t s  Kw is  ca. 40 x IQ3.
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Figure III.A.2: C-13 NMR spectrum of isotactic poly(2-vinylpyridine) showing high degree of isotacticity
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Figure III.4.3: GPC trace for isotactic poly(2-vinylpyridine)
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IV RESULTS AND DISCUSSION

I V . A  E L E C T R O N I C  A B S O R P T I O N  S P E C T R O S C O P Y

For the pyridine - iodine system, extensive study on 

e lec tro n ic  absorption spectroscopy has been performed. A 

comparison of pyridine with i t s  polymeric donor, poly(2- 

v in y lp y rid in e), should be of fundamental in te re s t .  This section 

is  concerned with the charge tra n s fe r  system of iodine and poly(2 

- vinylpyridines)(P2VP) plus i t s  analogs in a se rie s  of solvents 

with a gradation of th e ir  p o la rity  and a b i l i ty  in  acting  as a 

donor in hydrogen bonding.

IV.A.1 POLAR SOLVENT

Ethanol was selected  as a polar solvent with a strong 

tendency to  act as a hydrogen bonding donor. The discussion of 

the absorption spectrum of iodine in ethanol has been documented 

(32). Solvated iodine, in  a non - complexing solvent absorbs a t 

wavelengths longer then 500nm. Iodine dissolved in  ethanol 

absorbs a t ~ 440nm. No absorption band was observed a t the 

longer wavelength, ind icating  a l l  the iodine is  complexed with 

the so lvent. An intense absorption occurs a t 230nm which was 

a lso  observed as the charge tra n s fe r  band of ethanol - iodine in 

non - po lar solvents (33). Absorptions a lso  occur a t 358nm (e =

2.5 x 104 cm*1/mol) with a corresponding absorption a t 284nm (c =

4.5 x 104 cm-L/mol) which shows approximately twice the in te n s ity
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of the  358nm band. These two bands were a ttr ib u te d  to  the 

t r i io d id e  ion (34,35) which was id en tifie d  by absorption bands of 

t r i io d id e  from the d isso c ia tio n  of tetramethylammonium tr i io d id e . 

The in te n s i t ie s  of these bands fo r iodine in ethanol corresponds 

to  a very low concentration of t r i io d id e . In pyridine as 

so lven t, iodine formed small amounts of tr i io d id e  when the iodine 

concentration is  10' 3 to  10' 5 mol/L. The mole fra c tio n  of 

tr i io d id e  within th is  range is  increased upon d ilu tio n  (36).

These absorption bands fo r iodine in ethanol may be explained by 

the following e q u ilib ria :

Reaction (2 ) ,  involving the separation of the negative charge I '  

from a p o sitiv e  species, should be f a c i l i t a te d  by solvents with a 

strong tendency to  act as a donor in hydrogen bonding:

The polymeric donor, P2VP, absorbs in the UV range with a maximum 

a t 262nm. Upon in troduction  of P2VP to  the ethanol so lu tion  of 

iodine the following changes were observed. The absorption band 

a t 440nm is  la rge ly  elim inated with a corresponding s ig n if ic a n t 

lo ss in in te n s ity  of the absorption a t 230nm. Both these bands

ET0H-I2 * ( e t o h . i ) t  

(ET0H-I)+I-  ^  (ET0H-I)+ + I '  

(ETOH-I)+ + I '  ET0H-I+ + I 3

Scheme IV.A.1.1

( 1)

(2)

(3)

(EtOH -I) +I-  • • • -H^0^CH2-CH3.
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are ascribed to  the outer complex of ethanol and iodine, ET0H-I2 . 

Their simultaneous disappearance is  a strong ind ica tion  th a t the 

ring  of P2VP in te ra c ts  more favorably with iodine than ethanol.

As the concentration of P2VP is  increased the  absorption of the 

tr i io d id e  also  increases. These re s u lts  can be explained by the 

scheme:

Since the absorption bands of 440nm and 230nm decrease 

s ig n if ic a n tly  with the in troduction  of P2VP, the forward reaction  

in step  1 of Scheme IV.A.1.2 is  c le a rly  favored. The absorption 

in  the range of 330 to  410 nm is  dominated by tr i io d id e .

However, P2VP - iodine (outer complex) and the inner complex and 

perhaps the d issocia ted  monoiodide may be formed but th e ir  d ire c t 

observation is  precluded by the in tense absorption of the 

tr i io d id e  band. The solvent ethanol should f a c i l i t a t e  reaction  

(2) due to  hydrogen bonding:

For a system 7.2 x 1 0 '4 mol/L in iodine and 8.9 x 1 0 '4 mol/L in 

P2VP, about one - ha lf of the iodine are converted to  t r i io d id e .

ETOH-Ij J * 2™ *  P2VP-I2 + ETOH ( 1)

(2)

(3)

(4)

P2VP-I2 ^  (P2VP-I)+I"

(p 2vp-i ) +i - *=* (p 2vp-i ) + + r
(P2VP-I)+ + 1 - (P2VP-I)+ + I 3

Scheme IV.A.1.2

(P2VP • i) +r  • • • H ^-0^-C H 2CH3.
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Mulliken (36) proposed the following scheme fo r  iodine 

dissolved in pyridine:

The complex Py*l2 was termed an outer complex and (PYI)+I ' ,  an 

inner complex. Here pyridine ac ts  both as e lec tron  donor and as 

a polar medium in a s s is tin g  reactions 2 and 3. Kleinberg (37) 

studied iodine in pyridine and concluded th a t inner complex was 

formed, l ib e ra tin g  monoiodide ion which can form tr iio d id e  with 

iodine.

In the system of I 2 in ethanol, pyridine fa ile d  to  compete 

with the solvent to  form a charge tra n s fe r  complex. For the 

system of P2VP - iodine in ethanol the formation of tr iio d id e  is  

c lea rly  indicated by the appearance of the in tense 290nm 

absorption band and decrease in  the 230nm absorption band (Figure 

IV.A.1 .1 ). Therefore, i f  an equilibrium  as described by Scheme 

IV.A.1.2 e x is t ,  an iso sb estic  point should be observed upon the 

addition  of P2VP to  the ethanol - iodine so lu tion . The above 

fig u re  c lea rly  shows an iso sb estic  point (245nm) which is  where 

the molar ex tinction  co e ffic ien t fo r  the EtOH>l2 complex is  equal 

to  one h a lf th a t of tr i io d id e , i . e .  two moles of EtOH*l2 give one 

mole of t r i io d id e . I t  should be noted th a t th is  290nm tr iio d id e

(PYI)*1' * Pyl+ + I-

Py + I 2 5 Py*l2 

Py*I2 * (P Y I)T

(1)

(2)

(3)

Scheme IV.A.1.3
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Figure IVA1.1: Effect of HMW P2VP on electronic absorption spectra 

of iodine/ethanol solution
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peak is  a t  a wavelength 6nm longer than in the case of tr i io d id e  

in ethanol formed by the d isso c ia tio n  of tetramethylammonium 

tr i io d id e . This may be due to  the  weaker in te rac tio n  of the p y l+ 

species with I§ compared to  (C2H5) 4N+. The absorption a t  360 nm 

a ttr ib u te d  a lso  to  tr i io d id e  ex h ib its  ca. h a lf of the  in te n s ity  

of the 290 nm band as reported in  the l i t e r a tu r e .  These 

observations c lea rly  shows the s ig n if ic a n t d ifferences between 

the donor pyridine and i t s  polymer.

IV.A.2 NON - POLAR SOLVENT

In non - polar solvents the various aspects of a polymeric 

e ffe c t can be b e tte r  demonstrated. Reid and Mulliken (36) have 

shown th a t when [Pyridine] >> [ I 2] in non - polar solvent the 

v is ib le  absorption band of iodine is  sh ifted  to  sho rte r 

wavelengths with a lim itin g  value of 389 nm. This wavelength 

lim it was observed fo r  the iodine concentration lev e l of 10*4 

mole/L. A lim iting  ex tin c tio n  co e ffic ien t of 2,120 was found fo r 

iodine a t these concentrations in  pure pyrid ine. Lowering the 

iodine concentration from 10*4 to  10*5 mole/L in pure pyridine 

caused the absorption maximum to  s h if t  to  368 nm. The formal 

ex tinc tion  c o e ff ic ie n t, based on iodine, rose to  a maximum value 

of 9 x 104 cm*L/mol. This was a ttr ib u te d  to  tr i io d id e  form ation. 

Based on th is  ex tinc tion  co e ff ic ien t they suggested th a t  about 

h a lf  of the iodine remains as bound iodine ( ie .  P y r- l2) and about 

h a lf reacted to  form tr i io d id e . Sazkin e t a l  (38) observed the 

formation of tr i io d id e  fo r  PVP and iodine in  1,2 -
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dichloroethane. An increase of iodine concentration caused a 

displacement of the 360 - 365 nm band to  longer wavelength of 388 

- 395 nm. This observation was not elaborated upon; the study 

was focused on the conductivity of the so lu tion  and i t s  re la tio n  

to  absorption bands of t r i io d id e . A more comprehensive study of 

a polymer with iodine in non - polar solvent was made by Tomono 

e t a l  (39). This study was concerned with a polyamine polymer 

containing a lip h a tic  amines as part of i t s  backbone. By use of 

model compounds they estab lished  the existence of a 1:1 molecular 

complex with iodine. The monomeric model compounds, unlike the 

polymer did not give r is e  to  tr iio d id e  formation. The study was 

r e s tr ic te d  to  low i n i t i a l  iodine concentrations of 10-4 to  1 0 '5 

mole/L which has been shown to  favor tr i io d id e  form ation. They 

concluded th a t tr iio d id e  formation is  accelerated  by the polymer 

due to  a "stacking e ffe c t"  of neighboring groups which se t the 

condition [Donor]>>[12] w ithin the loca l reaction  f ie ld .  They 

did not comment on the concentration dependency of iodine on the 

absorption maximum of the perturbed v is ib le  band of iodine. This 

band is  of importance in evaluating formation constants between 

donor - iodine systems and the nature of the concentration 

dependent s h if t  has not been adequately addressed. The present 

work w ill address th is  phenomenon in the systems involving P2VP 

polymers and model compounds.

IV.A.2 .a CHLOROFORM AS SOLVENT

Equilibrium constants are commonly evaluated by monitoring
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the perturbed v is ib le  band of iodine. For the  present study 

iodine complexes with several donors were evaluated by th is  

method (Section I I .B .2 ). These systems showed d iffe re n t 

c h a ra c te r is tic s  fo r  an iodine concentration lev e l of 10"3 mol/L. 

Low molecular weight P2VP shows a more in tense absorption a t a 

sho rte r wavelength compared to  pyridine (Figure IV.A.2 .1 ). 

Compared to  HHV P2VP, i-P2VP shows a broader and weaker 

absorption band a t a s lig h tly  longer wavelength maximum (Figure 

IV.A.2.2) Table I I I .B . l  l i s t s  values of the equilibrium  

constants and ex tinc tion  c o e ffic ien ts  in chloroform obtained from 

q u a n tita tiv e  measurement of the donors in so lu tions of iodine 

(See section  I I .B .2).

Table I I I .B . l :  Results obtained fo r donors with chloroform as
solvent

DONOR K (1/mol) Amax (nm) e (cm-L/mol)

Py 60 ± 1 400 1.9 x 103

LMV P2VP 50 ± 10 370 4.4 x 103

i -  P2VP 100 ± 20 368 5.0 x 103

HHV P2VP 93 ± 6 366 1.01 x 1041

* Formal e based on mole of I 2 reacted
1 Corrected c = 2 x 104 based on 2 mole I j  generated per one 

mole I 2 reacted

The assumed perturbed iodine absorption band in the polymeric 

systems is  located in  the region of the long wavelength 

absorption fo r  tr i io d id e . Therefore, caution must be taken in 

d ire c t evaluation of th is  band as r is in g  from bound iodine only. 

These s lig h t  s h if ts  toward shorter wavelength may be due to  the



OP
TI

CA
L 

DE
NS

IT
Y

54

1.0

0.8  - -

LMW P2VP 0.0072B m dee/L

Iodine
0.6 - -

0.4 - -
Pyridine 0.00992 moles/L

0.2  - -

0.0
350 370 390 410 430 450 470 490 510 530 550 570

WAVELENGTH
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formation of strong absorbing tr i io d id e . The ex tinc tion  

co e ff ic ien t decreases as the  extent of blue s h if t  is  decreased. 

