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i i i  

ABSTRACT 

This thes is  consists of three p a r t s :  (1)  kinetic studies of 

aqueous redox polymerization , (2) e l  ectrochemi cal ly  - ini  t i  ated graf t  copoly- 

merization, and (3) electrochemical behavior and characterization of polymers. 

Elementary reactions relevant to  the in i t i a t ion  of a polymerization 

in aquequs media were investigated u t i l iz ing  a rotating ring disk electrode 

( R R D E ) .  The kinetics of radical formation in redox i n i t i a t o r  systems, t h e i r  

ra te  constants, and the competitive reactions which occur on addition of mono- 
+ - - 

mer to  the systems were studies.  The ra te  constant for  the reaction C u  /S208 

3 7 was 6.3 X 10 M- sec" and the Arrhenius temperature dependence of the r a t e  

was 

6 k = 3.37 X 10 exp (-3625/RT) 

where R = 1.987 cal OK-' mole-' 

The r e l a t ive  reac t iv i t ies  of the ser ies  of monomers - acry l ic  acid,  
- 

acrylamide, methacrylic acid, and acry loni t r i le  - towards SO4* were determined 

and are  indicative of the re la t ive  ease of the in i t i a t ion  step in the respective 

+2 - - - - 
polymerizations. Para1 l e l  studies for Fe /S208 , F ~ ( c ~ o ~ ) ~ - ~ / s ~ o ~  , and 

+2 Fe /H202 were a l so  conducted and the r a t e  constants determined. 

Transfer of electrons t o  appropriate functional groups incorporated 

into a macromolecul a r  s t ructure was also studied. Poly(viny1 benzophenone-co- 

styrene) (PVBP/ST) was prepared and uti 1 ized for  an el ectrochemical l y  ini  t ia ted  

graft  copolymerization. Benzophenone moieties on the backbone polymer served 

as electroacti  ve centers and grafting s i t e s  upon electrochemical 

activation . Electrolysis of the backbone polymers was performed in N ,  N ' -  



dimethylformamide with tetraethylammonium perchlorate as a supporting e lec t ro -  

l y t e  or in tetrahydrofuran with sodi um tetraphenyl boride. The resu l t ing  

macroradical anions i n i t i a t ed  g r a f t  copolymerization of a c r y l o n i t r i l e  and 

methyl methacrylate. The g r a f t  copolymers were characterized.  Under appro- 

p r ia te  condit ions,  a  high graf t ing e f f ic iency  could be obtained by t h i s  

e l ec t ro ly t i c  method. 

Electrochemical s tudies  of poly (vi  nyl benzophenone) and benzo- 

phenone a t  so l i d  electrodes revealed t h a t ,  despi te  the  higher regu la r i ty  and 

lower f l e x i b i l i t y  of the macromolecular s t ruc tures  compared with the random 

association of small molecule systems, the electrochemical behavior of t he  

two systems ( t h e  reduction po ten t ia l s  , the  shape of the current-potenti  a1 curves, 

the revers ibi l  i t y )  were closely s imi la r .  The only major di f ference was in  

the magnitude of the  l imi t ing cur ren t ,  a  re f lec t ion  of the much reduced r a t e  

of diffusion of the polymeric molecules. Detailed s tud ies  of the  e f f ec t s  of 

chain length and of the spacing between e lec t roac t ive  centers in  the polymer 

system fur ther  indicated t ha t  the  electrochemical behavior of benzophenone 

groups attached t o  a polymer chain was not influenced by the macromolecul a r  

environment o r  by the neighboring group in te rac t ion .  Even when 1000 e lec t rons  

were added sequent ia l ly  t o  a s ing le  polymeric molecule, each e lect ron t r ans f e r  

was independent and occurred a t  the  same energy. 

Quanti tat ive determination of the di f fus ion coef f ic ien t s  of a 

s e r i e s  of r e l a t i v e l y  monodisperse PVBP-ST were made through the  measurements 

of l imi t ing current  a t  a  ro ta t ing  disk  e 

4 2 1.25 X 10 cm /sec  from the re la t ion  D = 

centrat ion and temperature on t h e  d i f fu s  

lectrode and yielded b = 0.529, KT = 

b KTM- . The e f f ec t s  of polymer con- 

ion coef f ic ien t  were determined. The 



deduced Mark-Houwink coe f f i c i en t ,  "a" ,  of PVBP-ST in N ,N' -dimethyl formamide 

a t  25•‹C was 0.587, in comparison w i t h  the  value, 0.583, determined from 

d i r ec t  measurement via  viscometry and gel permeation chromatography. The 

agreement led t o  the  precise  determination of mol ecul a r  weights and di f fus ion 

coeff ic ients  of polymers by vol tammetric methods. 
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1 

GENERAL INTRODUCTION 

Elec t ro lys i s  i s  characterized by the  occurrence of oxidation 

a t  the anode and reduction a t  the cathode of an e l e c t r o l y t i c  c e l l .  For each 

electron t rans fe r red  through the  sol ut i  on, a corresponding chemical reaction 

occurs a t  the  e lect rode.  Numerous substances are  capable of undergoing 

electron t r a n s f e r  reactions a t  electrodes.  This has led t o  the  use of 

e l ec t ro ly s i s  as a method fo r  the synthesis  and the degradation of many 

organic compounds. 

The electrochemical formation of polymers, a1 though exploited 

much l a t e r ,  has been an area i n  which considerable progress has been made 

in recent  years.  Experimental var iables ,  such as  e lect rode po ten t ia l ,  

current ,  and time, which govern the type and amount of i n i t i a t i n g  species 

generated a t  the  e lect rodes ,  have been u t i l i z e d  t o  control the  mechanism 

and the r a t e  of i n i t i a t i o n  of a reaction.  Under appropriate condit ions,  

current  reversal  serves t o  terminate the propagation reaction.  Polymers 

w i t h  very s p e c i f i c  molecular weight d i s t r ibu t ions  and/or molecular weights 

can be prepared by t h i s  method of controlled synthesis .  Several recent 

which can reviews (1 - 4) have shown the d ive r s i t y  of electrode reactions 

r e s u l t  i n  polymerization reactions.  

Electrochemical techniques provide new method of po 

w i t h  a f i n e  control  of the i n i t i a t i on  and termination reaction.  

lymerization 

They a1 so 

o f f e r  p o s s i b i l i t i e s  fo r  fundamental s tud ies  of the r a t e  of elementary poly- 

meri zation s t eps .  Addition polymerization reactions frequently involve 

electron t r ans f e r s  i n  such s teps  as i n i t i a t i o n ,  chain t r ans f e r ,  and termi- 



nation reactions.  The use o f f a s t ,  t r ans i en t  e l  ectrochemical methods t o  

moni t o r  continuously and, sometimes, simul taneously the concentrations of 

one o r  more components of a reaction mixture and t o  ident i fy  short- l ived 

intermediates have proven to be useful i n  s tud ies  of homogeneous k ine t ics  

and should be equally applicable t o  polymerization reactions.  Kinetic 

s tud ies  of f a s t  reactions are otherwise poss ible  only fo r  photo-polymeri- 

zable monomers by t he  use of stop-flow techniques(5) .  

Voltammetric or  polarographic measurements permit the detect -  

ion of e lec t roac t ive  groups i n  solution.  The groups may be isola ted o r  

bonded t o  a more complicated molecular framework. Studies of electrode 

processes involved i n  t r ans f e r  of e lect rons  t o  functional groups incor- 

porated i n to  macromolecular s t ruc tures  can be made through a comparison 

of t h e i r  electrochemical behavior w i t h  t h a t  of 1 ow mol ecul a r  weight molecules 

having an ident ical  e lec t roac t ive  func t iona l i ty .  An understanding of the  

e lect ron t rans fe r  processes t o  polymers a t  e lect rodes  i s  of importance. 

Quanti tat ive evaluations of subst i tuent  e f f e c t s  and the  corre la t ion of 

s t ruc tura l  parameters with electrochemical data  may be used t o  character ize  

polymers of analogous s t ruc tures  and t o  support structure-elucidation 

s tudies .  Some pract ical  applications such a s  t he  formation of polymer 

modified e lect rodes  require greater  understanding of the electrochemical 

behavior of polymers than current ly  ex i s t s .  This par t i cu la r  example i s  

one of a newly developed area of ac t ive  research (6,7). The mechanism of 

e lect ron t r ans f e r  and i t s  dependence on the  segmental mobi l i t ies  and the  



s t ruc ture  of polymers require fu r ther  experimental and theoret ical  

elaboration.  Furthermore, polymers w i t h  su i t ab ly  placed e lec t roac t ive  

groups may be reduced (or  oxidized) and these  reduced groups may undergo 

chemical react ions  s imilar  t o  those of the corresponding monomeric forms, 

e .  g. radical  anions (o r  ca t ions ) .  El ectrochemical methods can, thus 

provide a means f o r  polymer modification. 

This t h e s i s  i s  concerned with t he  electrochemical character i -  

zation and synthesis  of polymer systems and i s  divided in to  three  sect ions .  

The f i r s t  deals  w i t h  the use of the  ro ta t ing  ring disk electrode t o  study 

the  kinet ics  of redox i n i t i a t i o n  in aqueous polymerizations; the  second 

section descr ibes  a method of electrochemically i n i t i a t i n g  a g r a f t  copoly- 

merization; and the  t h i rd  section repor ts  the  electrochemical behavior and 

character izat ion of e lect ro-act ive  polymers. 



CHAPTER I 

KINETIC STUDIES O F  ELECTROCHEMICALLY - INDUCED 

REDOX INITIATION IN AQUEOUS POLYMERIZATION 

1.1 INTRODUCTION 

The primary process in many el ectrochemical l y  in i t ia ted  polymeri- 

zations i s  the formation of a chemically ac t ive  species by electron transfer.  

The electron t ransfer  process may re su l t  i n  the d i r e c t  addition of an elec- 

tron to  the monomer a t  the electrode, or in a rapid t ransfer  from a t ransient  

species t o  the monomer. A1 terna t ively,  a "ca ta ly t ic"  species may be generated 

a t  the electrode, and th is  product can react  with a second substance in the 

bulk of the solution. 