The blue s h if t  is  an important parameter and an understanding of 

i t s  o rig in  i s  v i ta l  in in te rp re tin g  data  obtained by i t s  

an a ly sis . The reason fo r  a blue s h if t  has been given (40) as 

follow s. The lowest unoccupied molecular o rb ita l  of iodine which 

accepts e lec tron  density  from the donor is  strongly  antibonding 

and therefo re  large  i . e .  more extended. Acceptance of e lectron  

density  in to  th is  molecular o rb ita l  should considerably increase 

the e ffe c tiv e  size  of the molecule. Vhen the iodine molecule in 

i t s  complexed s ta te  is  excited  by v is ib le  l ig h t  absorption, i t s  

suddenly swollen size  due to  charge tra n s fe r  introduces an 

exchange repulsion between the acceptor and the  donor. “Lie blue 

s h if t  is  a re s u lt  of the required repulsion energy added to  the 

usual energy of the excited  iodine molecule. In the present 

polymeric systems the blue s h if t  is  qu ite  la rg e . Accompanying 

the large  pertu rbation  is  an increased ex tinc tion  c o e ff ic ie n t.

The ex tinc tion  co e ff ic ien t fo r py*l2 is  ca. 2 x 103 cm-L/mol; fo r 

I 3 , 25 x 103 cm*L/mol. A molar ex tinc tion  c o e ffic ien t above the 

2 x 103 lev e l is  a strong ind ication  of the presence of 

tr i io d id e . Observations of such large d ifference  of ex tinction  

co e ff ic ien ts  and Amax (Table I I I .B . l )  ind ica te  the p o s s ib il i ty  of 

an inner complex or tr i io d id e  ex is tin g  in equilibrium  with the 

outer complex. Equilibrium constants reported under such 

conditions may not r e f le c t  the tru e  values fo r the outer complex. 

I t  can be concluded th a t pyridine in ethanol only forms an outer 

complex with iodine. For the th ree  polymers, t r i io d id e  formation
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due to  the polymeric e ffe c t in chloroform is  in the descending 

order of HHV P2VP > Iso P2VP > LMV P2VP.

IV.A.2.b METHYLENE CHLORIDE AS SOLVENT

Methylene ch lo ride , a weaker donor fo r hydrogen bonding 

compared to  chloroform, shows weak in te rac tio n  with iodine. The 

absorption of iodine in the concentration range 10‘ 3 to  10"5 

mol/L has an absorption maximum a t 504nm with neg lig ib le  

absorption a t sho rte r wavelengths. Dnlike the case in polar 

so lu tio n , upon d ilu tio n  no tr i io d id e  or monoiodide is  formed. 

In troduction  of P2VP had a marked e ffe c t on the equilibrium  of 

iodine in th is  so lu tion . The addition  of P2VP led to  a decrease 

in in te n s ity  of the 504nm band and the appearance of a new 

absorption band a t 364nm. For a constant polymer concentration 

th is  absorption sh ifted  from ~364nm to  388nm with increased 

iodine concentration. The absorption maximum remained re la tiv e ly  

constant a t ca. 365 nm fo r  the iodine concentration range of 10*5 

to  10*4 moles/L. The g rea te s t change in absorption maximum 

occurred when iodine concentrations increased from 10*4 mol/L to  

a range of 10*3 mol/L. This p a tte rn  of change c losely  resembles 

the  case of iodine in po lar so lven ts. I t  implies th a t the 

polymer, although re la tiv e ly  very d ilu te  compared to  so lven t, was 

responsible  fo r  the same driv ing  force in the formation of 

tr i io d id e  in polar so lven ts. The polyamine polymer reported by 

Tomono e t .  a l .  (39) d if fe r s  from P2VP in th a t i t  contains only 

a lip h a tic  amines which are much stronger bases than the aromatic
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amine of P2VP. The polyamine has a l l  nitrogen atoms contained in 

the  backbone while pendent rings of P2VP are subject to  more 

s trin g en t s te r ic  requirem ents. In both cases tr i io d id e  formation 

was observed. Tomono e t .  a l .  r e s tr ic te d  th e ir  concentration of 

iodine to  10*4 moles/L. The formation of tr i io d id e , in the 

present system, can be decreased i f  the concentration of iodine 

is  increased. The position  of the 366nm tr iio d id e  band was seen 

to  s h if t  to  a lim iting  value of 380nm by increasing the iodine 

concentration to  1 0 '3 mol/L in the presence of HMV P2VP. I t  

should be noted th a t pyridine and iodine when mixed in non - 

polar solvents did not favor tr i io d id e  formation as evident from 

re s u lts  of tab le  I I I .B . l ,  nor did the substitu ted  pyridines (41) 

in the same concentration ranges. As w ill be seen below, iso 

P2VP also  did not favor tr i io d id e  formation a t low iodine 

concentrations.

Outer complex coexisting with tr iio d id e  in methylene 

chloride fo r  the HMV P2VP donor is  suggested by the following 

observation. Monitoring charge tra n s fe r  absorption a t 254nm 

y ie ld s important information in regard to  the species involved. 

Figure IV.A.2.3 shows a p lo t of log of absorbance vs log [P2VP] 

fo r  HMV P2VP. The slope of the re su ltin g  s tra ig h t lin e  is  equal 

to  one, i . e .  one pyridine ring  per complex. The same re s u lts  

were observed fo r  LMV P2VP and pyridine a t the charge tra n s fe r  

absorption band. Treatment of absorptions a t 366 and 290nm, the 

absorption bands fo r  tr i io d id e , y ie ld  slopes of 0.5 fo r the HMV 

P2VP donor (Figure IV.A.2 .4 ) . This implies th a t h a lf of the
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pyridine rings p a r tic ip a te  in the equilibrium  re su ltin g  in 

conversion of iodine to  t r i io d id e . This is  consisten t with the 

conclusion of Reid and Hulliken th a t  about h a lf of the iodine is  

bound when the  donor is  in  excess (36). For the present system 

and th a t studied by Reid and Mulliken a single iso sb ec tic  point 

was observed. Under favorable conditions molecular iodine near 

an outer complex can be converted to  tr i io d id e  read ily . In the 

outer complex, donation of n itrogen e lectron  density  in to  the <ru 

antibonding o rb ita l  of iod ine, causes the iodine bond to  weaken 

due to  lowering bond order. The enlarged e lectron  cloud of 

iodine is  polarized  and then becomes susceptib le  to  a ttack  by a 

nearby iodine or solvent to  form a hydrogen bond and tr iio d id e  is  

formed. In methylene ch lo ride , HMV P2VP is  the only donor which

leads to  formation of tr i io d id e . For an i n i t i a l  iodine• /
concentration of 8.5 x 10-4 mol/L, a P2VP concentration of 3 x 

10’ 3 mol/L lead to  167, conversion of iodine to  t r i io d id e .

The blue s h if t  of iodine in the complexed s ta te  was 

examined in  methylene chloride q u an tita tiv e ly . i-P2VP yielded 

absorption a t 390nm with an iodine concentration range of 10*4 M 

while 2 - P ico line  (2 m ethylpyridine) absorbed a t 400nm. Figures 

IV.A.2.5 - IV.A.2.7 are graphs based on equation II .B .2 .6  which 

a l l  y ie ld  high c o rre la tio n  c o e ff ic ie n ts . The formation constant 

of 2 - p ico line  was found to  be 231 L/mol and ex tinction  

c o e ff ic ien t 1352 cm-1/mole in excellen t agreement with the 

reported values (41). Iso  P2VP yielded a formation constant of 

55 L/mol and e of 4.6 x 103 cm-L/mol. Both absorption spectrums
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shows no ind ication  of tr i io d id e . The formal equilibrium  

constant fo r  HMV P2VP to  form Ijj was determined to  be 160 l/mol 

and e, 23.5 x 104 cm*l/mol a t  a wavelength of 366 nm. The 

absorption maximum a t a long wavelength of 390nm fo r  i-P2VP is  

due to  i t s  h e lic a l conformation in methylene chloride so lvent.

I t s  3 r h e l ix  may be b e tte r  preserved and the chain does not form 

an extended c o il as extensively  as in chloroform. For th is  

polymer, most of the pyridine rings are located on the surface of 

the h e lic a l cy linder. The lower equilibrium  constant fo r the two 

polymers is  expected due to  s te r ic  hindrance from the backbone 

and is  common in polymeric systems fo r bulky donor and acceptor 

m oieties. Here the s te r ic  e ffe c t dominates the loca l 

concentration e ffe c t due to  polymer.

IV.A.3 POLYMER EFFECT

The re s u lts  from the present e lec tron ic  absorption 

spectroscopy study of poly(2 - v inylpyridine) c le a rly  ind icate  

the dramatic d ifference  between the two systems of the monomeric 

and the polymeric donors. The sp a tia l d is tr ib u tio n  of the donor 

m oieties attached to  the macromolecule is  d ic ta ted  by the chain 

conformation con tro lled , by polymer t a c t i c i t i e s  and molecular 

weight as well as the so lven t. For the processes involved in 

charge tra n s fe r  from pyridine ring  to  molecular iodine, the 

polymer e ffe c t o rig in a tes  mainly from the polymer segmental 

d is tr ib u tio n  leading to  a high loca l donor concentration and 

po lar reaction  medium. In a polar solvent e thanol, the P2VP
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chain forms with iodine inner complex and tr i io d id e  re a d ily , in 

con trast to  the case of the  pyridine molecule in  methanol. In 

chloroform, a le ss  polor so lven t, the  e ffe c t due to  polymer 

molecular weight and conformation was system atically  demonstrated 

(Table I I I .B . l ) .  A random c o il segmental d is tr ib u tio n  favored 

tr i io d id e  form ation. The process of complete e lec tron  tra n s fe r  

to  form tr i io d id e  requ ires charge separation and is  f a c i l i t a te d  

by media with a high d ie le c tr ic  constant and a high tendency to  

act as a donor in hydrogen bonding. The trends of K, blue s h if t  

and ex tinc tion  c o e ffic ien t shown in the Table e s ta b lish  the 

v a lid ity  of th is  p rin c ip le . Compared to  pyrid ine , the th ree  P2VP 

polymers show a gradation in th e ir  m anifestation of polymer 

e ffe c t in chloroform. EMV P2VP, assuming a conformation of 

extended c o il ,  leads to  the  formation of the highest lev e l of 

tr i io d id e . LMV P2VP and the  iso ta c tic  polymer showed le ss  e ffe c t 

compared to  a ta c tic  EMV polymer. LMV P2VP does not con tribu te  to 

tr i io d id e  formation as read ily  because i t s  small s ize  precludes 

formation of regions of high pyridine ring  concentration. *'-P2VP 

does not con tribu te  to  tr i io d id e  formation as read ily  as EMV P2VP 

because of i t s  h e lic a l conformation. Eowever, because chloroform 

may cause the h e lic a l s tru c tu re  to  p a r t ia l ly  break down, i . e .  

increases h e lic a l to  co il t r a n s it io n s , the lo ca l concentration of 

pyridine rings is  increased s ig n if ic a n tly  enough to  con tribu te  to 

tr i io d id e  form ation. The s lig h tly  lower K value fo r LMV P2VP 

compared to  pyridine can be explained by the fa i lu re  of the 

polymer e ffe c t of a low molecular weight species to  compensate 

fo r  the s te r ic  e f fe c t .  For methylene ch lo ride , the c lea r
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co n trast between HMV P2VP and i-P2VP is  evident. No tr iio d id e  

was formed fo r  i-P2VP. The h e lic a l s tru c tu re  of the is o ta c tic  

polymer is  b e tte r  preserved in methylene chloride and tr iio d id e  

is  not favored because the lack of large domains con tribu ting  to  

a lo ca l concentration e f fe c t .  For the a ta c tic  P2VP system, 167. 

of the  reacted iodine formed tr iio d id e  as s ta ted  previously. A 

lower equilibrium  constant is  obtained fo r  the 2-P2VP donor 

compared to  2 - p ico line  as would be expected. The re su lts  

obtained in  the present polymer systems compared to  th a t obtained 

by Reid and Mulliken fo r  so lu tions of pyridine reveal important 

d ifferences fo r  iodine in charge tra n s fe r  in te rac tio n  between a 

small molecule donor and a macromolecule carrying such donor 

functional groups. For the  aromatic amine pyrid ine, a much 

weaker base than a lip h a tic  amine, the polymer P2VP donor 

in te ra c tin g  with iodine acceptor can lead to  complete electron  

tr a n s fe r ,  i . e .  formation of tr iio d id e  under conditions where the 

monomeric donors, pyridine and a lip h a tic  amine f a i l  to  form even 

outer complexes. The polymer e ffe c t is  con tro lled  by molecular 

s iz e , t a c t i c i ty  and conformation. Solvents can influence the 

charge tra n s fe r  interm ediates through th e i r  e ffe c t on polymer 

conformation, d ie le c tr ic  constant of the reaction  medium and 

hydrogen bonding.
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IV.B HIGH RESOLUTION NUCLEAR MAGNETIC RESONANCE 

IV .B .l 13C NMR

Introduction  of tetracyanoethylene (TCNE) to  d ilu te  

so lu tions of P2VP causes changes in the chemical s h if t  of the 

m agnetically non - equivalent 13C nuclei of the pyridine ring . 

These changes are represented in  Figure IV .B .l.la  and lb  fo r  free  

and complexed donor respec tive ly . The signal to  noise ra t io  fo r 

the absorption is  poor due to  the constra in t in P2VP 

concentration required fo r  the experiment. The number of 

tra n s ie n ts  ranged from ca. 5,000 fo r donor alone in so lu tion  to 

ca. 20,000 when TCNE is  p resen t. The spins were alowed to  

recover only within the  time frame of the aq u is itio n  of ca 0.65 

sec. The peak assignments are based on rep ro d u c ib ility  fo r a 

co llec tio n  of spectra . The d irec tio n  of the chemical s h if t  

change fo r  carbons 2 and 6 was to  high f ie ld  while carbons 3, 4 

and 5 move downfield. These changes were important in 

in te rp re tin g  the nature of the complex. There was a gradual 

change in chemical s h if t  dependent on the concentration of TCNE.

A p lo t of th is  dependency (Figure IV.B.1.2) shows the d ifference 

in chemical s h if t  as a function of TCNE concentration. From th is  

re la tio n  both the equilibrium  constant K, and the change in 

chemical s h if t  fo r  the pure complex A0, were obtained.
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Figure IV.B.1.1: l J C NMR spec tra  fo r  I s o t a c t i c  P2VP (0.06
mole/Kg) a ) f re e  and b) in  the presence of TCNE
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Table IV.B.1.1 l i s t  A0 re s u lts  as obtained fo r  d iffe re n t 

mathematical expressions fo r  each ring  carbon atom.

Table IV.B.1.1: Values of A0 fo r  each nuclei as obtained by the 

equations l is te d

EQUATION I I .C .1.5

Nucleus

C2

C8

C4

C3

C5

Ao

5 ± 2 

4 ± 1

6 ± 2 

3 ± 1 

3 ± 1

I I .C .1.4

Ao

5 ± 2 

4 ± 1

6 ± 2 

2 ± 1 

2 ± 1

I I .C .1.10

Ao

5 ± 2

4 ± 1

5 ± 2 

2 ± 1 

2 ±  1

An example of a p lo t obtained by equation I I .C .1.4 fo r  13C 

chemical s h if t  is  given in Figure IV .B .l.3. From such data  the 

order of the parameter A0 was found to  be:

C4 > C2 > C6 > C3 > C5

The order and the d irec tio n  of the change in chemical s h i f t  fo r  

each of the carbons yielded information concerning the e lec tro n ic  

configuration within the aromatic framework. To account fo r  

d irec tio n  of the chemical s h i f t ,  the re la tio n  given by Karplus 

and Pople (42) in equation IV.B.1.1 was considered:

<7“ = - (e2h2/2m2c2)(AE*1)< r-3 >2pn [qnn + J  qnb] IV.B.1.1
b
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Figure IV.B.1.3: Inverse A chemical shift for C6 of P2VP vs 
inverse TCNE concentration (from equation II.C.1.4)
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Here 0* represen ts the con tribu tion  to  the  chemical s h if t  by the 

paramagnetic component which dominates the position  of a chemical 

s h if t  fo r  a nucleus, n, with p -o rb ita ls . The f i r s t  fa c to r  on the 

r ig h t side of the equation is  constant fo r  any nucleus. AE is  

the mean e lec tro n ic  e x c ita tio n  energy fo r  the system and is  the 

same fo r the nuclei under consideration . Because only one system 

is  considered here these terms are not important in the present 

app lica tion  and need not be considered. The Q terms which are 

functions of charge and bond orders contribute to  the chemical 

s h if t  but are e sse n tia lly  constant. The < r -3 >2pn term 

represen ts the average d istance of the nucleus and the electron  

in the 2p o rb i ta l .  I t  is  of predominant importance in 

ra tio n a liz in g  13C chemical s h if t  (43). T. Tokuhiro and G. 

Fraenkel (44) have discussed chemical s h if ts  in terms of a 

sim plified  version of equation IV.B.1.1, i . e .  equation IV.B.1.2:

0“ = < r* 3 >2pnj|fp IV.B.1.2

where £p contains the Q terms of equation IV .B.1.1. In 

p red ic ting  the absorptions of carbons attached to  a n itrogen 

heteroatom, they concluded th a t the mean radius term dominates. 

Large downfield s h if ts  fo r  carbons attached to  nitrogen 

heteroatoms re la tiv e  to  benzene were expected due to  o rb ita l  

contraction  re su ltin g  in an increase in the < r -3 >2pn term which 

overrides the *[} term. An explanation as to  how th is  term 

a ffe c ts  chemical s h if ts  w ill be given below.
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The nitrogen atom in the pyridine ring  contains two sp2 

e lec tro n s , each shared with an adjacent carbon atom to  form a 

sigma bond, two sp2 non - bonding e lec tro n s , and an e lec tron  in a 

p -o rb ita l  which takes p a rt in  resonance w ithin the r in g . Upon 

dep letion  of e lec tron  density  from a non - bonding o rb ita l  in 

charge tra n s fe r , the density  around the adjacent carbons can 

appear to  increase. The e lectron  in the p -o rb ita l is  perturbed 

toward the nitrogen heteroatom due to  formation of a p a r t ia l  

p o sitiv e  charge. This re s u lts  in an increase in e lec tron  density  

in the v ic in ity  of the nitrogen atom as e lec tron  density  within 

the p o rb ita l  is  sh ifted  to  compensate fo r  loss of electron  

density  within the non - bonding o rb i ta l .  The increase in 

e lec tron  density  is  unique to  the adjacent carbons to  the 

nitrogen as an overa ll decrease in e lectron  density  is  expected 

upon complex form ation. This behavior had been observed 

previously by 13C NMR which was enforced by th e o re tic a l 

ca lcu la tion  pred ic ting  an increase in e lec tron  density  around the 

a carbons of pyridine when hydrogen bonded (45). Higher e lectron  

density  around the adjacent carbons decreases the < r -3 >2pn 

term. The observed re s u l t  is  a high f ie ld  s h i f t  fo r  the adjacent 

carbons. Accompanying th is  high f ie ld  s h if t  is  a low f ie ld  s h if t  

fo r  the  remaining carbons of the rin g . Such changes are 

consisten t with re d is tr ib u tio n  of e lec tron  density  within the 

ring  as described. The high f ie ld  s h if t  fo r  C2 and Ce can also 

be explained by a decrease in bond order of the carbon - nitrogen 

bond due to  charge t ra n s fe r  from the nitrogen atom to  TCNE. Here 

the bond order e ffe c t overwhelms the p o lariza tio n  e ffe c t .  For



C3, C4 and C5, the  p o la riza tio n  e ffe c t p reva ils

In terms of magnitude, the carbon which is  symmetrically 

opposite the  s i te  of e lec tron  tra n s fe r  is  most a ffec ted . Such 

behavior is  commonly re fe rred  to  as a para a f fe c t . The re la tiv e  

magnitude may be explained by C4 loosing more e lec tron  density  

from i t s  2p o rb ita l  than the  two meta carbon atoms. An important 

observation was made when the  polymeric ring  system was compared 

to  2 e thy lpyrid ine in terms of magnitude fo r  chemical s h if t  

changes upon complexation. Figure IV .B .l.4a and 4b show 13C 

spectra  fo r 2- e thy lpyrid ine free  and in the presence of acceptor 

resp ec tiv e ly . All carbons of the free  2EP were observed except 

C2 which had a very low signal to  noise r a t io ,  common fo r 

quaternary nuclei of small molecules. In the presence of TCNE,

C2 absorption was c lea rly  observed. This may be due to  the 

hindered ro ta tio n  fo r  the e thy l group because of the presence of 

the TCNE molecule next to  the  nitrogen atom. The d irec tio n  of 

the chemical s h if t  changes fo r the carbons are consisten t with 

th a t of P2VP. Examples of graphical rep resen ta tion  of A as a 

function of acceptor concentration are given in Figure IV.B.1.5.

A minimum was observed fo r  carbons 3 and 5 while a maximum 

occurred fo r  carbons 4 and 6 . Results fo r  Ao were obtained only 

from the region of the curve with p o sitiv e  slope. Results fo r  Ao 

are given in tab le  IV .B .l.2
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TABLE IV.B.1.2: Values of Ao fo r  2 e thylpyrid ine 

NUCLEUS A0

C3

C6

C4

Co

4.55 ± .07

3.63 ± .07

5 ± 1

3 ± 1

and the order of Aq was found to  be:

C4 > C3 > C5 > Co

Ao values fo r the 2EP complex, obtained fo r  carbons 3 and 5 

were well reproduced over a wide concentration range while 

carbons 4 and 6 showed a g rea te r e rro r range. The average values 

fo r  some of the carbons overlap w ithin the e rro r range of the 

measurement. The order as given is  va lid  based on each 

ind iv idual experiment. This order is  of in te re s t  in comparing 

re s u lts  obtained fo r  the polymeric system. The argument given 

below was based on the order obtained fo r the carbon nuclei of 

the two donor systems. I t  should be pointed out th a t the order 

obtained fo r  the two systems was consisten t fo r  each experiment 

although the  average values re s u lt  in overlap. This overlap in 

Ao fo r  C3 and Co does not place the order fo r  Ao in question. 

Conclusions to  be arrived  a t  are based on the order ra th e r  than 

the magnitude and has a sound experimental b a s is .
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The d ifference  in order was in te rp re ted  in terms of amount

of e lectron  density  being tran sfe rred  in the ground s ta te .

Pugmire and Grant (46) reported the order fo r  the magnitude of

chemical s h if t  changes fo r  carbons of pyridine to  be: C4 > C2 ,a >

C3 ,5 upon pro tonation . This order is  therefo re  expected fo r

systems which show a high degree of e lectron  tra n s fe r  form non -

bonding e lec trons upon complexation. Larkindale and Sinkin (47)

reported the order: C4 > € 3 , 5  > C2 ,e fo r pyridine complexed with

iodine, a condition which is  expected to  re s u lt  in  a re la tiv e ly

low degree of e lectron  tra n s fe r  from a non - bonding o rb i ta l .

The order reported fo r P2VP and 2EP p a ra lle ls  the order fo r

pyridine as obtained fo r  protonation and iodine complex

resp ec tiv e ly . This in fe rs  a more complete tra n s fe r  of e lectron

density  in the polymeric system as compared to  the unattached

alky lated  rin g . This condition was a ttr ib u te d  to  b e tte r  overlap

of non - bonding molecular o rb ita ls  with the lowest unoccupied

molecular o rb ita l  of the acceptor in  the polymeric system. This

increased overlap found in the polymeric system was a t f i r s t

su rp rising  since the backbone was expected to  be a source of

s ig n if ic a n t s te r ic  in te rfe ren ce . Experimental re s u lts  can be

explained by the following argument. The pendent ring  of P2VP is

re la tiv e ly  fixed  in a sp ec ific  geometry re la tiv e  to  the backbone

due to  a high energy b a rr ie r  of ro ta tio n  with the plane of the

ring  orien ted  perpendicular to  the backbone. Only a small
/

deviation  of 10 - 30° (48,49) is  perm itted due to  s te r ic  

in te ra c tio n s . S te ric  hindrance to  complexation expected from the 

backbone is  therefo re  minimized as the above condition places the
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nitrogen heteroatom fu r th e s t away from the backbone. A second 

fac to r  i s  th a t the  nitrogen of the polymer is  re la tiv e ly  fixed  

and the acceptor may be able to  b e tte r  positio n  i t s e l f  to  achieve 

maximum overlap. Having the  ring  re la tiv e ly  fixed  allows the 

complex to  b e tte r  s ta b il iz e  and the acceptor to  approach more 

e f f ic ie n tly  than i f  the  ring  were moving fre e ly  a t a f a s te r  ra te . 