A number of elementary reactions of considerable relevance to  

polymerization kinetics may be studied advantageously a t  the electrode. I f ,  

fo r  example, the species A; capable of in i t i a t ing  a polymerization i s  s tab le  

and electrochemically reversible: 

i 

A= + M *AM- C 21 

the decay of the act ive species, A T ,  may be followed amperometrically in the 

absence and presence of monomers. A comparison of the total  decay ra tes  

should yield the r a t e  constant for the in i t i a t ion  s tep i n  the polymerization. 

The method provides an "in s i tu"  detection of the concentration of an ac t ive  

species. 



Dropping mercury polarography (8 - 10) and ro ta t ing  disk  

voltamnetry (11, 12) have been used t o  study the  k ine t ics  of e lect ro-  

chemically generated pers i s ten t  ions with monomers. The invest igat ion 

of l e s s  s t a b l e  species and t h e i r  react ions  w i t h  monomers require a method 

t h a t  i s  appl icable  t o  a shor t  time scale .  Recently, F u n t  e t  a1 (13) 

employed a ro t a t i ng  r ing  disk electrode (RRDE) t o  study the in te rac t ion  of 

a s e r i e s  of radical  ' ca t ions  with monomers. Radical ca t ions  were generated 

a t  a centra l  d isk  electrode and flowed t o  a co l l ec t i ng  r ing  which was 

controlled po t en t i o s t a t i c a l l y  t o  reduce t h e  unreacted radical  

this '  appl icat ion the  RRDE i s  analogous t o  the  flow system emp 

k ine t ic  s t ud i e s  of f a s t  reactions. The disk  e lec t rode  may be 

as an upstream generator, the  r ing as a downstream de tec tor .  

ca t ions .  In 

loyed i n  

considered 

The f lux  of 

one reac tan t  i s  controlled by the  ro ta t ion  speed, and the  other reac tan t  

by the  d i sk  potent ia l  or  current ,  so t h a t  the  react ion zone can be placed 

between the  d i sk  and the  r ing electrodes.  Rate constants f o r  i r r eve r s ib l e  

8 -1 -1 react ions  up t o  10 M sec can be measured (14 ,  15).  Thus e lec t ro -  

chemical techniques provide an opportunity f o r  the  study of t rans ien t  

species whose pers is tence or s t a b i l i t y  can vary from days t o  milliseconds. 

Reactions occurring during t h i s  period can be invest igated quan t i t a t ive ly  

and per t inen t  r a t e  constants of competitive reac t ions  can be obtained. 

The use of electrochemical methods f o r  studying polymerization 

kinet ics  i s  not l imi ted t o  the i n i t i a t i o n  by ion ic  species.  Free r ad i ca l s  

produced i n  a secondary reaction dependent on an i n i t i a l  reaction a t  an 

electrode may a1 so be studied.  An example of this type of reaction would 

be the  secondary react ion of ferrous ion and hydrogen peroxide following 



the electro-reduction of f e r r i c  ion t o  ferrous  ion in the  presence of 

hydrogen peroxide. Numerous redox pa i r s  of t h i s  type have been used t o  

i n i t i a t e  polymerizations under very mild reaction condit ions.  These redox 

systems a r e ,  however, remarkably complex i n  t h e i r  de ta i l ed  overal l  chemistry. 

The el emen t a ry  s teps  of electrochemi cal reduction,  radical  formation and 

i n i t i a t i o n  of a polymerization a re  intertwined. The metal ions may a c t  as 

i n i t i a t o r s  a s  well a s  terminators of polymerization ( 1  7 ) .  I t  i s  

des i rable  t o  study and quantify the  individual processes separate ly .  

1.1.1. Redox I n i t i a t i o n  i n  Free Radical Polymerization 

A very e f f ec t i ve  method of generating f r ee  rad ica l s  under mild 

conditions is through a one-electron t r ans f e r  react ion,  the most e f fec t ive  

of which is the  redox reaction. This par t i cu la r  method has found wide 

application f o r  i n i t i a t i n g  polymerization react ions ,  espec ia l ly  i n  aqueous 

emu1 s i on sys terns. . -, 

The k ine t ics  and mechanisms of redox reactions have received 

considerable a t t en t i on ,  with the Fenton reagent, Fe (II) /H202, being most 

thoroughly invest igated (18 -20). I t  i s  generally accepted t h a t  the  

reaction proceeds through the two one-electron t r ans f e r  s teps  given i n  

Eqs. [31 and C41. 

Fez+ + H202 d ~ e ~ +  + HO- + HO* 

~e '+  + HO* ~ e ~ +  + HO- C41 

I f  monomer is  present ,  reaction C41 will  compete w i t h  react ion C51 f o r  

H O * .  

HO* + CH2=CHX ---+ H O C H ~ ~ H X  



A t  r e l a t i v e l y  high peroxide concentrat ions,  the following reactions may need 

t o  be considered. 

HO* + H202 + H02* + H20 C6 1 
+ - 3+  

HOz.  + Fe + H O n  . + Fe C 7 1  

H202 + H 02 ---+ 02 + H20 + H o e  C 8 1  

Ferrous ions can promote the decomposition of a number of o ther  types of 

compounds, i ncl udi ng a1 kyl and acyl peroxides, disul  f ides  , peroxydisul f a t e  

+ 3 and el ementary halogens. Ag ( I ) ,  Ce (111) , v + ~ ,  ~ i ' ~ ,  C O ( N H ~ ) ~  , 

F ~ ~ ( c N ) ~ =  and many other reductant  ions have been used t o  replace ~ e + '  i n  

analogous react ions  (21 - 24) .  

The kinet ics  of redox react ions  i s  normally deduced from the concentrations 

of metal ions o r  t h e i r  complexes, which a r e  measured by spectroscopic 

techniques. For f a s t  react ions ,  stop-flow techniques were employed i n  

conjunction w i t h  spectroscopic methods (25).  

Using a dropping mercury e l  ectrode, Kol thoff  e t  a1 (26) found 

t ha t  hydrogen peroxide increased the  1 irni t ing cur ren t  i n  the polarographic 

reduction of f e r r i c  ion. Upon addit ion of acryloni t r i l  e the  1 irni t ing  cur ren t ,  

however, decreased. A qua1 i t a t i v e  in terpreta t ion was given to  account f o r  

the observed change i n  currents .  
+ ' 

Haberland and Landsberg (27) have reported a study of Fe /H202 

reaction using a gold ro t a t i ng  disk  electrode,  while Opekar and Beran (28) 

have studied t h i s  reaction on palladium, glassy carbon, and gold ro ta t ing  

disk e lect rodes .  Bard and Pra te r  (29) have used a platinum ro ta t ing  r ing  

disk e lect rode f o r  a l imited study of the  kinet ics  of t h i s  reaction.  They 

suggested a method for  determining r a t e  constants based on a computer 

simul a t ion  of the  appropriate hydrodynamic and reaction parameters. 



1.1.2. Rotating Disk Electrodes ( R D E )  

I t  was shown by V .  G.  Levich (30) tha t  a disk-shaped electrode 

has an important s e t  of properties: high accuracy in the measurement of 

diffusional fluxes,  uniform access ib i l i ty  of the surface and s t a t iona ry -  

conditions. These properties have made the RDE a unique tool for  investi-  

gating the kinetics of electrochemical ceactions a t  solid electrodes and for  

the measurement of diffusion coefficients of dissolved species. Appli- 

cation of the RDE became considerably more extensive a f t e r  the development 

of the rotating ring disk electrode ( R R D E ) .  The addition of a ring 

electrode to the rotating disk electrode permits a v i r tua l ly  simultaneous 

detection of species generated a t  the disk and provides a revealing 

technique in areas such as electro-analysis (31) ,  reaction intermediate 

identification (32) ,  kinetics and mechanisms of chemical and electrochemical 

reactions ( l 4 ) ,  t ransient  phenomena (33),  and many others. A recent a r t i c l e  

gave a thorough review of th i s  experimental technique (34).  

The rotating disk electrode method was developed as a r e su l t  of 

the application of concepts of physico-chemical hydrodynamics to  the 

requirement of el ectro-chemical experiments. The rotat ing disk geometry 

permits precisely defined mass transport t o  be s e t ,  and a quantitative 

treatment of hydrodynamic and diffusion behavior t o  be made. The quanti- 

4 t a t ive  theory was developed by Levich and Ivanov (35).  In recent years, a 

ser ies  of calculations concerning practical applications of the RRDE were 

made by A1 bery, Bruckenstein and others (36, 37). The fu l l  theoretical 

treatments of RDE and RRDE are not within the scope of t h i s  work and can be ' 

found in several reviews (14, 38-40). However, a qual i ta t ive description of 

fundamental concepts i s  presented. 



1.1.2.1. Hydrodynamic Diffusion Layer a t  Rotating Disk Electrodes ....................................... ---------------- 

Rotating a disk  e lect rode causes l iquid  t o  flow from the  bulk of 

the solution toward the  center of the  disk  and thence outward toward i t s  

edges. The surface veloci ty  increases with increasing dis tance from the  

center,  and does so i n  such a way t h a t  the  current  density i s  the  same a t  

every point. This current  density may be conveniently described by invoking 

a Nernst d i f fus ion  layer treatment. According t o  Fick's  f i r s t  law 

where (dN/dt),=, i s  the  number of moles of the  e lec t roac t ive  substance t h a t  

reaches - the  e lect rode surface in each second, D i s  the  di f fus ion 

coef f ic ien t  of the  e lec t roac t ive  substance, A i s  the  area of the  e lect rode 

2 i n  cm , and ( a C / a ~ ) ~ , ,  i s  t he  concentration gradient  a t  the  electrode 

surface; x represents  the  dis tance from the  e lect rode surface. One may 

define a parameter 6 by the  equation 

6 = 
cb - ce [I1 01 

(ac/ax) x=o 

b where C and ce denote t he  concentrations of the  e lec t roac t ive  species i n  

the bulk of the  solut ion and a t  t he  e lect rode surface respectively.  