In the case of 2EP the a lky l group is  free ly  ro ta tin g  around the 

C2 - Ca bond. The e ffe c t of th is  ro ta tio n  is  to  sweep out a 

volume of repulsion  which includes a region where the a lky l group 

is  p a ra l le l  to  the nitrogen  heteroatom. This is  an area of 

maximum s te r ic  hindrance towards complexation, thus preventing 

the acceptor from achieving maximum overlap due to  frequent 

repulsion  by the a lky l chain. Such a condition does not apply to  

the polymer complex.

I t  can be concluded th a t in terms of the degree of chemical 

s h if t  changes upon complexation the monomer donor and the 

macromolecular donor respond d if fe re n tly  towards complexation.

The type of complex must be the same in  both cases as the 

d irec tio n  of chemical s h if ts  are the same fo r  each carbon on both 

donor r in g s . From these find ings , i t  was evident th a t the degree 

of charge tra n s fe r  was g rea te r in  the  polymeric system than in 

2EP. This was a ttr ib u te d  to  a re la tiv e ly  fixed  position  of the 

pyridine ring  of the  polymer as compared to  the ring  of the  small 

molecule 2EP. The high degree of e lec tron  tra n s fe r  in the  ground 

s ta te  was a lso  supported by data  from FT-IE, v i d e  i n f r a .
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DETERMINATION OF FORMATION CONSTANTS BY - NMR

Table IV.B.1.3 l i s t s  values fo r  the formation constan t, K, 

obtained by d iffe re n t mathematical expressions fo r the P2VP donor 

system.

Table IV.B.1.3: Equilibrium constants obtained by equations 

l is te d  fo r  each nuclei of the IsoP2VP pyridine ring

EQUATION I .C .1.5 

Nucleus K

C2 20 ± 4 20 ± 6

Ce 21 ± 4 23 * 2

c4 21 ± 8 18 ± 5

C3 22 ± 3 23 * 3

C5 22 ± 6 23 ± 2

I .C .1.4

K

The value of K in tab le  IV.B.1.3 can be considered to  have an 

average value of 21 Kg/mole so lu tion . Values obtained from the 

i te ra t io n  procedure were not well reproduced and ranged ~ 60 to  

70 per cent higher. These higher values fo r  i te ra t io n  was 

expected from the app lica tion  of equation I I .C .1.10. Reason fo r 

poorly reproducible values may be a ttr ib u te d  to  strong 

in te rac tio n  as s ta ted  previously (Section I I .C . l ) .  Although the 

problems were given in terms of hydrogen bonding systems, 

s im ila rity  is  evident. The present system was sen sitiv e  to  the 

in te rcep t which in some cases was negative. There may also  be a 

concentration e ffe c t which is  known to  causes dim erization in
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hydrogen bonding systems. For various experiments the sa tu ra tion  

frac tio n  was seen to  be optimized fo r  ra t io s  close to  un ity .

This is  an ind ication  th a t sa tu ra tion  occurs quickly upon 

in troduction  of TCNE and th a t the complex is  strong. Taking the 

value of K as 21 Kg/mole so lu tion , the sa tu ra tio n  frac tio n  s  is  

ca lcu lated  and given in tab le  IV.B.1.4. Values of i n i t i a l  donor 

concentration [D]0, ra t io  of i n i t i a l  acceptor concentration to  

i n i t i a l  donor concentration, R and concentration of complex [AD] 

are a lso  l is te d .  The concentration of the complex was determined 

by i te ra t io n  using the value of K and i n i t i a l  concentration of 

donor and acceptor in each so lu tion .

Table IV.B.1.4: Saturation  Fractions as determined with K of 

21 Kg/mole

[D]o R [AD] s

0.0627 1.00 0.0286 0.456

0.0627 1.18 0.0319 0.510

0.0611 1.53 0.0341 0.558

0.0624 1.58 0.0374 0.600

0.0621 2.06 0.0421 0.678

0.0606 2.69 0.0434 0.716

0.0599 4.09 0.0483 0.806

0.0590 6.25 0.0513 0.870

0.0583 7.77 0.0521 0.894

Table IV.B.1.4 ind icates th a t ra t io s  close to  unity  b e tte r  

s a t is fy  the condition fo r optimizing values of K. More
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im portantly are the re la tiv e  concentrations of [AD] compared to  

[D]o. This ind icates th a t  the  assumption, [AD]«[D]0, used to  

derive the equations s ta r tin g  from I I .B .2.1 i s  not v a lid . The 

problem can not be r e c t i f ie d  due to  the  need of a minimum 

concentration of donor necessary fo r  observation of a NMR 

absorp tion .

Formation constants fo r  the 2EP system were not well 

reproduced fo r  a number of experiments. This is  a ttr ib u te d  to  

the irreg u la r  behavior of A on [TCNE] as given in  Figure 

IV.B.1.5. The Ao values were b e tte r  reproduced because they 

depend on ex trapo la tion  to  the in te rce p t. The experimental 

values of A are close to  the  value fo r  Ao, i . e .  the v a ria tio n  of 

A is  sm all. This condition improves the c e rta in ty  fo r  the  A0 

value.
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‘H NMR

Data fo r  proton NMR were obtained a t  lower concentrations of 

donor as compared to  th a t needed fo r carbon - 13 NMR data .

Results obtained a t the lower concentration range of ~.04 

moles/Kg so lu tion  in donor w ill be presented f i r s t  followed by 

re s u lts  obtained in  the same concentration range used to  observe 

the carbon nuc le i.

On addition  of TCNE to  the so lu tions of P2VP, NMR absorption 

fo r  protons 3, 4 and 5 s h if t  downfield while H6 s h if ts  s lig h tly  

up f ie ld  (Figure IV.B.1 .6 ). Figure IV.B.1.7 represen ts a graph 

of A as a function  of acceptor concentration. Table IV.B.1.5 

l i s t s  re s u lts  fo r  Ao and K obtained by the d iffe re n t a lgebraic  

approaches represented graphically  in Figures IV.B.1.8  and 

IV.B.1.9.

Table IV.B.1.5: Values of K and Ao as obtained fo r  the various 

protons of the ring  by the equations l is te d

EQUATION II.C . 1.5 I I .C .1.4 I I .C .l . 10

Nucleus K Ao K Ao K Ao

H3 9 ± 2 •547±.008 8.1  ±.1 .544±.004 13 ± 3 .51 ±.02

H4 8.6±.3 .32 ±.01 8 .8  ±.1 .320±.008 11 ± 2 .295±.008

H5 7.67±.04 .27 ±.03 7.9 ±.1 .26 ±.01 13 ± 4 .21 ±.06

Saturation  fra c tio n s , s ,  are l is te d  in tab le  IV.B.1.6 over a 

range of acceptor concentrations. Values of tab le  IV .B.1.5 were
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Figure IV.B. 1.6: Proton NM& spec tra  for  P2VP in DMS0-d6 
a ) f ree  and b) in  the  presence of TCNE
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obtained over th is  range. Also l is te d  are the i n i t i a l  donor 

concentrations [D]o, r a t io  of acceptor to  donor, R and 

concentration of the complex [AD] as obtained by i te ra t io n .

Table IV.B.1.6: Saturation Fractions based upon the re s u lts  of 

tab le  IV.B.1.5

[D]o [AD] R S

0.0413 0.0117 1.38 0.284

0.0431 0.0168 2.19 0.390

0.0405 0.0217 3.56 0.536

0.0412 0.0227 3.88 0.544

0.0435 0.0281 5.27 0.645

0.0421 0.0283 6.43 0.672

0.0407 0.0277 6.50 0.681

0.0435 0.0318 8.30 0.731

The range of s  was optimized a t the given donor concentration and 

the e n tire  portion of acceptable values fo r  s  is  between .2 and 

.8 . Comparison of [AD] with [D]o ind icates the same problem as 

described above but to  a le s se r  ex ten t. P lo ts of A vs. acceptor 

concentration as given in Figure IV.B.1.10, show a maximum. A 

comparison of th is  Figure with Figure IV.B.1.7 demonstrates the 

s e n s it iv i ty  of donor chemical s h if ts  on TCNE concentration. A 

downward slope is  seen fo r  the la s t  points in  Figure IV .B.1.7.

The concentration of TCNE was g rea te r in Figure IV.B.1.10 and the 

in f le c tio n  is  b e tte r  defined a t higher acceptor concentrations. 

This concentration range is  approximately where the value of s  is
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Figure IV.B.1.10: Change In chemical shift for P2VP ring protons 
as  a function of acceptor concentration
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reaching a maximum. Both the maximum in s  and an in f le c tio n  

point on the graph ind ica te  the system has reached sa tu ra tio n . A 

point of in fle c tio n  has been observed by Pugmire and Grant (46) 

fo r  the reaction  of pyridine with increasing amounts of 

tr if lu o ro a c e tic  acid . The downward slope was a ttr ib u te d  to  a 

d ilu tio n  e ffe c t with a l l  protons giving the same slope to  the 

r ig h t of the in f le c tio n . In the present system the slopes a f te r  

the in f le c tio n  point were equal fo r  H4 and H5 but d iffe red  fo r 

H3. This was our f i r s t  ind ication  th a t H3 was responding 

d iffe re n tly  to  complexation. This observation along with the 

dependency of A upon acceptor concentration fo r  Hg w ill be 

discussed in more d e ta i l .

Values of Ao and K fo r  He could not be obtained because the 

value of A changed very s lig h tly  with acceptor concentrations 

w ithin the donor concentration range. The chemical s h if t  of the 

pure donor was obtained within ± .002 ppm while changes in A fo r 

increasing acceptor concentrations were w ithin th is  e rro r range. 

The i n i t i a l  value of A upon the f i r s t  in troduction  of acceptor 

was g rea te r than th is  e rro r and in an upfie ld  d ire c tio n . This 

d irec tio n  was opposite to  the remaining protons on the rin g . The 

trend was b e tte r  observed a t higher donor concentrations and is  

given in  Figure IV.B.1.11 as a p lo t of A as a function of 

acceptor concentration fo r  the ring  protons. The slope a f te r  the 

in f le c tio n  fo r  H4 and H5 are equal and d iffe re n t than th a t of H3 

as previously observed. He, in addition to  moving u p fie ld , has 

an i n i t i a l  negative slope. Graphical in te rp re ta tio n  of He
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chemical s h if t  by the p lo t from equation I I .C .1.4 is  given in 

Figure IV.8 .1 .12 . This p a tte rn  excludes ex trapo la tion  of data  to  

obtain K and Ao fo r  th is  proton. However th is  unique behavior 

upon complexation proved to  be very inform ative. Another 

important and inform ative observation was the high K value fo r  H3 

as obtained a t a concentration of ca. 0.06 mol/Kg so lu tion :

TABLE IV .B.1.7: Values of K and Ao fo r  donor conentration 
range of ~.06 moles/Kg solu tion

Nucleus K Ao

h3 43 ± 4 .61 H
-

O C
O

h4 22 ± 3 .46 ± .06

h5 20 ± 7 .42 ± .06

Figures IV.B.1.13 and IV.B.1.14 are ty p ica l lin e s  obtained by 

equations I I .C .1.4 and I I .C .1.5 fo r the evaluation of K and Ao 

l is te d  in  tab le  IV.B.1.7. The order of Ao was the same as in the 

low concentration range. However, the values of Ao were higher. 

The equilibrium  constant obtained by ^  NMR was close to  the 

value obtained by 13C NMR. The d ifference  in equilibrium  

constant as determined fo r  the donor concentration of ca.

0.04 mole/Kg so lu tion  is  a ttr ib u te d  to  an increase in  polymeric 

domains. As a TCNE molecule leaves the v ic in ity  of a polymer 

chain i t  is  more lik e ly  to  en ter another domain i f  the  volume 

occupied by polymeric domains is  increased. An apparent 

equilibrium  constant fo r  H3 was found to  be twice th a t fo r  the 

other nuclei w ithin th is  donor concentration range. This unique 

behavior of Hg and H3 upon complexation gives support fo r  a
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topographic model proposed. This model has i t s  basis in the 

magnetic anisotropy of the  TCNE molecule given in Figure 

IV.B.1.15 (50). The magnetic environment of a ring  proton 

depends in  spec ific  ways on i t s  placement re la tiv e  to  the TCNE 

molecule. A high f ie ld  s h i f t  i s  induced fo r  a proton located 

along the cyano bond while a low f ie ld  s h if t  is  induced fo r  a 

proton perpendicular to  th is  bond. An exceptionally  strong 

region of induced sh ield ing  from TCNE is  expected below the 

carbon - carbon r  bond. This area is  expected to  be placed in an 

exceptionally  strong sh ield ing  anisotropy due to  the combined 

e ffe c t of the two cyano groups. This region is  influenced by the 

conical sh ield ing  f ie ld  of the two cyano groups attached to  the 

same ethylene carbon. The behavior of He and the la rg e r values 

of K found fo r  H3 may be explained by a sp ec ific  topographic 

placement of TCNE re la tiv e  to  the donor ring  upon complexation. 

This geometry would place He within a region of high shielding 

and H3 in a deshielding zone. To s a tis fy  th is  topography TCNE 

must be complexed to  the non - bonding e lectrons with the 2 

ethylene carbons equal d is ta n t from the nitrogen heteroatom The 

planes of the pyridine ring  and the TCNE molecule are mutually 

perpendicular with the ethylene double bond coplanar with the 

donor. The topographic re la tio n  described is  consisten t with the 

chemical s h if t  behavior of H3 and He upon increasing acceptor 

concentration. Positions of pendent pyridine rings are more or 

le s s  fixed to  the 3i h e lix  of the iso ta c tic  polymer. The H3 atom 

of a pyridine ring  is  in close proximity to  the nitrogen 

heteroatom of a neighboring rin g . TCNE, i f  complexed as



Figure IV.B.1.15: Magnetic anisotropic regions of the TCNE cyano groups
Shaded area exerts a high field shift, area perpendicular 
to the cyano axis exerts a low field shift. H3 is located 
in a low field area and H6 in a high field area.

100
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described above, w ill exert on th is  H3 proton a downfield s h if t  

due to  i t s  cyano groups. The complex is  shown in the photograph 

of Figure IV.B.1.16. This downfield s h if t  induced by magnetic 

anisotropy occurs concurrently with the downfield s h i f t  due to  

complexation. The o ther protons of the uncomplexed rin g , being 

a t a g rea te r d istance from the TCNE molecule, are not a ffec ted .

A g rea te r  population of H3 spins are experiencing a downfield 

s h i f t  than th a t can be a ttr ib u te d  to  complexation alone. This 

should re s u lt  in a higher apparent equilibrium  constant unique to  

th is  proton. The topographic re la tio n  described also  places H6 

near the axis of the ethylene carbon - carbon t  bond. This 

region is  under the influence of the upfield  s h if t  o rig ina ting  

from both the cyano and the ethylene groups. In con trast to  the 

o ther ring  protons, th is  e ffe c t causes both the opposite 

d irec tio n s  of chemical s h if ts  upon complexation as well as the 

opposite slope in the p lo t of A vs acceptor concentration (Figure 

IV.B.1 . 11) . This d irec tio n  of the change of the chemical s h if t  

fo r  He is  opposite to  re s u lts  obtained in the l i te r a tu r e .  Upon 

protonation of the pyrid ine ring  a l l  protons s h if t  in  a down 

f ie ld  d irec tio n  (46). Complexation of P2VP with the acceptor 

b isaacety lacetonato  c o b a lt( I I )  resu lted  in  a l l  aromatic protons 

sh if tin g  in  the downfield d irec tio n  (51) with H6 experiencing the 

g re a te s t s h i f t ,  in  d ire c t con trast to  our re s u lts  fo r  Hg. For 

the present system the proton chemical s h if t  must be strongly 

dependent upon the  an iso trop ic  magnetic environment induced by a 

sp e c ific  topography of TCNE’ as described. The magnetic 

anisotropy exerted by TCNE must oppose the e lec tro n ic  e ffe c t of
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Figure IV.B.1.16: Model of the iao P2VP/TCNE charge transfer complex
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complexation. Results obtained fo r  the 2 - e thylpyrid ine - TCNE 

system re in fo rce  the  above find ings.

The aromatic protons of 2EP a l l  have downfield s h if ts  upon 

complexation with TCNE (Figure IV .B.1.17). Figure IV.B.1.18 is  a 

rep resen ta tiv e  of the type of curve obtained fo r  A as a function 

of acceptor concentration. The value of Ao was well reproduced 

and given in tab le  IV.B.1.8 fo r an order of magnitude range of 

i n i t i a l  donor concentration as calcu lated  by the d iffe re n t 

expressions.

TABLE IV.B.1.8: Ao of the  varies protons derived by each 

equation

Eauation I I .C .1.5 I I .C .1.4 II.C 1.10 II.C .1 .12

Proton

h4 .83 ±.05 .856±.008 .86 • 0 CO .86 ±.03

h3 .72 ±.04 .74 ±.01 .75 ±.03 .750±.007

Hs .72 ±.04 .737±.007 .74 ±.02 .74 ±.02

He .33 ±.01 .335±.003 .34 ±.02 .339±.004

The order obtained fo r  Ao of the d iffe re n t protons is  given:

H 4  >  H 3  >  H 5  >  H e

This order is  the same as th a t found fo r the carbon nuclei and 

d if fe r s  from the polymeric system. The reason fo r  the  d ifference 

in  order fo r  the  two systems is  re la te d  to  the same reason
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yield ing , d ifferences in the  order fo r the carbon nucle i. The 

reason fo r  the d ifference in carbon nuclei was explained by 

d ifferences in overlap of the molecular o rb ita ls  of the two 

components. To r e i te r a te ,  the a lky l group was expected to  sweep 

an area  around the s i te  of charge tra n s fe r , leading to  hindrance 

of complexation. This r e s u lts  in  an increase of the d istance 

between the TCNE ethylene x bond axis and Hg. Thus, TCNE exerts 

le s s  magnetic influence on He due to  the rap id  f a l l  o ff of th is  

e ffe c t with d istance. This is  fu rth e r  evident in th a t He in 2EP 

has the sm allest value of Ao whereas He was reported to  have the 

g re a te s t value of A0 fo r the P2VP - Co(II) system (51). The 

influences of anisotropy and complexation are s t i l l  in 

competition but in th is  case, because of the increased distance 

of He from the source of anisotropy, complexation exerts a 

g rea te r influence. H3 was not affected  because in the case of 

the monomeric analog there  is  no neighboring ring .

In evaluation of the equilibrium  constant, the value was 

found to  be concentration dependent and increased with decreasing 

i n i t i a l  donor concentration. Reproducible values were obtained 

only a f te r  consideration of add itional unspecific sh ie ld ing , AUS 

(section  I l .C . l .b ) .  In applying th is  technique of ex trac ting  

values fo r  K, a co rrection  term corresponding to  a maximum 

c o rre la tio n  was considered to  y ie ld  the tru e  value fo r  K. Figure 

IV.B.1.19 represents a non - l in e a r  curve obtained by use of 

equation I I .C .1.5. Figure IV.B.1.20 is  the curve obtained by AUS 

treatm ent. The value obtained by th is  treatm ent was found to  be
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5.51±.37 Kg/mole fo r  a l l  protons of the pyridine rin g . The value 

fo r  the co rrection  term, a, was consisten tly  lower fo r H6. The 

correction  term i s  a measurement of AUS fo r  the complexed nuclei 

and the re la tiv e ly  low value fo r He ind icates TONE is  le s s  lik e ly  

to  approach th is  proton of a complex. This re s u lt  re in fo rces the 

model. TONE, when complexed as described, blocks approach of a 

f ree  TONE molecule a t the s i te  of He. The equilibrium  constant 

obtained fo r  the 2EP system also helps to  v e rify  the e ffe c t of 

magnetic anisotropy upon H3 by TONE. The topographic re la tio n  

between acceptor and donor is  therefo re  fu rth e r substan tia ted .

Equilibrium constants were found to  be s ig n if ic a n tly  

d if fe re n t between 2EP and P2VP, when P2VP was in the donor 

concentration range of .06 moles/Kg so lu tion . Results obtained 

w ithin the lower donor concentration fo r the polymer agree more 

c losely  with values obtained fo r 2EP, with K fo r  P2VP being 

s lig h tly  higher. C learly , a polymeric e ffe c t was demonstrated by 

analysis of equilibrium  constants. The e ffe c t is  emphasized by 

the need to  apply AUS treatm ent to  the monomeric analog and not 

the polymeric system. Higher equilibrium  constants are ty p ic a lly  

explained by the acceptor becoming trapped w ithin the  polymeric 

domain. The acceptor coming off a pendent ring  can form a 

complex with another rin g . This occurs e f f ic ie n tly  as the 

concentration of donor rings is  increased w ithin the domain. 

Another polymeric e ffe c t was observed by the presence of AUS in 

the monomeric analog but absent in the polymeric system. This 

d ifference  is  explained by TCNE being able to  approach 2EP from
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a l l  sides while the pendent ring  is  blocked by the  backbone. AUS 

is  not observed because the  complexed pendent ring  is  crowded by 

both the  acceptor and the backbone. Free TONE can no longer 

approach close enough to  a complexed ring  to  influence the 

magnetic environment.
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IV.C SOLID STATE NMR

Solid s ta te  NXR has been used successfu lly  in th is  study to  

obtain  important information not availab le  by so lu tion  s ta te  NMR 

alone. Both position  and in te n s ity  of the  resonance absorption 

have been investigated  by a v arie ty  of techniques availab le  in 

the  so lid  s ta te  experiment to  y ie ld  information vhich complements 

and expands findings from the so lu tion  s ta te .  Section I I .C .2 

presen ts the basic theory of so lid  s ta te  NMR applied to  the study 

of charge tra n s fe r  complexes.

Figure IV .C.l is  a 13C MAS absorption spectra  of a)neat P2VP 

and b)spectrum of P2VP - TCNE complex. Chemical s h if ts  are given 

in tab le  IV .C .l.

Table IV .C .l: Chemical s h if ts  in ppm fo r P2VP free  and complexed 

Nuclei Free Complexed Difference

C2 164.6 ± .3 160.1 ± .3 -4 .6

C6 148.7 ± .3 147.9 ± .9 - .8

c 4 135.2 ± .5 137.2 ± .5 2

C3 >5 120.8 ± .2 123.6 ± .7 2.8

The d irec tio n s  of change in  chemical s h i f t  fo r the P2VP nuclei in 

going from the free  to  complexed s ta te  are the same as in 

so lu tion . This suggests th a t the non - bonding e lectrons are 

p a rtic ip a tin g  in donor action  and the same type of complex was 

formed both in so lu tion  and in  the so lid . The technique of so lid
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Figure IV .C .l: l3C CP/MAS spectra  of P2VP a)free  and b)mixed with 
TCNE
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s ta te  NHR can be used as a powerful to o l in studying complexation 

because the pulse sequence can be manipulated in  order to  observe 

d if fe re n t aspects of the general Hamiltonian given in  equation 

I I .C .2 .1 . The absorption spectrum of Figure IV .C .l was obtained 

by a ty p ic a l CP/HAS experiment as described in  section  I I .C .2. 

C learly noticed is  the absence of the absorption by acceptor 

TCNE. The acceptor, having no attached protons, was not 

crosspolarized  under the conditions used to  acquire the spectrum 

of Figure IV .C .l and therefo re  was rendered ’ in v is ib le ’ . Cross - 

p o la riza tio n  and pulse sequences as discussed in section  I I .C .2 

were applied to  the systems.