Nernst visualized 6 a s  the  thickness of a qu i e t  layer of solut ion 

i n  contact w i t h  t he  electrode.  Within t h i s  l ayer ,  i t  was postulated t h a t  

diffusion alone controlled the  t r ans f e r  of substances t o  the  electrode.  

Outside the  layer  d i f fus ion was negl igible  and the  concentration of e lec t ro -  

act ive  substances was maintained a t  the  value of bulk concentration by 



convective t rans fe r .  

In a s t i r r e d  solut ion,  however, motion has been detected a t  values 

of x t ha t  a r e  much smaller than 6 (41 ) . Hydrodynamic treatment of the  con- 

vective di f fus ion leads t o  the  concept of a t h i n  d i f fus ion boundary layer 

t h a t  has no exactly defined thickness. I t  i s  simply a depth which i s  

conveniently defined as  the  region within which the  maximum change i n  

concentration occurs. I t  can be shown t h a t  t h i s  d i f fus ion boundary layer  

thickness i s  proportional t o  the  physical proper t ies  of the  solution (flow 

veloci ty ,  v i scos i ty )  as  well as the  di f fus ion coef f ic ien t .  In pr inciple ,  

each e lec t roac t ive  species has i t s  own value of 6 . The concentration p r o f i l e  

near the  surface of an electrode a t  a potent ia l  corresponding t o  the l imi t ing  

current  plateau i s  schematically presented in Fig.1. 

1.1.2.2. Levich Equation --------- ------ 

According t o  Levich (381, the  vajue of 8 f o r  a rota t ing disk  

electrode of v i r t u a l l y  i n f i n i t e  area i s  given by 

1/3 -1/6 1/2 6 = k D  v w Cll 1 

where v i s  the  kinematic viscosi ty  of the  so lu t ion ,  given by 

v = q/d C121 

and w i s  the  angular veloci ty  of the  d i sk  i n  radians/sec,  given by 

w = 2 -rrN C131 

in which N i s  t he  number of revolution per second. Gregory and Riddiford(42) 

gave the  following expression fo r  the  quant i ty  k in Eq. [ I l l .  

W i t h  the  usual values of D andv the  second term i n  Eq.[14] can be neglected. 



lla 

F I G U R E  1: CONCENTRATION P R O F I L E  C L O S E  T O  T H E  S U R F A C E  OF 

A, R O T A T I N G  D I S K  E L E C T R O D E  

(a) Actual profile 

(b) Hypothetical profile showing distance 

corresponding to Value 6 defined by 

Eq.  ClOl 



Convection 



Combining Eqs. C91, 1101, [ I l l ,  and [I41 with a description of the current 

and set t ing ce = 0 to  obtain an expression for  the 1 imi t ing current equation, 

one obtains 

I t  can be seen from Eq.Cl11 tha t  Gcontains no term involving 

electrode geometry, i . e . ,  the thickness i s  not a function of the geometry 

of the electrode b u t  i s  constant over the en t i r e  surface. This type of 

reaction surface i s  termed uniformly accessible by Levich (38).  Of consi- 

derable importance t o  electrochemistry i s  the fac t  t h a t ,  on t h i s  uniformly 

accessible surface, the r a t e  of electrochemical reaction i s  everywhere the 

same. However, the poss ib i l i ty  of non-uniform current densi t ies ,  due to  an 

ohmic potential drop a t  currents < i L ,  has been pointed out by Newman (43, I( 

44) recently. 

The behavior of a RDE assumes tha t  laminar flow exis t s  near the 

surface. Such a condition can be maintained apparently up t o  Reynold numbers 

4 5 between 10 and 10 (45). The value of NRe for  a RDE 

~e 

where r i s  the d isk radius in cm and i s  the to ta l  rad 

i s  given by 

ius of working plus 

non-working area. 

1.1.3. Compar i son of Common Types of El ectrode System 

Some comnon types of electrode system and the i r  charac ter i s t ics  

with respect t o  time are l i s t e d  in Table 1. 



TABLE I 

COMMON TYPES OF ELECTRODE SYSTEM 

ELECTRODE 

Stationary 

Rotating wire 

Vibrating wire 

Mercury drop 

Rotating disk 

WELL DEFINED 
TRANSPORT 

short  time only 

Yes 

Yes 

Yes 

Yes 

CALCULABLE 
TRANSPORT 

short  time only 

TI ME 
CHARACTERISTICS 

transient 

steady s t a t e  

cyclic 

cycl i c  

steady s t a t e  

The current a t  an electrode i s  determined by one or more of the 

following factors:  transport  of species to  and from the electrode; kinetics 

of the electrode process; kinetics of homogeneous chemical reaction. In 

order to  obtain a reproducible current i t  i s  necessary that  the transport  of 

the electroactive species from the bulk of the solution t o  the electrode and 

vice versa should be well defined and controlled. In addition, in order to  

separate the e f f ec t  of d i f fe rent  fac tors ,  the transport of the system must 

be described by a theoretical model. 

Although the exact equations can be written for  currents a t  a 

plane stationary electrode, the electrode only has defined character is t ics  

for a short time. Thereafter, the thickness of the diffusion layer becomes 

too large and the transport  depends on such factors as random fluctuations,  

local eddies, and vibrations. Consequently, no t rue steady s t a t e  can be 

s e t  up; the electrode potential and the current tend to  vary w i t h  time. 



Rotating and vibrating wire electrodes have well defined diffusion 

1 ayers. However, the hydrodynamic complexities defy theoretical analysis. 

Therefore, these electrodes can only be used in a semi-empirical fashion. 

The dropping mercury electrode has been the most widely used 

system. During the life-time of each drop i t  i s  similar to  a stationary 

electrode with a diffusion layer spreading out from the electrode surface. 

Before th i s  layer  becomes too large, the drop f a l l s  o f f .  The current and 

potential vary with time during the l ife-time of each drop; the system i s  

therefore a cycl ic  one. 

In the rotating disk electrode, a known pattern of hydrodynamic 

flow i s  imposed on the solution giving well defined and calculable transport. 

A steady s t a t e  i s  quickly reached, and currents and potentials t ha t  do not 

vary with time may be observed. 

1.1.4 Rotating Ring Disk Electrode (RRDE) 

The RRDE developed by Frumkin (46) consists of two separate electro- 

active surfaces,  an inner disk and, separated from i t  by an insulated band, 

an outer electrode. In practice the electrode i s  so connected as to  provide 

two independent voltammetric c i r cu i t s ,  one to  the-disk and one to  the ring. 

The electrode geometry and flow patterns a re  schematically i l lus t ra ted  in 

Fig. 2. 

The electrode can be divided into three zones of in t e re s t  in the 

following fashion 

Zone I r < r l  

Zone I1 r l  <r < r2 

Zone I11 r 2  <r  < r 3  

disk,  active surface 

insulating spacer 

r i m ,  active surface 



F I G U R E  2: ROTATING R I N G  DISK ELECTRODE ( R R D E )  A N D  

FLOW P A T T E R N S  

rl : radius of disk electrode 

r2 : inner radius of ring electrode 

r3 : outer radius of ring electrode 





In Zone I ,  an electrochemical reaction can be caused by the application of 

the potential El. I f  the reaction i s  designated as 

A + ne ~-> B [I81 

then the product B i s  formed uniformly over the inner disk surface. The 

product will then be swept outward from Zone I ,  through Zone 11, to  Zone 111. 

The potential applied to  Zone I11 i s  such that  a l l  B reaching the ring is  

transformed to  A by the reaction 

B A + ne [I91 

If  B i s  a s t ab le  species, then the r a t io  of the current a t  the ring electrode 

to the current a t  the disk electrode i s  a function of the geometry of the 

electrode. This r a t io  i s  called the collection eff ic iency,  N ,  and i s  given 

by the expression 

N = i r / i d  [ Z O I  

where i r  and id  are  the currents a t  the ring and the d i s k  electrodes 

respectively. 

The quant i ta t ive treatment of the transport of species from the disk e lec t -  

rode to  the r ing i s  a rather cumbersome function of r l ,  r, and r,. The 

approximate calculation of N ,  i~ t roduced by Levich and Ivanov (35),  was 

modified by Bruckenstein and Feldman ( 4 7 ) .  Most recently A1 bery and 

Bruckenstein (36, 37) have refined the calculation of N f o r  RRDE with thin 

rings and thin insulating gaps. The final resu l t s  fo r  the No are:  



where a and B are determined by the geometry of the electrode 

r3 3 r2 3 C231 
B = (F) - (-1 

1 r l  

The function F (8) fo r  a given argument 0 i s  

Values of N and F(Q) have been tabulated and showed good agreement with 

experimental resu l t s .  

I f  species B undergoes a chemical reaction which depletes i t s  

concentration as i t  passes from the disk to  the r ing ,  then the observed 

collection efficiency, N k  - the kinetic collection efficiency, will be 

smaller than tha t  in the absence of t h i s  chemical reaction. In th i s  case, 

the collection efficiency i s  a function, not only of the electrode geometry, 

b u t  also of the ra te  constant of the reaction, the rotation r a t e ,  w , and 

other solution parameters. 

I t  should be noted that  the algebraic sum of i r  and i d  i s  

collected a t  the counter electrode. Changes in the ring current,  due t o -  

intervening chemical reaction will be accompanied by corresponding changes 

in the counter electrode current. 

A1 bery and Bruckenstein (37) have given a mathematical analysis 

of steady- s t a t e  kinet ic  coll ection eff ic iencies  for  the f i r s t  order EC 

mechanism (where EC denotes an electron t ransfer  followed by a chemical 



reac t ion) .  

B 1 
+ X 

Their solution t o  the problem was s t a t ed  as 

where N k  i s  the  col lect ion e f f ic iency  fo r  a given ro ta t ion  r a t e  o ( rad / sec) ,  

2 v i s  the kinematic viscosi ty  (cm / s ec ) ,  D i s  the  di f fus ion coe f f i c i en t  

2 (cm / s ec ) ,  and k i s  the r a t e  constant  ( sec - I ) .  

Albery e t  a1 (14) have a l so  presented an approximate treahnent 

of the second-order EC mechanism 

where C , Y ,  and Z a re  e lec t ro - inac t ive  species.  B u t  the  second-order t r e a t -  

ment i s  l imited only t o  ce r t a in  regions of ro ta t ion  r a t e  and r a t e  constant. 

Recently, numerical methods have been appl ied t o  the  cal cula t ion 

of concentration prof i l es  around a r ing disk electrode.  Feldberg's d i g i t a l  

simulation technique (48) has been adapted by Bard and Pra te r  (49, 50) t o  

the RRDE f o r  determining r a t e  constants based on a computer simulation of 

the appropriate hydrodynamic, d i f fus ion ,  and solut ion reaction parameters. 

Bard and co-workers have analysed t he  k ine t ics  of a var ie ty  of react ions  

incl uding f i r s t  and second order (49, 50) ,  c a t a l y t i c ,  isomerization and 

dimerization (51 -54). A more de ta i l ed  account of t h i s  technique i s  given 

i n  the Experimental Section. 



1.2 EXPERIMENTAL 

1.2.1 Apparatus 

The potentiostat  used i n  RRDE experiments was similar to  that  

described by Bruckenstein (55) and provided an independent control of both 

electrodes. I t  permitted simultaneous measurements of ring and disk currents.  

A Hewlett-Packard 3300A function generator was used to  sweep the disk voltage; 
a 

the currents were recorded on a Hewlett-Packard T0464A X-Y/Y recorder. Two 

dig i ta l  voltmeters, a Hewlett-Packard Mode1 3472 and a Data Precision Model 

134, were used to  measure the potentials of the disk and ring electrodes. The 

speed of rotation was controlled to  within 1% by a Carter motor tachometer 

assembly with an electronic feedback c i r c u i t .  

The el ectrochemi cal cell  contained separate reference and counter 

compartments, the former being connected t o  the ce l l  by a Luggin capi l lary,  

the 1 a t t e r  being separated from the cel l  by a f r i t t e d  disk. The cell  i s  

schematically i l l u s t r a t ed  in Fig. 3. 

The ring and disk electrodes were constructed of bright platinum 

with the dimensions rl  = 0.30 cm, r, = 0.33 cm, and r ,  = 0.43 cm, where r l ,  

r 2  and r3  are the outer radi i  of the disk,  the insulating spacer and the 

ring, respectively. Electrical contact was established by se ts  of three 

silver-graphal loy brushes per electrode. A platinum wire spiral  served as  

the counter electrode. A saturated calomel electrode (SCE) was used as the 

reference electrode, in contact with the t e s t  solution through a Luggin capil-  

lary positioned I m m  below the RRDE surface. The RRDE was preconditioned 

immediately before each run by spinning i t  in 6M HC1, followed by saturated 
' 

FeS04 in 2M H2S04, and then three changes of d i s t i l l e d  water. This procedure 

provided a consistent electrode surface as judged by the reproducibility of 

repeated experiments . 



FIGURE 3: RRDE ELECTROCHEMICAL CELL 
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Reference Electrode 
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Fr i t t ed  Disk 

Bearing Assembly 
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Speed Control Pull ey 





For the  measurements on the  Cu 

potentiostated a t  0.5 vol t s  , ( V S  SCE) w h i  1 

-0.25 vol ts .  For the Fe (111) solut ions ,  

while the  disk was swept from 0.7 t o  0.0 

swept a t  approximately 10 mvjsec, the  col 

(11) so lu t ions ,  the  r ing  was 

e the  disk  was swept from 0.5 t o  

the  r ing  was held a t  1.00 vo l t  

vo l t s .  The disk voltage was 

l ec t ion  e f f ic iency  being e s sen t i a l l y  

independent of the  sweep r a t e  over the  range 5 t o  50 mvjsec f o r  the t e s t  

sol ution. 

1.2.2 Materials 

Acrylic ac id ,  methacrylic acid and a c r y l o n i t r i l e  were d i s t i l l e d  

on a spinning band column pr io r  t o  use. Acrylamide was r ec rys t a l l i z ed  

from chloroform and washed w i t h  benzene, then dr ied under vacuum a t  room 

temperature fo r  24 hours. 

Water was doubly d i s t i l l e d ,  then pur i f ied by percolation through 

an ion exchange demineralizer. Inorganic s a l t s  were analyt ical  grades and 

were not pur i f ied fu r ther .  The 3% H,Oe was vigorously flushed w i t h  nitrogen 

and t i t r a t e d  aga ins t  KMn04 before each r u n .  

The t e s t  so lu t ions  were deaerated and thermostated w i t h i n  0.1 O C  

fo r  e l ec t r i c a l  measurements. 

1.2.3. Digital  Simulation 

The d i g i t a l  simulation technique fo r  the  c a t a l y t i c  reaction was 

developed by Bard and Pra te r  (50). The author i s  indebted t o  them f o r  

supplying a copy of t he  computer program. For simp1 i c i t y  and consistency, 

the same notation has been adapted t o  describe the  method and the  modifi- 

cation made t o  accommodate the  reaction mechanism. 



r 

Briefly,  the solution below the electrode i s  divided into a 

number of "boxes" in both the r and z directions (Fig. 4).  J refers  to  

the boxes in the vert ical  direction and K t o  the box in the radial direction. 

FA ( J ,  K) i s  the fractional concentration of A in the ( J ,  K) box. The disk 

and ring currents,depend on the concentrations of the electroactive species 

in the volume elements imnediately below the electrode surfaces. The simu- 

lation takes into account changes i n  concentrations resulting from convective 

flow - due to  concentration gradients and from the reaction occurring in the 

solution j u s t  below the electrode. 
- - 

For the redox couple of Cu(I)/S208 , the relevant reactions a re  

(56) : 
+ + 

Cu + e Cu a t  the disk [28 1 

- k l 
+ 2  - - - cu+ + s208- ----' cu +  SO^ + so4 in solution [29 1 

+ - - 
CU+ t k2  ) C u  + SO4 in solution BO 1 

C U +  CU+' + e a t  the ring I31 1 

where the following ra t e  equations can be written for  Eqs. 1291 and [301 



FIGURE 4: D I G I T A L  SIMULATION MODEL OF RRDE 





I f  a s teady-s ta te  approximation can be applied t o  [so4'] , Eq.C341 can be 

equated t o  zero and Eq: [32] rewri t ten  a s  : 

Eq. [351 i s  considered t o  be cor rec t  a s  t he  reaction [301 i s  much f a s t e r  

than reaction C291. For the  Fe(II)/H202 system, the  r a t i o  of the  r a t e s ,  

6 k 2 / k l ,  i s  g rea te r  than 10 (56).  Furthermore, t he  r a t e  constant f o r  t he  
- 8 Ce(III)/S04. react ion i s  1.43 X 10 mole-' set" (57).  This i s  f a r - i n  

excess of the  r a t e  constant  reported fo r  the  reaction of a metal ion w i t h  a 

peroxide. In Eqs. [28-351, CU+' and CU+ may be replaced by ~ e + ~  and ~e" ,  
- - 

and S208 may be replaced by H202 or  other peroxides respectively.  

+ 2 + ~ e f i n i  Y C C ~  I= cA, ccu I= cB , c s ~ o ~ = I =  C, and combining ~ q s .  ~ 3 3 1  

and [351 t he  r a t e  is  

o r  1 1 0 
# - AFC = 7 AFB = AFA = k F F A t  CA = DEL 1 B C  



when F and F represent fractional concentrations normalized with respect 
C B 

t o  the bulk concentration of CU(II ) ,  C i  
Fc = C c / C i  FB = C B / C i  

The effects  of the solution reactions 1291 and 1301 on the 

concentrations within a given volume element are taken into account by 

replacing FA, FB and FC with 

FA = FA + 2 AFA 

or in the FORTRAN form: 

DEL = XKTC * FB * FC 

FC ( J ,  K) = FC (J, K )  - DEL [ 441 

-1 1/3 -1/3 (0.5,) where XKTC i s  the dimensionless parameter, klC!w -2/3 
D~ 9 

i s  the kinematic viscosity of the solvent,  o i s  the rotation speed and D 

* + 
i s  the diffusion coeff ic ient  of Cu . The f inal  r e su l t  of the simulation , 

i s  *the ser ies  of working curves shown in Fig. 5 for  two different  values of 
- - +2 

the bulk molari ty  r a t io ,  m = IS208  1 / [Cu 1 , where N k ,  the collection 



eff ic iency,  i s  the r a t i o  of the r ing current  t o  the  disk  current  a t  a  given 

w. Working curves have a l so  been calculated f o r  d i f f e r e n t  values of m, but 

these have not been included i n  Fig. 5.  



FIGURE 5: SIMULATED COLLECTION EFFICIENCY vs ~ ( X K T C )  





1.3. RESULTS AND DISCUSSION 

1.3.1. I n t r o d u c t i o n  

The work described i n  t h i s  s e c t i o n  invo lved the a p p l i c a t i o n  

of the  r o t a t i n g  r i n g  d i s k  e lec t rode  t o  t h e  study of a  f r e e  r a d i c a l  compe- 

t i t i v e  r e a c t i o n  subsequent t o  t he  r e d u c t i o n  o f  a  metal i o n  i n  t he  presence 

and absence o f  monomer. I n  essence, a  metal i o n  reduced a t  t he  d i s k  e lec t rode  

i s  c o l l e c t e d  a t  t he  r i n g  e lec t rode.  The r a t i o  o f  the  r i n g  t o  d i s k  c u r r e n t  

i s  termed c o l l e c t i o n  e f f i c i e n c y  and i s  a  cons tant  de f ined by the  geometry 

o f  the e lec t rode.  I f  a  i n t e r v e n i n g  chemical r e a c t i o n  occurs i n  the  t r a n s i t  

t ime between t h e  d i s k  and the  r i n g ,  t h e  c o l l e c t i o n  e f f i c i e n c y  w i l l  be a1 te red .  