V ariation in contact tim e, Tct> as described in Figure 

I I .C .2.1 resu lted  in spectra  in  Figure IV.C.2. Graphical 

rep resen ta tions of in te n s ity  vs contact time fo r  C2 , Ce and the 

backbone carbons of P2VP are given in Figure IV.C.3. C2 (non - 

protonated) has an i n i t i a l  build-up of magnetization which 

reaches a maximum a t ~ 2 ms while the two backbone carbons ( to ta l  

of th ree  protons attached) have passed i t s  maximum by .4 ms and 

are seen to  decay. Cg (one proton attached) reaches an 

absorption maximum a t ~ 1.8 ms. The contact time to  reach these 

maxima re f le c ts  the number of protons most in tim ately  associated  

with each indiv idual carbon. The decay of magnetization is  

dependent upon the proton ’pool’ and not on the  proton most • 

c losely  associated  with a p a rtic u la r  carbon. This is  because as 

the contact time is  increased the carbon nuclei experience 

p o la riza tio n  from proton spins not necessarily  within i t s



114

CYANO
E TH Y LEN E

10 ms

3 m s

.4 ms

150 100 50

Figure IV.C.2: 13C CP/MAS spectra of P2VP/TCNE complexed fo r 
d iffe ren t cross po larization  contact times
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immediate proximity but as an average of the spin d iffusion  from 

a l l  protons. At longer contact tim es, spin d iffusion  is  lo s t  to  

the l a t t i c e .  Therefore cross p o lariza tio n  is  e ffec tiv e  within a 

lim ited  proximity of ~1 nm to  carbon nuc le i. At longer contact 

times TCNE was cross polarized  by the proton ’pool’ on the donor. 

This resu lted  in absorptions a t 58 and 116 ppm a ttr ib u te d  to  the 

ethylene and cyano carbon respec tive ly . Figure IV.C.4 shows 

p lo ts  of ethylene and cyano carbon absorption as a function of 

contact tim e, Tct .  This graph c lea rly  ind icates two loca l maxima 

of contact time 1.6 and 4 ms fo r the ethylene carbons. The 

pa tte rn  fo r the cyano carbons ind icate  maxima a t 2 and 5 ms. Two 

maxima occurring fo r  the same absorption during the process of 

i n i t i a l  signal build-up suggests two sources of cross 

p o la riza tio n . The ra te  fo r  cross p o lariza tio n  is  proportional to  

the second moment due to  the proton - carbon d ipo lar in te rac tio n  

which is  inversely  proportional to  the th ird  power of the 

in te rnuc lear d istance (52). This can occur i f ,  upon 

complexation, the cyano groups are placed in d iffe re n t 

environments. One p a ir  can be situ a ted  c lo ser to  the proton 

source and experiences more e ff ic ie n t  cross p o la riza tio n  while 

the o ther p a ir  is  fu rth e r  removed from the proton source and is  

le ss  e f f ic ie n tly  cross po larized . This condition can be 

s a t is f ie d  i f  the type of complex found in so lu tion  also  e x is ts  in 

the so lid  s ta te .  I t  is  reasonable th a t  the maximum a t 2 ms was 

due to  the p a ir  of cyano groups which were close to  a proton 

source upon complexation, namely the backbone protons. The 

second maximum may be due to  the p a ir  of cyano groups which are
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Figure IV.C.4: Intensity of C—13 absorbtion as  a function 
of contact time for TONE carbons
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fu r th e r  removed from the proton pool, i . e .  the p a ir  pointing away 

from the backbone. The fa c t th a t they reach a maximum a t only a 

s lig h tly  longer contact time than the ethylene carbons ind icate  

th a t they are only s l ig h tly  removed from the proton source. This 

is  consisten t with the  suggested topography fo r  the complex. The 

cyano groups are assumed to  con tribu te  to  one absorption a t 116 

ppm. The time dependency of cross p o lariza tio n  fo r cyano carbons 

can be followed because they resonate a t the same frequency. 

Certain conditions were assumed in th is  in te rp re ta tio n  and 

follow . F i r s t ,  the effec tiveness of cross p o lariza tio n  of the 

s ta t ic  d ipo la r environment is  dependent upon the proximity of a 

carbon to  proton spins and motion does not vary g rea tly  fo r the 

d if fe re n t types of protons, e . i .  aromatic and a lip h a tic . This 

assumption was ju s t i f ie d .  The a lip h a tic  protons, being on a 

polymer chain, are re s tr ic te d  in motion and the aromatic ring  has 

a s ig n if ic a n t b a rr ie r  to  ro ta tio n . Tip(H) processes are affected  

by d ifferences in phase and not on the type of motion considered 

here. A second assumption was th a t the q u an tita tiv e  measurement 

of cyano absorption was not s ig n if ic an tly  a ffected  by the overlap 

of absorption of carbons 3 and 5. This a lso  seemed va lid  since 

the absorption a t 116 ppm fo r carbons 3 and 5 was very small 

compared to  i t s  maximum a t  ~ 124 ppm. Only the  region upfie ld  of 

116ppm was in teg rated  in  obtaining the in te n s ity  fo r  the cyano 

group. This assures l i t t l e  or no overlap by the absorption of 

carbons 3 and 5. An add itiona l absorption a t 136 ppm was 

observed when a delay was introduced in the pulse sequence as 

described above, v i d e  i n f r a
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The decay of signal in te n s ity  as a function of contact time 

was observed. The contact time is  given in  the pulse sequence of 

Figure I I .C .2.1 as Tct* The delay fo r  th is  experiment was 

removed so th a t any changes in  the in te n s ity  could be re la te d  to  

the proton ro ta tin g  - frame spin - l a t t ic e  re laxa tion  time 

constan t, Ti/?(H), of the carbon. A re la tio n  between the 

in te n s ity  and the contact time was given by S te jsk a l e t .  a l .

(53). Under conditions of Figure I I .C .2.1 with zero delay the 

carbon m agnetization, S, was given by equation IV .C.l (54)

dS S0e( ’ - S S TV f  .
a t - ------------tt -̂----------------TTp T  1V-U1

where So is  the maximum carbon p o lariza tio n  availab le  in a 

matched spin - lock experiment with no d iss ip a tiv e  processes,

Tis , the proton - carbon matched spin - lock cross - p o lariza tio n  

time constant and T’ p i ,  the carbon ro ta tin g  frame spin - l a t t ic e  

re laxa tion  time constant in  the presence of d ipo lar decoupling of 

the protons. From the condition T ' p i  »  TiS and Ti/>(H) > TiS the 

re la tio n  of equation IV.C.2 is  given:

S ~ S o e ^ / ^ ^ / C l - T i s / T i / K H ) )  IV.C.2

Thus, from a semilog p lo t of S vs t , Ti/>(H) can be obtained.

Frcm the decay in carbon magnetization of the neat polymer, 

Tii(H) was found to  be « 11 os. Upon complexation Ti/?(H) 

increased to  ~ 20 ms. Figure IV.C.5 is  rep resen ta tive  of the
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semi - log p lo t. The parameter measures motion in  the lower KHz 

range (small scale  segmental motion) (55). The increased value 

of Tip(H) in d ica tes  th a t small scale  segmental motion increased 

upon complexation. TONE, upon complexation, seems to  act as a 

p la s t ic iz e r  fo r  the  system. In se rtio n  of a TCNE molecule must 

cause chains to  move away from one another thus c reating  

microvoids in which motion may increase.

As indicated  above, observation of complexed acceptor 

resonance absorption was possib le  under proper conditions. By 

modifying the pulse sequence much information was obtained. In 

order to  best in te rp re t the re s u lts  presented here a comparison 

was made with the work of Blann e t .  a l .  on the hexamethylbenzene 

(HHB) - TCNE complex. Observations were made fo r  the iso la ted  

1:1 HMB - TCNE charge - tra n s fe r  complex with a contact time of 

10 ms. The TCNE absorption was observed in the CP/MAS as low 

in te n s ity  peaks a t 109 ppm (cyano) and 99 ppm (ethy lene). The 

contact time was increased to  as long as 20 ms without a maximum 

in te n s ity  being reached fo r  the ethylene or cyano 13C 

absorptions. The low in te n s ity  may be due to  a longer d istance 

(when compared to  the present systems) of TCNE to  protons on the 

donor, or perhaps because of in e ffec tiv e  tra n s fe r  of p o lariza tio n  

by methyl protons. The methyl protons d isperse  much of th e ir  

p o la riza tio n  to  the l a t t i c e  due to  rapid ro ta tio n  of the group. 

Cross p o la riza tio n  is  more e ffe c tiv e  fo r the polymeric system in 

t ra n s fe r  of p o la riza tio n  in term olecularly . P o lariza tion  tra n s fe r  

o rig in a tin g  from methine (CH) and methene (CH2) protons, which
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experience le ss  motion than methyl (CH3) protons, are considered 

e f f ic ie n t  (65). This condition is  advantageous in  the delay 

decoupling experiment where non - mobile protons allow the 

attached carbons to  dephase e f f ic ie n tly . Protonated carbon 

resonance absorption can be a ttenuated such th a t only carbons 

in te rac tin g  le s s  e f f ic ie n tly  by d ipo lar means have th e ir  

in te n s i t ie s  preserved. By th is  technique, non - protonated 

carbons can be separated from protonated carbons. Results 

obtained fo r  the  PVP - TCNE charge tra n s fe r  complex by a delayed 

decoupling cross - p o lariza tio n  pulse sequence w ill be discussed 

and compared with the re s u lts  obtained by Blann e t .  a l (27).

Upon observation of a resonance absorption a t 57.8 ppm a t 

longer cross p o lariza tio n  tim es, a delayed decoupling experiment 

was deemed necessary to  help varify  the absorption as o rig ina ting  

from the TCNE molecule. I t  was expected th a t resonance 

absorption due to  TCNE would be preserved since TCNE has no 

d ire c tly  bonded protons. In se rtio n  of a delay of 100 /is, as 

described above and shown in Figure I I .C .2 .1 , resu lted  in the 

spectrum of Figure IV.C.6a. Attenuation of the protonated 

carbons in the P2VP - TCNE complex reveal absorptions a t 

approximately 161, 136, 116 and 58 ppm. The absorption a t 161 is  

due to  the non - protonated C2 of the polymer. The remaining 

absorptions are a ttr ib u te d  to  TCNE. These TCNE absorptions were 

much d iffe re n t from those of TCNE complexed with HMB as observed 

by Blann e t .  a l .  The ethylene carbons appeared a t much higher 

f ie ld s .  The absorption of 136 ppm follows the absorption a t 114
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ETHYLENE CARBONS: 58 ppm

Figure IV.C.6: Delayed decoupled spectra of P2VP/TCNE
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ppm in  in te n s ity  when the delay was varied . Both absorptions 

were large ly  elim inated a t  a delay time of 120 ps as seen in  

Figure IV.C.6b while the absorptions a t 161 and 58 ppm re ta in  

re la tiv e ly  large  in te n s i t ie s .  s

The large  upfie ld  chemical s h if t  observed fo r  the ethylene 

carbons of TCNE fo r  the present system compared to  the chemical 

s h if t  fo r  TCNE in  the HMB - TCNE complex can be a ttr ib u te d  to  

e lectron  tra n s fe r  in to  the LUMO of the acceptor molecule, 

re su ltin g  in bond expansion. This leads to  a high f ie ld  s h i f t ,  

i . e .  a lowering of the term < r -3 >2pn of equation IV.B.1.1.

Blann e t .  a l .  had observed the cyano group carbons a t 109 ppm.

The 7 ppm downfield s h if t  from 109 ppm fo r  the present systems is  

su rp rising  from the viewpoint of more e f f ic ie n t  e lectron  tra n s fe r  

as argued previously . Other fac to rs  influencing the chemical 

s h if t  of the cyano group in  the polymeric system re la tiv e  to  the 

hexamethylbenzene - TCNE system may be involved. I t  is  known 

th a t the x :ux systems have geometries with the plane of the TCNE 

molecule p a ra l le l  and above the plane of the benzene ring  

(57,58). The in term olecular d istance is  3.50 A (59) fo r  benzene 

- TCNE. This would place the cyano group carbons in a region of 

upfie ld  s h i f t  due to  the ring  cu rren t. The methyl groups, in 

add ition , hinder the position ing  of the  cyano groups close to  the 

plane of the r in g . In the  P4VP - TCNE system the heteroatom is  

in a positio n  where the non - bonding e lectrons can achieve good 

overlap with the LUMO of the  ethylene x bond. This causes the 

cyano group carbons to  be aligned above and below the plane of
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the pyridine ring and located in a region where the deshielding 

e ffe c t of the ring  current w ill be strong, exerting  a downfield 

s h if t  influence. This d ifference in chemical s h i f t ,  i . e .  between 

109 and 116 ppm, is  the net re su lt of the shielding e ffe c t in the 

HMB system and the deshielding e ffe c t in the present system. In 

the case of the P4VP system an absorption was observed a t 114 

ppm.