The v a r i a t i o n  o f  c o l l e c t i o n  e f f i c i e n c y  w i t h  r o t a t i o n  r a t e ,  and thus, t he  

t r a n s i t  t ime, prov ides a  steady s t a t e  method t o  determine the  r a t e  cons tant  

o f  the  reac t i on .  I n  the  presence o f  monomers, the  cu r ren ts  and the  c o l l e c t i o n  

e f f i c i e n c y  may be employed t o  probe t h e  k i n e t i c  parameters o f  t he  competing 

reac t ions .  

I n  t h i s  work t h e  r a t e s  o f  f o rma t ion  o f  r a d i c a l s  were determined 
- - - - 

fo r  Cu( I )/S208 , F e ( I I  )/H202, and Fe( I I) /S208 i n c l u d i n g  cases where ferrous 
- 

ions  were complexed. The e f f i c i e n c y  o f  c a p t u r i n g  o f  SO4* by several  water 

so lub le  rnonomerswasalso i nves t i ga ted .  

1.3.2. Redox Reaction o f  Cu(1) w i t h  Pe roxyd isu l fa te  I o n  

A t  a RRDE the  d i s k  c u r r e n t  ( i d )  i s  determined by the  e lec t rode  

reac t ion ,  

~ u + '  + e  ,-) CU+ 

and the  r i n g  c u r r e n t  (i,) i s  determined by 



- - 
In the presence of peroxydisulfate ions,  S208 , Cu(1) formed a t  the disk 

- - L 

electrode reac t s  with S208 and SO4- ( reac t ions  [29] and ~ 3 0 1 )  regenerating 

CU(II)J which i s  again reduced a t  the disk  electrode.  The reaction pat tern  

i s ,  therefore ,  an e l ec t roca t a ly t i c  type. When monomers are  present i n  the  
- 

system, reactions[301 and [47] a re  competitive f o r  SO4- and the amount of 

Cu(1) reaching the r ing e lect rode will  depend upon the  concentration of 

monomers and the  r e l a t i v e  r a t e s  of react ions  C301 and [47]. 

The behavior of the  Cu(I1) system i n  t he  absence of any secondary 

reactions i s  shown in Fig. 6a. The disk  voltage i s  swept negatively from 

+0.6 V and the  f i r s t  l imi t ing  current  corresponds t o  the  one-electrode t rans-  

f e r  reducing Cu(I1) t o  Cu(1). The r ing  potent ia l  i s  maintained a t  0.5 V vs SCE 

and the  observed i r  i s  therefore  due t o  t h e  oxidation of cuprous t o  cupr ic  

ion. The second reduction wave on the  id corresponds t o  the reduction of 

Cu(1) to  Cu(0) and the corresponding i r  drops t o  zero as  there i s  no fu r the r  

flow of Cu(1) t o  the  r ing.  The r a t i o  i r / id (No, the  col lect ion e f f ic iency)  is 

0.399,which is  i n  a close agreement w i t h  the  value expected f o r  the pa r t i cu l a r  
- 

geometry of t he  electrode.  When S208 i s  added t o  the  above solut ion,  i r  

and i d  a re  changed as  shown i n  Fig. 6b. The id f o r  t he  f i r s t  reduction s t e p  

increases s i gn i f i c an t l y ,  r e f l e c t i ng  the  homogeneous solution reaction C391 

and 1301. These react ions  rapidly  regenerate Cu(1 I )  ion fo r  repeated reduction 

a t  the disk resu l t ing  i n  the  c a t a l y t i c  contribution t o  the  id. The i r  i s  

reduced correspondingly a s  a r e s u l t  of these  react ions .  
- 

A blank t e s t  performed on solut ions  of Sq08-in the absence of 

Cu(I1) ion is  shown as pa r t  of the  data  i n  Fig. 7 and indicates  qui te  



FIGURE 6: RRDE VOLTAMMOGRAMS FOR ONE- A N D  TWO- ELECTRON 

TRANSFER IN 5 rnM Cu(I1) AND 0.5 M KCISAT 25OC 

R i n g  Current; 

( a )  5 mM Cu(II)/0.5 M KCl/w = 131 rad/sec 

( b )  5 mM Cu(II ) /5  rnM K2S208/0.5 M KCl/w = 259 rad/sec 





F I G U R E  7: L I M I T I N G  D I S K  C U R R E N T  F O R  ONE-  AND TWO-ELECTRON 
' 

R E D U C T I O N  W I T H  AND W I T H O U T  K 2 S 2 O 8  
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3 2 

conclusively t h a t  t h i s  ion i s  not involved in  any d i r e c t  e lec t ron t r an s f e r  

react ions  a t  the  e lec t rode in  t h i s  range of po ten t ia l s .  The currents measured 

a t  the  potent ia l  corresponding t o  the  2 e lec t ron  t r an s f e r ,  -0.3 V, are  
- - 

ident ica l  i n  the  presence and absence of S,08 . T h i s  confirms the view t h a t  

this ion i s  not d i r ec t l y  involved with the  e lec t rode.  
- - 

The e f f e c t  of S,08 concentration can be seen from Fig. 8. 
- - 

Without S,08 both id  and i a r e  l i n e a r l y  dependent on o and pass through r 
- - 

the  o r ig in  as predicted by the Levich equation. A t  S,08 = 50 mM, i r  

was reduced e s sen t i a l l y  t o  zero while id  increased by a fac to r  of 5. I t  i s  

obvious t h a t  a t  concentrations as high as 50 mPl the r a t e  of the homogeneous 

react ion is  too g rea t  f o r  quan t i t a t ive  determination of the r a t e  constant  by 

these techniques. However, the g rea t  s e n s i t i v i t y  of this system to  var ia t ion  
- 

i n  S208- concentration makes i t  an ideal choice f o r  quan t i t a t ive  measurements 

i n  a convenient region of i n t e r e s t  lying below t h i s  value. 

The k ine t i c  col lec t ion e f f i c iency ,  N k ,  obtained from the systems 

containing 1 mM s , o ~ = / ~  mM Cu ( I I ) ,  1 mM s , o ,= /~  mM Cu( I I ) ,  2 mM s208=/ 

2 mM Cu(I1) and 5 mM s,08=/5 mM Cu(I1) a t  various speed of ro ta t ion  along 

w i t h  the XKTC values calculated from the  working curves shown in Fig. 5 a r e  

compiled i n  Table 2.  The product 

w (XKTC) = klc; v "3 D "3 ( 0 . 51 )~h  A 

should be a constant .  The data i n  Table 2 show some v a r i a b i l i t y  i n  t h i s  

parameter, 



F I G U R E  8: E F F E C T  OF CONCENTRATION O F  K 2 S 2 O 8  ON C A T A L Y T I C  

CURRENTS I N  S O L U T I O N  O F  5 mM C u ( 1 1 )  



o 50 mM (Disk): 

5 mM (Disk) 

v CI@ only ( ~ i s k ) .  

a 5 mM ( ~ i n g )  

v CU(* only (Ring) 
.5 MK CL 
25 OC? 

1 1 
~2 (rad sec-')T 



TABLE 2 - 

RRDE DATA FOR Cu(1 I )  PEROXYDISULFATE SYSTEM 

Disk Current 
id 

(114) 

Ring Current 
i 

(114; 

k l  (average) = 6.36 x 10- 

XKTC 

1.59 
1 .26 
0.95 
0.81 
0.69 
0.67 
0.57 
0.52 
0.48 

average 

w (XKTC) 

96.6 
107.8 
104.5 
106.9 
106.9 
119.3 
113.4 
112.7 
113.6 

109.1 
3 

3.15 
2.35 
1.85 
1.56 
1.45 
1 .Z5 
1.06 

average 

kl (average) = 6.41 x 10 

0 



Disk Current 

id 
(PA) 

Ring Current 

r 
XKTC 

3 

k ,  (average) = 6.36 x 10 

Conditions: Tem~erature = 25OC 

average 21 8.2 

- 
- 
4.98 
4.10 
3.50 
3.04 
2.57 
2.46 
2.17 

average 

kl (average) = 6.19 x 10- 

~ u ~ ~ o r t i n ~  Electrolyte:  0.5 M KC1 
D = 6.8 x 1Q-Llcm2/sec 
v A  = 8.91 x 1 6  cm2/sec 
XKTC calculated using simulated curves i n  Fig. 5 



p a r t i c u l a r l y  a t  h i g h e r  va lues of  r o t a t i o n  speed, a. However, t h e  d r i f t  does 

n o t  produce any s i g n i f i c a n t  change i n  t h e  r a t e  cons tan t  k,, whose average 

va lue  i s  cons tan t  f o r  da ta  ob ta ined  ove r  a  range o f  concen t ra t i ons .  

The e f f e c t  o f  temperature on t h e  r a t e  cons tan t  f o r  t he  r e a c t i o n  
- - 

Cu(I)/S,O, was s tud ied .  Tab le  3  shows t h e  k1 va lue  measured a t  severa l  

d i f f e r e n t  temperatures. 

T A B L E  3 

E F F E C T  O F  TEMPERATURE ON R A T E  CONSTANT * O F  C U  ( I  ) / S , O  8= R E A C T I O N  

A p l o t  o f  t h e  e m p i r i c a l  r a t e  cons tan t ,  k l ,  vs 1/T shown i n  F i g .  9 was l i n e a r  

and y i e l d e d  
6 

kl = 3.37 X 10 exp ( - 3 6 2 5 / ~ ~ )  

where R = 1.987 c a l  OK-' 

I 

TEMP. O C  

3  5  

25 

15 

10 

- - 
The va lue  of t h e  r a t e  cons tan t  f o r  t h e  r e a c t i o n  c ~ ( I ) / S 2 0 8  a t  , 

1 -  1 1 -  1 z ~ ~ c ,  6.3 X l o 3  M- sec , d i f f e r s  f rom t h e  v a l u e  1.4 X l o 3  M- sec ob ta i ned  

1 1 

kl (M- sec - ) 

8.76 x l o 3  

6.36 X l o 3  

5.29 X l o 3  

4.73 x l o 3  

* 



FIGURE 9: DEPENDENCE OF RATE CONSTANT ON TEMPERATURE 

FOR C u ( I ) / K z S z 0 8  





by Kol thoff  (58) using a pol arographic technique based upon the  dropping 

mercury electrode.  Reasons fo r  the discrepancy a r e  not  apparent. Infor-  

mation in the  l e t e r a tu r e  on the  r a t e  constant  f o r  the  reaction of Cu(1) and 

- 1 peroxide i s  1 imited. Anber (25) reported a value of K1 = 850 M-I sec f o r  

the reaction of bis(bipyridy1) copper(1) complex ion w i t h  H202 a t  25OC. 