The absorption a t 135 ppm observed under the conditions of 

the delay decoupling experiment, can not be absolutely  explained 

a t the p resent. I t  may be p a rtly  due to  cyano groups of TCNE 

close to  the polymer chain yet not complexed with a pyridine 

ring . These uncomplexed TCNE molecules can be associated with 

one another, e .g . in dimers, resu ltin g  in some of the cyano 

groups placed in the deshielding zones. I t  may also be 

speculated th a t the absorption is  due to  a higher symmetry of the 

complex with the cyano groups in m agnetically d iffe re n t 

environments. This is  reinforced by the lack of th is  add itional 

absorption fo r the P4VP system. I f  complexation is  a t the 

nitrogen, then the cyano groups should be magnetically equivalent 

in the case of P4VP. Therefore an add itional absorption is  not 

expected. However, because the resonance is  s ig n ific an tly  

downfield from the absorption a t 116 ppm, the assignment of th is  

absorption to  the cyano carbons is  highly questionable.

The extensive charge tran s fe r  from the pyridine ring to TCNE 

was fu rth e r investigated  by FT-IR. Figure IV.C.7 shows an IR
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spectrum fo r  P2VP - TCNE complex. The absorptions in the region 

of 2300 to  2100 cm-1 are due to  the cyano groups. Figure IV.C.8 

shows the  d e ta ils  in th is  region fo r  TCNE alone. A new strong 

absorption i s  observed a t  2199 cm’ 1. Ve a t t r ib u te  th is  s h if t  

toward lower wavenumber to  the weakening of the C=N bond. Charge 

tra n s fe r  to  the  LUMO of the  double bond leads to  fu rth e r  increase 

in charge fo r  the cyano group. The increased negative charge is  

expected to  decrease the frequency due to  a decrease in bond 

order (60). In the case of TCNE anion, the new absorptions are 

located a t 2190 and 2150 cm-1 . Our broad absorption a t 2199 cm-1 

is  in lin e  with the expectation fo r p a r t ia l  charge tra n s fe r .

This large s h if t  compared to  the case of HMB - TCNE (61) c learly  

supports the large up fie ld  s h if t  fo r the ethylene carbons to  58 

ppm.

Based on experimental re su lts  as well as energetic  

considerations a complex of the type x :a r must be ruled out fo r 

the P2VP - TCNE system. I f  i t  is  argued th a t the P2VP - TCNE 

complex is  of the same geometry as the benzoid - TCNE complexes 

then an absorption fu r th e r  downfield of 58 ppm should be 

observed. The p o s s ib il i ty  of two types of complexes must be 

ruled out since only the one absorption fo r the ethylene carbons 

was observed. I t  should a lso  be noted th a t an absorption a t ca. 

116 ppm is  seen in both the P2VP and P4VP systems because both 

systems form the same type of charge tra n s fe r  complex.
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IV.D ELECTRON SPIN RESONANCE

Electron spin resonance absorptions were observed fo r  the 

mixtures of P2VP and P4VP with TCNE. In so lu tion  the  TCNE 

rad ica l anion was observed (Figure IV.D .l) fo r  both P4VP and 4EP. 

The nitrogen hyperfine constant, an , was determined to  be 1.6 G, 

in complete agreement with the l i te ra tu re  value fo r  TCNE anion 

rad ic a l (61). Donor rad ica ls  formed fo r the 2EP ring  and i t s  

polymer were not well resolved. Figure IV.D.2 shows a spectrum 

of the P2VP rad ica l in the so lid  (p rec ip ita ted  from so lu tio n ) .

The absorption is  devoid of c lear hyperfine s tru c tu re . I t  

appears to  be asymmetric, most lik e ly  due to  the presence of both 

TCNE and polymer ra d ic a ls . Figure IV.D.3 represen ts the 

absorption obtained fo r both P4VP and poly(4-vinylpyrim idine) in 

the so lid , i . e .  a seven lin e  spectrum with a hyperfine s p l i t t in g  

constant of 7 G. The d e ta iled  assignment fo r  th is  rad ica l can 

not be estab lished  a t th is  time. However, i t  can be concluded 

th a t the paramagnetic species involves de loca liza tion  in to  the 

rin g . Power sa tu ra tion  stud ies ind icate  th a t one signal 

dominates.

The absorptions in te n s it ie s  were obtained over a se rie s  of 

ra t io s  of TCNE to  donor by double in teg ra tio n . For the P2VP 

(a ta c t ic ,  iso ta c tic  and low molecular weight) p lo ts  of mole 

spin/mole TCNE vs donor/TCNE y ield  maximums a t a donor/TCNE ra tio  

of 4 (Figure IV.D.4 ). The same treatm ent fo r  P4VP y ie ld s a 

maximum a t a ra t io  of 2 (Figure IV.D.5). At a one to  one r a t io ,
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the lev e l a t which so lid  s ta te  NMR was conducted, concentration 

of the paramagnetic center is  ca. 1 to  2 spins per one thousand 

rin g s. This ESR data c le a rly  shows th a t complete e lectron  

tra n s fe r  did take p lace, but not to  an extent to  a ffe c t NMR 

measurement. In a separate se rie s  of experiments, a t l a s t  907. of 

the carbon signal was recovered fo r  these systems.



Figure IV.D.l: TCNE radical anion formed in solution of TCNE/P4VP in DMSO 131
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V SYNTHESIS OF POLY(4-YINYLPYHIHDINE)

Poly(4-vinylpyrim idine) P4vPm was synthesized by a new 

pathway (adapted from r e f .  62) as indicated in Scheme V .l.

Product y ie ld  of the in term ediate, 4- (/?-Hydroxyethyl)-pyrimidine, 

was s ig n if ic a n tly  improved over the method described by C.G. 

Overberger e t .  a l .  (63). This alcohol was dehydrated by th ree  

d iffe re n t methods, each re su ltin g  in  the vinyl compound. The 

monomer was polymerized by AIBN therm ally in i t ia te d  rad ica l

CH3 CH2Li

4-methylpyrimidine

CH2-CH2-OH ch= ch2

AIBN

4-(/?-hydroxy ethyl)-pyrim idine 4-vinylpyrim idine

(—CH—CH2—)—

Poly(4-vinylpyrim idine)

SCHEME V.l
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polym erization. In add ition , one of the dehydration methods 

resu lted  in monomer as well as therm ally polymerized P4vPm.

New syn thetic  methods were used to  obtain the alcohol and 

the v inyl in term ediates. Other reaction  pathways attempted 

included: J)  high pressure reaction  of formalin so lu tion  with 

4-methylpyrimidine as s ta r tin g  m aterial to  give the alcohol, B) 

reac tion  of 4-methylpyrimidine, ace tic  anhydride and 

a-polyformaldehyde in a sealed polymerization tube to  give the 

vinyl compound and C) by reaction  of 2-bromopyrimidine with 

vinylmagnesium bromide in THF to  y ie ld  2-vinylpyrim idine. The 

vinyl product was obtained from method k as well as th a t of 

Scheme V .l, the la te r  gave the g rea te r y ie ld . The one step 

reaction  ro u tes , B and C were not sucessful in producing vinyl 

compound. A newly developed method fo r dehydration of the 

alcohol interm ediate to  form 4-vinylpyrimidine in high y ie ld  have 

also  been used to  e s tab lish  mechanistic pathways fo r dehydration.

V.l Synthesis of 4- (/?-Hydroxyethyl)-pyrimidine

V .l.a  Synthesis by Pyrimidinylmethyllithium interm ediate

One hundred ml of a 1.5 M solu tion  of Lithium 

diisopropylamide (LDA) mono(tetrahydrofuran) in cyclohexane was 

tran sfe rred  under dry nitrogen in to  a 1000 ml 3-neck-flask 

equipped with a magnetic s t i r r e r .  To th is  so lu tion  500 ml of THF 

was added. Freshly d is t i l l e d  4-methylpyrimidine (106 mmoles) was
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then added. The reaction  mixture became dark red in co lo r. To 

th is  so lu tion  of newly formed 4-pyrim idinyllithium  dry 

formaldehyde gas was added. The gas was generated by heating dry 

a-formaldehyde a t high temperature (200 - 210°C). The generated 

formaldehyde gas was passed through a drying tube f i l l e d  with 

phosphorus pentoxide and co llec ted  in a trap  a t  -78°C. This 

pu rified  formaldehyde was allowed to  condense slowly in to  the 

reaction  so lu tion  by warming the trap  to  room tem perature. The 

reaction  f la sk  was p a r t ia l ly  submerged in an ice bath. The 

so lu tion  was allowed to  reac t fo r an hour and then placed in a 

separatory funnel. Vater was added to  the so lu tion  u n t i l  no more 

lith ium  hydroxide p re c ip ita te  formed. The water and the organic 

layer were subjected to  d i s t i l l a t io n  to  remove the so lven ts.

The water layer contained alcohol and was free  from 

4-methylpyrimidine. The alcohol of the water layer was then 

p u rified  fu r th e r . A fter the removal of most of the water, a 

p re c ip ita te  together with a high bo iling  red liq u id  remained.

THF was used to  c o lle c t the  product from the  liq u id  and the 

so lid . The so lid  was then refluxed in THF to  fu rth e r  remove any 

trapped alcohol. The so lid  was redisolved in water and the 

process repeated. The so lven t, THF, was removed from the 

iso la ted  product. Addition of methanol to  the remaining liq u id  

led to  the formation of a p re c ip ita te . F inal removal of the 

p re c ip ita te , THF and methanol resu lted  in  5.6 grams of highly 

pure product.
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The organic layer a lso  contains product but to  a le sse r  

ex ten t. A fter removal of so lven t, methanol was added and the 

removal of the formed p re c ip ita te  resu lted  in » 2 grams of pure 

product.

A to ta l  of 7.8 grams of alcohol containing small amounts of 

methanol was iso la ted . Q uantitative proton NMR measurement with 

cyclohexane as an in te rn a l standard indicated  an amount of 0.062 

moles of product, a percent y ie ld  of 587.. About 0.12 grams of 

methanol could not be removed from the product. Figure V.1.1 

shows a proton NMR spectrum with i t s  assignment fo r the iso la ted  

product.

V .l.b  Synthesis of 4- (/?-Hydroxyethyl)-pyrimidine by high 

pressure reaction

An a lte rn a tiv e  method used to  obtain the alcohol was by 

reacting  4-methylpyrimidine with a form alin so lu tion  under 

nitrogen pressure as described (64). A ty p ica l reaction  mixture 

contained twenty grams of 4-methylpyrimidine (0.19 moles) in 40 

ml of H2O, th ir ty  grams of 377. formalin (0.33 mole) and a 

c a ta ly tic  amount of p iperid ine  (0.7 g ). The reaction  was carried  

out under nitrogen pressure (ca. 170 - 180 p si) a t 160 - 165°C 

fo r  a t  le a s t  6 hours. Although alcohol had formed, the  mixture 

contained a large  amount of s ta r tin g  m ateria l.
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V.2 SYNTHESIS OF 4-VINYLPYRIMIDINE

To the re su ltin g  alcohol e ith e r  anhydrous sodium su lfa te  or 

sodium hydroxide and 4 ,4 ’-m ethylenebis(2,6-di-<-butyl)phenol as 

in h ib ito r  were added. The temperature was slowly ra ised  to  a 

maximum of «150°C inside a Euegelrohr d i s t i l l a t io n  apparatus 

under vacuum (64). This resu lted  in monomer and regeneration of 

s ta r tin g  m ateria l.

A second method used to  dehydrate the alcohol was to  add the 

alcohol dropwise to  hot sodium hydroxide. The base was heated to  

160°C under reduced pressure . A receiving fla sk  was submerged in 

a dry ice/acetone bath. Alcohol was added dropwise to  the hot 

NaOE and a mixture of water and 4-vinylpyrim idine was co llec ted . 

Also present was a large  amount of s ta r tin g  m ateria l. Other 

attem pts to  form the vinyl compound were made and are discussed 

below.

The excellen t leaving group, bromine, of 2 bromopyrimidine 

is  doubly-activated toward nucleophilic su b s titu tio n . Pyridines 

are known to  be ea s ily  a lky lated  by organolithium reagents. 

Therefore a lky la tion  by vinylmagnesium bromide was also 

considered a v iab le  syn thetic  pathway. A so lu tion  of

2-Bromopyrimidine (0.009 moles in  dried  THF) was placed in  a

3-neck f la s k . All tra n s fe rs  took place in  a dry box. 9 ml of 1 

M vinylmagnesium bromide was placed in a de livery  funnel under
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nitrogen gas. The v inyl group was delivered  to  the reaction  

vessel dropwise over 2.5 minutes in a dry nitrogen atmosphere.