The l i t e r a t u r e  data ava i lab le  on second-order r a t e  constants 

determined by the  d i g i t a l  simulation techniques w i t h  the  RRDE a r e  re1 a t i v e l y  

scarce. Although Bard and Pra te r  (50) obtained good r e s u l t s  i n  the  comparison 

of the  Fe(II)/H202 system, the  comparison i s  somewhat clouded by the  s t o i -  

chiometry they employed i n  t h e i r  working curves where the value fo r  

m = C E / C i  = 1 was chosen r a the r  than the  proper value m = 0.5 (59 ) .  Their 

r a t e  constant i s  therefore approximately twice as  g rea t  as reported. 

1.3.3. Comparative Study of Fe(II)/H,O, Reaction 

For comparative purposes experiments were ca r r ied  out w i t h  t h e  

Fe(1 I)/H202 sys tem where good 1 i t e r a tu r e  val ues fo r  the  r a t e  constant were 

available.  Fig. 10 shows current-potent ia l  sweeps f o r  the  disk and the  r i n g  

f o r  the  2.0 M HCl solvent,  f o r  t he  sol vent with H202, and fo r  an Fe(III)/H202 

solution.  Fig. 10A gives the  dependence of the currents  on in the  

presence and absence of H202 The de ta i l ed  r e s u l t s  f o r  the  system containing 

6.48 mM Fe(II1) and 6.40 mM H202 i n  2.0 M HC1 a r e  shown i n  Table 4 while 

the  r e su l t s  f o r  runs a t  o ther  concentrations a re  shown i n  a condensed form 

in Table 5. 



FIGURE 10: CURRENT POTENTIAL SWEEPS IN 2.OM HC1 a t  25•‹C 

A and B f o r  r ing  and d i sk ,  r espec t ive ly ,  

solvent  only,  w = 143 rad/sec;  

C and D f o r  r ing  and d i sk ,  r espec t ive ly ,  

6.40 mM H202, w = 87 rad/sec;  

E and F f o r  r ing and d i sk ,  respect ively ,  

f o r  6.40 mM FeC13/6.40 mM H202, w = 87 rad/sec 



DISK VO L T A G  E ( v s  s c ~ )  



FIGURE 10A: CURRENT VS ROTATION RATE IN Fe(III)/HzOz/2. OM HC1 

AT 25OC 

D W0 and iRWO are  disk  and r ing  cur ren t ,  

respect ively ,  in 6.40 rnM FeC1 3 ;  

iDW and iRW a re  disk and r i ng  cur ren t s ,  

respect ively  i n  6.40 rnM FeC13/12.8 rnM H z O ,  
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TABLE 4 

RRDE DATA FOR 6.48 mM Fe(III)/6.40 mM H202 

XKTC 

5.18 
1.99 
1.34 
1-01 
0.60 
0.43 
0.28 
0.21 
0.23 
0.25 
0.16 

kl (average)  = 2.1 X 10 

TABLE 5 

RRDE RESULTS FOR Fe(III)/H202/2.0M HC1 AT 25OC 

Conc. o f  FeC1, I (mM) 

kl (average) 

M- sec 



In the  publication of t h e i r  d i g i t a l  simulation technique for  the  

analysis  of RRDE data ,  Bard and Prater  (50) reported a value of 105 k 5 
1 1 

M- sec- f o r  the  reaction 
+ 

Fe + H202 ---+ Fe '+ + HO- + H O *  

a t  25OC in 2 M HC1. Recalculation of t h e i r  data  with the form of the program 

described in the  Experimental Section using m = 0.5 working curve w i t h  the 

dimensions of t h e i r  electrode gave k l  = 202 + 15, i n  agreement with the  values 

i n  Tables 4 and 5. 

There a r e  numerous 1 i t e r a t u r e  values fo r  k l  f o r  the  F ~ ( I I ) / H ~ O ~  

reaction i n  a wide var ie ty  of supporting e l ec t ro ly t e s .  For the  purpose of 

using the  present r e su l t s  t o  t e s t  the  d i g i t a l  simulation, a review of the  

l i t e r a t u r e  has been made. 
1 1 

Barb e t  a1 (60) reported a value of 53 M- sec- a t  25OC in  

d i c  perchlorate,  su l f a t e  o r  chloride.  Sutin (61 - 62) reported values 

58 -64 i n  chloride-perchlorate mixtures, while Wells (19) gave values 

50, 54 and 69 in 1M NaC104, 1M HC104 and 1M NaC1, respectively.  

There have been four s tud ies  reported where Fe(I1) was generated 

electrochemically from F e ( I I I ) ,  with t he  peroxide reaction ca t a ly t i c a l l y  

regenerating the Fe(II1) .  In a polarographic study a t  the  dropping mercury 

electrode,  Delahay (63) reported values a t  0.6OC and 31.4"C i n  0.25M H2S04 

from which a value of approximately 59 can be in terpola ted fo r  25 '~ .  A t  a 

gold ro ta t ing  disk  electrode,  Haberland (27) calcula ted a value of 92 a t  

25% in  0.1M HC1 using a ro ta t ing  palladium d isk  electrode.  

Several points need t o  be made i n  regard t o  the r a t e  constants 

presented i n  Tables 4 and 5. Reaction concentrat ions have been varied from 



a ten-fold excess of cation (m = 0.1),  t o  concentrat ions equimolar in  

cation and peroxide ( m  = 1.0) , t o  a ten-fol d excess of peroxide ( m  = 10).  

Assuming t h a t  the reaction i s  f i r s t -o rder  i n  each reac tan t ,  a one hundred- 

fold increase i n  reaction r a t e  would be expected between the  slowest and 

f a s t e s t  cases. The computer simulation gives k l  values (average over a 

run),  which a r e  in general agreement over t h i s  wide range of concentrations. 
1 1 

However, the  overall  average value of 240 M- sec- f o r  the Fe(II)/Hz02 

reaction i s  t h r ee  o r  four times the l i t e r a t u r e  values. Reasons f o r  t h i s  

discrepancy could be experimental i n  or ig in ,  or  could r e s u l t  from some of 

the approximations made in deriving the computer simulation. 

In the Fe(II)/H202 reaction i t  should be considered t h a t  the  

H202, i n  addi t ion t o  being reduced by Fe(I1) i n  so lu t ion ,  i s  p a r t i a l l y  o r  

completely reduced d i r ec t l y  a t  the  e lect rode.  This wi l l  give a l a rger  d isk  

current  than would be found for  the  disk  react ion of Fe(I1) alone. In  a 

RDE study of the  Fe(1 I)/H202 react ion,  Beran (28) found such considerable 

reduction of H202 a t  a platinum elect rode i n  0.1 M HC1 t h a t  a s a t i s f ac to ry  

measurement could not be made, while nei ther  Haberland (27) ,  using a gold 

R D E ,  nor Bard (50), using a carbon paste RRDE made any reference to  t he  

problem f o r  t h e  solut ions  s tudied.  Bard did r epo r t  t he  appearance of bubbles 

a t  the e lect rode fo r  very high H202 concentrat ions.  

The current  potential  sweep f o r  H202 i n  HC1 i n  Fig. 10 c l ea r ly  

shows evidence of  HZ02 reduction a t  the  disk.  Attempts were made t o  cor rec t  

the  current  magnitude due t o  the  d i r e c t  e lect rode reduction of H202. The 
1 1 1 - 1 

correction does decrease k l ,  from 210 M- sec- t o  160 M- sec , but t h i s  
1 1 

value remains considerably larger  than the  values 50 - 70 M- sec- reported 

i n  the  1 i t e r a t u r e .  



The computer simulation depends on the method of calculating 

the changes in concentrations of electroactive species in the volume 

elements beneath the electrodes. The ef fec t  of solution reactions i s  taken 

into account by the DEL t e r ius  in Eqs. [38 - 401. I f  one a r b i t r a r i l y  

introduces a factor  of 3 or  4 before the DEL terms in Eqs. 1381 and ~ 3 9 1 ,  

a steeper working curve resul t s  , giving smal 1 e r  k l  val ues for  a given w . 
This arbi t rary change has the e f fec t  of increasing the ra te  of change of the  

concentrations of Fe(II1) and Fe(II) ,  re la t ive  t o  the r a t e  of disappearance 

of H 2 0 2  , i n  the reaction volume beneath the electrode. Indeed, when the 
1 - 1 

working curve (Fig. 5) i s  normalized to  yield k l  = 60 M- sec for  a l l  w ,  

a similarly steeper curve can be obtained. These resu l t s  suggest t ha t  in 

the simulation the  dependence of the disk and ring currents on the reaction 

kinetics may need fur ther  study, especially the treatment of the volume of 

solution immediately below the disk electrode as a s ingle  "box" i n  the 

( J ,  K )  grid. 