The so lu tio n , kept in as ice  bath, was s t i r r e d  by a magnetic 

s t i r r e r .  No sign of a reaction  was observed so the mixture was 

kept a t room tem perature. The so lu tion  became darker and cloudy. 

The v inyl product was not detected in th is  mixture.

The combined monomer obtained from d iffe re n t dehydration 

experiments i s  given in  Figure V.2.1. S ta rtin g  m ateria l, not 

e n tire ly  separated from the monomer, was regenerated upon 

dehydrating and can be seen as low in te n s ity  absorptions upfield  

to  each of the  vinyl aromatic absorptions.

The conventional method of dehydrating the alcohol is  to  add 

the alcohol to  hot base while maintaining a vacuum. This method 

re s u lts  in low y ie lds p a r t ia l ly  due to  the regeneration of 

s ta r tin g  m ateria l. I t  would be of in te re s t  to  demonstrate the 

mechanism of dehydration as well as to  improve the per cent y ie ld  

of the vinyl group. Dehydration may follow two pathways as 

indicated  in Schemes V.2.1 and V.2.2.

H H 
H2 C—C—OH

H H 
IT \  /  n

j/C —C—OH Nl—CH2

SCHEHE V.2.1
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Figure V.2.1: Proton NMR spectrum of monomer obtained by dehydration of alcohol vith base
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\  /  \  /  H IT
H2C—C—OH HaC—-C—0 ; ~  CH2 CH3

H H
h2c-^ cC oh

H I  
\  /  11 

H2C—C—0

SCHEHE V.2.2

I t  is  evident th a t the vinyl group w ill form only i f  the 

a-hydrogen is  more acid ic  then the /?-hydroxy hydrogen. The 

a-carbanion is  highly resonance stabalized  by the nitrogen 

heteroatoms in the ortho and para p ositions . Regeneration of the 

s ta r tin g  m ateria l (Scheme V.2.2) a lso  has as an interm ediate the 

carbanion but i t  is  generated by f i r s t  ab strac tion  of the 

/?-hydroxy hydrogen. Formation of the vinyl compound w ill be 

preferred  i f  the a- hydrogen is  more acid ic  then the /?-hydroxy 

hydrogen. Contributing to  the s ta b i l i ty  of the /?-hydroxy 

hydrogen may be the formation of the six  member hydrogen bonded 

s tru c tu re  as shown in Figure V.2.2

FIGURE V.2.2: Hydrogen bonding in  4-(/?-hydroxy ethyl)-pyrim idine

Evidence fo r the  above is  obtained by reflux ing  4- (/?- hydroxy 

ethyl)-pyrim idine in acid ic  anhydride. I f  the /?-hydroxy hydrogen 

were to  a ttack  the anhydride linkage ace tic  acid and 4-pyrimidine
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ace ta te  would re su lt  without formation of the v iny lic  compound.

4-vinylpyrim idine can form i f  the o-methylene hydrogen attacks 

the anhydride linkage f i r s t  re su ltin g  in ace tic  acid and the 

secondary carbanion. Formation of the carbanion w ill re su lt  in 

removal of the hydroxy group as in scheme V.2.1, with the 

formation of an add itional mole of ace tic  acid . The alcohol was 

refluxed in ace tic  anhydride fo r 2.5 hours. The mixture was 

separated in to  two parts  by d i s t i l l in g  a t the bo iling  point of 

ace tic  anhydride. The proton NMR of the d i s t i l l a t e  is  given in 

figure  V.2.3 which c lea rly  ind icates formation of the vinyl 

compound. A high in te n s ity  absorption a t 2.1 ppm is  a ttr ib u te d  

to  ace tic  anhydride. An absorption a t 1.98 ppm corresponded to 

an absorption a t 10.8 having th ree  times the area as expected fo r 

ace tic  acid . The 13C NMR spectrum corresponds the the proton 

spectrum. The ^  nmr spectrum of the solution remaining in the 

d is t i l l a t io n  flask  is  given in Figure V.2.4. This also shows 

formation of the vinyl compound as well as a small amount of 

alcohol occuring as broad low in te n s ity  absorptions s lig h tly  

upfield  of the vinyl aromatic protons. No s ta r tin g  m aterial was 

detected by proton or carbon NMR in e ith e r  of the two portions. 

These re s u lts  show the reaction  proceeding by a resonance 

s ta b ilize d  a-carbanion interm ediate formed preferably  to 

A bstraction of the /?-hydroxy hydrogen. The s tru c tu re  of Figure 

V.2.2 is  concluded to be responsible fo r s ta b i l i ty  of the hydroxy 

hydrogen.
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Figure V.2.3: Proton NMR spectrum of distillate from acetic anhydride reaction shoving monomer
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Figure V.2.4: Proton NMR spectrum of distillant of acetic anhydride reaction showing monomer
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V.3 FORMATION OF POLY(4-VINYLPYRIMIDINE)

The monomer was polymerized by therm ally (65°C) in i t ia te d  

AIBN rad ica l polym erization in toluene under n itrogen fo r  10 

hours. The insoluble polymer gel was dissolved in methanol and 

p rec ip ita ted  from ether a t  le a s t  tw ice. Figure V .3 .1 .a  shows a 

13C NMR spectra  of a p u rified  sample of poly(4-vinyl)pyrim idine. 

An important side reaction  in the dehydration method by use of 

the  Kuegelrohr d i s t i l l a t io n  apparatus is  the possib le formation 

of poly(4-vinylpyrim idine). The so lid  which remained was washed 

in methanol whereby the insoluble so lid  was removed by 

cen trifu g a tio n . The so lid  was washed with acetone u n t i l  no color 

appeared in the wash. A fter removing the acetone a l ig h t brown 

powder was iso la ted . The supernatant of the methanol wash was 

trea te d  with acetone to  give a p re c ip ita te . Further washings 

with acetone yielded the same powder as above. Figure V .3.1.b is  

a 13C CP/MAS NMR spectrum of the iso la ted  powder.

The reaction  sequence outlined in Scheme V .l was a 

m odification of the method of A. Ohsawa e t . a l .  (62) whereby 

formation of te r t ia r y  alcohols were reported . The reaction  

involved generation of methyllithium from m ethylpyridazines. The 

alcohol was generated i n  s i t u  by addition of the appropriate 

ketone. The current y ie ld  of 567i fo r  4- (/?-hydroxy 

ethyl)-pyrim idine is  a su b s tan tia l improvement over the 

previously reported value of 267.. Products of dehydration of
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4 - (jfl-hydroxyethyl)-pyrimidine in  ace tic  anhydride has lead to  a 

mechanistic pathway involving a s tab le  a-carbanion in term ediate. 

The method a lso  introduces a new and e f f ic ie n t  method in  the
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Figure V.3.1: a) C-13 NMR spectrum of poly(A-vinylpyrimidine) in THF and

b) CP/MAS of isolated powder. SS denotes spinning side bands
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dehydration of such alcohols which have the p o ten tia l to  

s ta b il iz e  the hydroxy hydrogen towards a ttack  by such reagents.
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VI CONCLUSIONS

For iodine as the acceptor in  polymeric charge tra n s fe r  

systems, polymer size  and ta c t ic i ty  as well as the 

c h a ra c te r is tic s  of the  solvent were shown to  be s ig n if ic an t 

fac to rs  in  determining the nature and extent of e lectron  

tra n s fe r . The a b i l i ty  of solvent to  form hydrogen bonds was 

important in  the formation of tr i io d id e  in the presence of 

c e rta in  donors. Donors of low molecular weight, i . e .  pyridine 

and low molecular weight P2VP, did not form tr i io d id e  as read ily  

as high molecular weight P2VP. T ac tic ity  also  determined the 

ex ten t of tr i io d id e  form ation. In poor so lven ts, iso ta c tic  P2VP 

behaved in a manner sim ila r to  low molecular weight P2VP in i t s  

a b i l i ty  to  form tr i io d id e . This is  a ttr ib u te d  to  sp a tia l 

d is tr ib u tio n  of the donor m oieties. I so ta c tic  and low molecular 

weight polymers are r e s tr ic te d  in th e ir  a b i l i ty  to  form domains 

of high donor concentration. High molecular weight polymer was 

shown to  lead to  domains of donor rings favorable fo r tr iio d id e  

formation due to  co iling  of i t s  chain. Unlike i t s  behavior in 

methylene ch lo ride , in chloroform iso ta c tic  polymer formed 

t r i io d id e . This can be a ttr ib u te d  to  increased h e lic a l to  co il 

t r a n s itio n s  in chloroform. Complete e lec tron  tra n s fe r  to  form 

tr i io d id e  is  promoted by solvents with high d ie le c tr ic  constant 

and strong tendency to  form hydrogen bonds. Compared to  

methylene ch lo ride , chloroform with a lower d ie le c tr ic  constant 

but stronger tendency to  act as a donor in hydrogen bonding is  

more conducive to  the formation of t r i io d id e . In chloroform, the
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polymer tends to  assume a random c o il conformation and charge 

separation to  form inner complex and monoiodide is  f a c i l i t a te d  by 

hydrogen bonding with the outer complex.

Nuclear magnetic resonance gave important information in the 

study of charge tra n s fe r  complexes of iso ta c tic  P2VP and 

2-e thy lpyrid ine with tetracyanoethy lene. The d ifference in the 

order of the change in  chemical s h if t  of the pure complex, Ao, 

fo r  the polymer and 2EP was a ttr ib u te d  to  the extent of e lectron  

tra n s fe r  in the  two complexes. The polymer demonstrated a la rger 

degree of e lec tron  tra n s fe r  due to  b e tte r  overlap of the 

non-bonding e lectrons with the t  o rb ita l  of TCNE. B etter overlap 

is  due to  a fixed  position  of the pyridine ring  re la tiv e  to  the 

backbone. In 2EP, the a lky l group free ly  ro ta te s  and prevents 

TCNE from approaching the non-bonding e lectrons e f f ic ie n tly . The 

d irec tio n  of change of carbons 2 and 6 was upfield  while carbons 

3, 4 and 5 moved downfield in both the polymer and 2EP upon 

complexation. This was explained by a re d is tr ib u tio n  of e lectron  

density  within the aromatic framework as well as a change in bond 

order. Bond order fo r carbons 2 and 6 decrease while 

p o la riza tio n  e ffe c t on carbons 3, 4 and 5 dominate the chemical 

s h if t  upon charge tra n s fe r  complexation.

Equilibrium constants fo r  the polymer as determined by 

proton NMR were found to  be ca. 8.4 Kg/mole in a donor 

concentration of 0.04 mole/Kg and 21 Kg/mole in a donor 

concentration of 0.06 mole/Kg. Equilibrium constants as
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determined by carbon NMR in a concentration of 0.06 mole/Kg 

agreed with th a t from proton NMR. The higher value a t high 

concentration was a ttr ib u te d  to  an increase of polymer domains 

which con tribu te  to  a higher p robab ility  of TCNE being trapped in 

a domain of high donor concentration. The monomer did not 

demonstrate th is  concentration e ffe c t . In order to  ca lcu la te  the 

equilibrium  constant fo r  the small molecule, add itional 

unspecific  sh ield ing  had to  be considered. Upon correcting  fo r 

add itiona l sh ield ing  the equilibrium  constant was found to  be ca. 

5.5 Kg/mole. The He proton demonstrated the le a s t  need fo r 

co rrection  which was a ttr ib u te d  to  complexed TCNE re s tr ic t in g  

approach of a free  TCNE molecule to  the He proton. The polymer 

did not demonstrate a need fo r such treatm ent because the ring  of 

the complex is  blocked from a l l  s ides. An apparent equilibrium  

constant fo r  H3 was found to  be twice th a t of H4 and H5. He 

showed change in  chemical s h if t  opposite to  the remaining 

protons. Such behavior fo r  H3 and He was not observed fo r the 

2EP - TCNE complex. These re s u lts  were explained by the magnetic 

anisotropy of TCNE. A topographic model of the complex was 

proposed based on these find ings.

FT-IR data  ind icate  s ig n if ic a n t extent of e lectron  tra n s fe r  

to  the strong acceptor TCNE. ESR spectroscopy c le a rly  shows th a t 

complete e lec tron  tra n s fe r  takes place but not a t a s ig n ific an t 

le v e l, i . e .  le s s  than 0.5 mole per cent of TCNE being converted 

to  i t s  anion ra d ic a l.
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