While the electro-reduction of H202 a t  the disk electrode i s  
- - 

possible, there i s  no d i r ec t  electro-reduction of S208 in the potential 

range of in te res t .  This i s  evident by data presented in Fig. 7 where'only 
- - 

Cu(1I) i s  reduced. The r a t e  constant obtained for  the Cu(I)/S208 reaction, 

however, cannot be compared unequivocally with the value reported by 

Kolthoff e t  a1 (58) in the sole study using a dropping mercury electrode. 
- - 

Experiments were performed with the system Fe(II)/SZO8 , which had previously 

been studied by King and Steinbach (66) and by Fordham and Will iams (67) 

using spectroscopic techniques. The data in Table 6 provide the r a t e  
1 1 

constants obtained in t h i s  work. The average ra te  constant i s  62 M- sec- 
1 1 

a t  10•‹C, while Fordham e t  a1 reported k = 42.6 M-' sec- a t  10•‹C and King e t  
1 1 

a1 reported k = 83.3 M- sec- a t  E • ‹ C .  
- - 

The reactions of SZ08 with Fe(I1) yielded a much lower r a t e  of 

formation of f ree  radicals  than those obtained with Cu(1). Attempts were 

made to  increase the r a t e  of reaction by complexing the Fe(I1) ions and 
- - 

the systems Fe(C20,) 3' and Fe(CN)6- were employed. The r a t e  of reaction was 

essent ial ly  unaffected in the ferricyanide complexes b u t  was increased in 

the oxalate complexes-The range of potential a t  which the reductions take 

place and the magnitude of the currents showed tha t  i t  i s  the complexed ions 

rather  than the Fe(I1) ions tha t  take part  in the electrochemical reactions 
- - 

and in the subsequent reactions with S208 . The data for  oxalate are  

summarized in Table 7. 
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TABLE 6 -- 
- - 

RRDE DATA FOR F ~ ( I I I ) / S , O ,  SYSTEM 

Disk Current Ring Current 

id i r Nk 
( P A )  ( lJ A) XKTC w (XKTC) 

2 52 90 0.357 0.11 5.0 
330 121 0.367 0.08 5.0 
436 1 64 0.376 0.06 6.5 
476 181 0.380 0.05 6.6 
5 54 21 3 0.385 0.04 6.9 
61 6 240 0.389 0.03 6.3 

average 
1 

6.1 
1 

- 62 s? mole- sec- k l  (average)- 

- 
Conditions: Temp = 10•‹C 5  mM F e ( I I I ) / 5  mM S,08 

Supporting e lec t ro ly te :  0.5 M HC1 

6 2 2 2 

D ~ =  5 x  10- cm/sec ,  y = 1 x  10- cm/ sec  

TABLE 7 
- - 

RRDE DATA FOR F ~ ( C ~ O ~ )  1 - 1 / ~ 2 ~ 8  SYSTEM 

I average 14.9 

kl (average) = 150 R mole "set-' 

(rad/sec) 

108.4 
131.4 
151.8 
191.1 

Conditions: Temp = 25OC Supporting e l ec t ro ly t e  0.5 M K2C204 

Disk Current 

id 
(11 A )  

568 
61 8 
636 
660 

i 

Ring Current 

i r 
( l ~  A) 

190 
220 
228 
250 

k 

0.335 
0.356 
0.359 
0.378 

XKTC 

0.17 
0.11 
0.10 
0.06 

w (XKTC) 

18.4 
14.5 
15.2 
11.5 



1.3.5. Redox In i t ia t ion  of Aqueous Polymerization 

An interest ing s e t  of reactions takes place upon the addition of 
- - 

monomer to  a solution containing Cu(1) and S2O8 . The reaction of SOy with 
4 

monomer 
k3 - 

SOT + M - SO4M0 C47 1 

competes with reaction [301 in the following reaction scheme 

Essential l y ,  the presence of monomer reduces the electrocatalyt ic  contri b u t  ion 

to  the disk current. 

Typical sweeps showing reduction and re-oxidation of Cu(I1) in ' 
- - 

the presence and absence of S208 and ac ry lon i t r i l e  a re  shown in Fig. 11. 
- - 

The solid curve A i s  obtained with Cu(11) only. When S208 i s  added the disk 

current increases and curve B i s  obtained. On addition of monomer, the 

competition of Cu(1) and acry loni t r i le  for  SOk7 reduced the electrocatalyt ic  

e f fec t  and curve C i s  obtained. Corresponding behavior i s  evident from the  

curves of ring currents. 

Plots of id  and i r  vs wh are presented in Fig. 12 for  various 

concentrations of acrylamide, while Fig. 13 shows the e f fec t  o f  increasing 

concentrations of acryl ic  acid on i r .  I t  can be seen tha t  the currents are  
- - 

signif icant ly affected by the addition of S208 . i d  and i r  reach the i r  

maximum and minimum values respectively as a r e s u l t  of the homogeneous 

reactions [29] and [30] . When monomer i s  added, reaction [471 competes with 

reaction [301 and corresponding increases in i and decreases in id  are  r 
observed. With excess monomer, reaction 1301 will  be suppressed completely 



FIGURE 11: TYPICAL RRDE VOLTAMMOGRAMS FOR REDUCTION OF 
- - 

Cu(I1) IN THE PRESENCE AND ABSENCE OF S20, 

AND MONOMER 

( A )  2 mM Cu(I1) 
- - 

( B )  (A) with 2 mMS20, 

( C )  (B )  w i t h  0.286 M AN 

w = 81 rad/sec,  supporting e l ec t ro ly t e :  

0.5 M KC1, temperature : 25OC 





FIGURE 12:  RING AND DISK CURRENTS VS ROTATION RATE FOR VARIOUS 

CONCENTRATIONS OF ACRYLAMIDE 

All s o l u t i o n s  : 2 mM Cu( I I ) /2  mM ~ , 0 ~ = / 0 . 5  M KC1/25'C 

except  Cu(I1) blank run 

Monomer concen t r a t ions  : 

0 O.OM H 0.176M 

v 0.132M A 0.088M 

c] 0.044M A 0.022M 





FIGURE 13: EFFECT OF INCREASING ACRYLIC ACID CONCENTRATION 

ON RING CURRENT 

All solut ion : 5 mM Cu(II ) /5  mM ~ ~ 0 , = / 0 . 5  KC1/25'C 

except Cu(I1) blank r u n  ( m )  
Monomer concentrat ions:  m y  0.39 M; 0,  0.30 M; 

A, 0.18 M; 0 ,  0.10 M;A,O.OO M. 
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and only react ion [291 will  be e f f ec t i ve .  Under these conditions the changes 
- - 

i n  i and i d  wil l  be one half  of the  c a t a l y t i c  e f f e c t  due t o  S208 alone, r 
because the  r a t e  determining s t ep  C291 i s  independent of monomer concen- 

t ra t ion .  

A t  monomer concentrations intermediate between these two extremes 

the changes i n  i r  and i d  r e f l e c t  the  competitive e f f ec t s  of reactions C301 

and C471. 

Thus when the  ra tes  of 1301 and [471 are  equal c a t a ly t i c  current  

should be 112 of the  maximum a t t a inab l e  change, i . e . :  

This expression i s  ident ical  t o  t h a t  obtained by Baxendale (48) from a 

s ta t ionary s t a t e  method. Orr and Williams (67) studied the  Fe(II)/H202 and 
- - 

Fe(II)/S2O8 systems and found: 

where R2 and R 3  a re  the f rac t ions  of t he  t o t a l  rad ica l s  produced which have 

reacted i n  s t eps  C301 and C471 respect ively .  When R2 = R 3  equations C491 

and C501 are  i denti  cal . 
The f rac t iona l  change i n  r i ng  cur ren t  (hir / ' l2hi  c a t )  with vary- r 

ing concentrations of acryl i c  acid ,  acrylamide, methacryl i c  acid ,  and acrylo- 

n i t r i l e  a r e  shown in Fig. 14. 



FIGURE 14: FRACTIONAL CHANGE IN RING C U R R E N T  WITH MONOMER 

CONCENTRATION 

ac ry l i c  ac id;  0 acryl amide; 

A methacryl i c  acid; v a c r y l o n i t r i l  e 

2 mM Cu(II)/ZmM ~ ~ 0 ~ = / 0 . 5  M K C I / Z ~ ~ C  w i t h  

various concentrat ions o f  monomers 
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The Cu(1) concentration var ies  throughout the  di f fus ion layer in 

the region between the r ing and disk e lect rodes .  However, the steady s t a t e  

assumption i s  applicable a t  each point i n  the  di f fus ion layer  because the  

concentration i s  invariant  with time. The r ing  and disk  currents serve t o  

evaluate Cu(1) concentration a t  the  e lect rodes .  Thus the  r a t e s  of react ions  

C471 and C301 may be compared a t  the r ing  e lect rode.  A t  a c ry l i c  acid concen- 

t r a t i on  of 0.115 M y  the concentration of Cu(1) a t  the  r ing  electrode was 
- - 

measured as 2.1 mM fo r  the  system containing 5mM Cu(I1) , 5mM S208 , and 

ac ry l i c  acid;  the  r a t i o  of Air/1/2Air,cat was 0.5. The r a t i o  of k2/k3  was 

calculated t o  be 55 fo r  ac ry l ic  acid.  The r a t i o  of k2 /k3  f o r  acrylamide, 

methacrylic ac id ,  and ac ry lon i t r i l e  are  compiled in Table 8 

TABLE 8 

RELATIVE REACTIVITIES OF MONOMERS WITH SO;; 

MONOMER 7 
Acrylic acid 

Acryl arnide 

Methacryl i c  acid 

Acrylonitr i  l e  

k3 RELATIVE 
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The r e l a t i ve  r e a c t i v i t i e s  l i s t e d  in Table 8 are  indicat ive  of the  

i n i t i a t i on  s t ep  in the polymerization. The quant i f ica t ion of t h i s  e f f e c t  i n  

contradis t inct ion t o  the  effect iveness  of the i n i t i a t o r  has been reported fo r  

only a few systems. The RRDE technique i s  well sui ted t o  t h i s  probing of the 

mechanism. I t  allows the study to  be performed without sensible  change in 

the monomer concentration and avoids the  buildup of ionic  species which may 

a1 t e r  the  polymerization process and introduce fu r the r  compl exi t i e s  i n to  t h e  

reaction mechanism. 
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CHAPTER I1 

ELECTRO-INITIATED GRAFT COPOLYMERIZATION 

2.1. INTRODUCTION 

Addition polymerization are in i t ia ted  by reactive species such as 

free radicals,  carbanions, or carbonium ions. Usually the reactive species 

are generated in the system via sui table  chemical processes. Such processes 

include the formation of f r ee  radicals by thermal decomposition of peroxides, 

the generation of radical anions by a t ransfer  of electron to  monomers, and 

by many other reactions.  

When a react ive species capable of in i t i a t ing  a polymerization i s  

formed by an electron t ransfer  process occurring a t  the electrodes, the 

reaction i s  referred to  as an el ectrolyt ical  ly  in i t ia ted  polymerization. The 

e a r l i e s t  mention of an electro- ini t ia ted polymerization appeared in an a r t i c l e  

published by Szarvasy (68) a t  the turn of t h i s  century. No fur ther  resu l t s  

appeared until  1947, when a P h - D .  thesis  by Rembold (69) mentioned the poly- 

merization of methyl methacryl a te  by e lec t ro ly t ic  in i t ia t ion .  In 1949, 

Wilson (70) made reference t o  the polymerization of acryl ic  acid while 

studying the electro-reduction of various organic compounds. I t  was not 

until the l a t e  f i f t i e s  and the early s i x t i e s ,  however, tha t  t h i s  new type of 

in i t ia t ion  began to be recognized and u t i l ized  by polymer chemists. Since 

then, ac t iv i ty  in the f i e l d  has been growing rapidly as i s  reflected in the 

number of pub1 ished .papers. (1 -4, 71-72, and references ci ted therein) .  



Elec t ro ly t ic  i n i t i a t i o n  often implies a s i gn i f i c an t  degree of 

control over the  r a t e  of i n i t i a t i on  reaction.  I t  has been shown t h a t  the  

to ta l  charge passed to  a solution may be d i r e c t l y  re la ted to  the  concen- 

t r a t i on  of i n i t i a t i n g  species and t h a t  the  e lect rode potential  determines 

the formation of the type of i n i t i a t i n g  species (73, 74). Under appropriate 

conditions, polymerization may proceed by a f r e e  r ad i ca l ,  anionic o r  ca t ion ic  

mechanism. In an anionic polymerization, the  formation of i n i t i a t i n g  species 

and the  termination of growing chain ends may be fu r the r  affected by simply 

switching t he  current  polar i ty  (75, 76).  The r a t e  of reaction can thus be 

control 1 ed by programming the current-time p r o f i l e  (77) .  Quanti tat ive control 

of anionic polymerization has been demonstrated t o  produce polymers w i t h  

des i rable  molecular weights and molecular weight d i s t r i bu t i ons  (78) .  

While the  synthetic potential  of electrochemically i n i t i a t e d  

polymerizations has been explored extensively fo r  many monomer systems, the 

appl ica t ion of  the  electrochemical technique t o  t he  modification of polymer 

s t ruc ture  has received 1 i t t l e  a t t en t ion .  Apart from the  few phenomenological 

s tudies  concerning the graf t ing of monomers onto c e l l  ul ose (79,8O) and 

polyacryl i c  acid (81 ) i n  aqueous media, no work has been reported on el ectro- 

chemical s tud ies  of polymers. This may be pa r t l y  due t o  the  low s o l u b i l i t y  

of polymers i n  many of the  solvents used i n  electrochemical s tudies .  How- 

ever, extensive work f o r  small molecule systems has been carr ied out  i n  

recent years i n  organic media with su i t ab l e  supporting e l ec t ro ly t e s ,  which 

should allow invest igat ions  of a number of subs t i tuen t  e lec t roac t ive  groups 

on polymers. 



For polymers bearing e lec t roac t ive  subs t i tuen t  groups i t  i s  

conceivable t h a t  the  d i r ec t  electron t r ans f e r  processes, analogous t o  those 

occurring i n  small molecule systems, should r e s u l t  i n  t h e  formation of macro- 

molecular i n i t i a t o r s  and could provide a means of control led synthesis .  Most 

recently,  Gui l l e t  e t  a1 (82) took a s imilar  approach, employing polymers 

containing chromophoric groups i n  the photosynthesis of polymers w i t h  new 

s t ructures  . 
The aim of the  present investigation was t o  examine t he  poss ib i l i -  

t i e s  of forming g r a f t  copolymers by an e l e c t r o l y t i c  method. El ect roact ive  

benzophenone groups were attached t o  a backbone polymer and subsequently 

activated a t  a cathode electrode by a passage of current .  The resu l t ing  poly- 

radical anions were used t o  i n i t i a t e  g r a f t  copolymerization. 

2.1.1. Graft  Copolymers 

Graft  copolymers a re  macromol ecul es  consis t ing of a polymer back- 

bone w i t h  attached polymer branches : 

This c l a s s  of polymers together w i t h  block copolymers belong t o  sequential 

copdlymers which provide the  basis  of a number of conmercially important 

polymers, such a s  high impact polystyrene, acrylonitrile-butadiene-styrene 



(ABS) copolymer, and methacrylate-butadiene-styrene (MSB) . They o f f e r  useful 

propert ies which a r e  often superior t o  the  blends of the  corresponding homo- 

polymers and frequently represent a unique combination not a t t a inab l e  by o ther  

materials .  

The ear l  i e s t  and simp1 e s t  method f o r  preparing g r a f t  polyrilers 

u t i l i zed  chain t rans fe r  t o  polymer. In t h i s  preparation,  monomer i s  poly- 

merized in the  presence of a pre-formed polymer of a d i f f e r en t  composition. 

During polymerization, an occasional f r e e  radical  may remove a hydrogen atom 

o r  other l a b i l e  group and thus leave a f r e e  radical  on the polymer chain 

which can l a t e r  add monomers t o  form a g r a f t  copolymer. The preparation of 

g r a f t  copolymers by chain t r ans f e r  i s ,  however, usually i ne f f i c i en t  and 

generates only a few g ra f t s .  

Studies of t he  preparation,  pu r i f i c a t i on ,  and character izat ion of 

be t t e r  defined g ra f t  copolymers have followed two main l i ne s .  The i n i t i a l  

approach was t o  prepare g r a f t  copolymers by more random methods such as  

radiat ion and mechanical degradation. The polymers thus formed were then 

purif ied and characterized as  well a s  possible.  More recent ly  the emphasis 

has shi f ted t o  the  preparation of purer and be t t e r  defined g r a f t  copolymers. 

Specif ical ly  the  use of "1 iving anions" i n  preparing g r a f t  coplymers has made 

the  preparation of we1 1 -defined copolymers possible.  

In general,  g ra f t ing  may be achieved by one of the  following 

methods: 

( a )  Grafting onto - graf t ing  onto occurs i f  a growing polymer 

chain a t t acks  another polymer and thereby a branch is 

at tached t o  a pre-formed backbone. 



A A A A A  -----3 A A A A A  

(b) Grafting from - graf t ing  from occurs i f  an ac t ive  s i t e  

generated along a polymer backbone s t a r t s  to  propagate 

monomer i n  the  system and thus produces branches. 

, A A B A A  + B A A A A A  
I 

( c )  Step growth - polymer molecules containing functional 

groups such as  hydroxyl, carboxyl, amine, e t c . ,  may be 

chemically linked t o  form g r a f t  copolymers by a conden- 

sa t ion reaction.  

Among the  methods described, t he  "gra f t ing  from" technique o f f e r s  

a be t t e r  control  of s t ruc ture  and l e s s  homopolymer contamination. The tech- 

nique general l y  involves the introduction of  functional groups a t  posit ions 

along the  length of a polymer chain. The functional groups a re  act ivated by 

chemical, thermal o r  photochemical reac t ions  o r  by radia t ion and mechanical 

degration t o  generate f r e e  rad ica l s ,  anions or cat ions .  The "gra f t ing  onto" 

method usually r e s u l t s  i n  some unreacted homopolymer, and the  step-growth 

g ra f t  copolymerizations, due t o  t h e i r  d i -  o r  multi- functional nature,  would 

produce cross-linked systems. 
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A number of surveys dealing with g r a f t  and block coplymerizations 

have been pub1 ished (83 - 87)  and i t  i s  hence unnecessary t o  provide a com- 

prehensive review within the  scope of t h i s  t e x t .  

2.1.2. Anionic Graft Copymerization 

The synthesis  of well -defined block copolymers was f i r s t  described 

by Szwarc (88).  The reaction of metal1 i c  sodium w i t h  an aromatic hydrocarbon 

such as  naphthalene, i n  tetrahydrofuran, under proton donors f r ee  condit ions,  

y ie lds  a soluble  naphthyl radical anion. Addition of styrene t o  the  

system leads t o  e lect ron t rans fe r  from the naphthyl radical  anion t o  the 

monomer to  form a reddish s tyryl  radical anion. The react ion i s  generally 

believed t o  proceed as follows: 

N a C531 

CH2 = CH @ O  *CH2 - CH,  Na 

C541 

the i n i t i a t i o n  s t e p  i s  apparently n o t  completed un t i l  dimerization o f  

rad ica l s  take place: 

@ Q  0 2 -CH2 - C H ,  Na @ O  ~ a @ ,  CH - CH2- CH2- C H y  Na 

C551 
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Propagation therefore  proceeds a t  both ends by an anionic mechanism. I t  was 

demonstrated t h a t  the  polymer solution so formed s t i l l  contained ac t ive  polymer 

chains even when a l l  the  monomer had been consumed. The addit ion of f u r the r  

monomer t o  the  " l iv ing"  anions resul ted in t he  formation of a block copolymer. 

By analogy t o  the  polymerization w i t h  the  sodium-naphthalene 

complex, Rembaum e t  a1 (89) demonstrated t h a t  the  aromatic moieties in a 

polymer chain undergo the  same reaction.  Poly (4-vinyl biphenyl ) was a1 1 owed 

to  react  with sodium i n  ether-type solvents t o  form biphenyl radical  anions. 

The polyvinylbiphenyl sodium complex so formed was found t o  i n i t i a t e  the  

polymerization of s tyrene,  isoprene, a-vinyl  naphtha1 ene, and ethylene oxide. 

W i t h  ethylene oxide, g r a f t  copolymers were obtained. 

Following along the  same l i n e s ,  Goutiere e t  a1 (90) prepared the  

complex of poly (vinyl -2-fl uorene) with a1 kal i metal i n  anhydrous t e t r a -  

hydrofuran. The metalized polymers thus obtained, espec ia l ly  those containing 

lithium were capable of anionical ly  i n i t i a t i n g  the  g r a f t  copolymerization of 

vinyl monomers. 

Greber and Egle (91) prepared polymeric ketyls  by react ing sodium 

w i t h  poly (vinylbenzophenone) a t  room temperature. Using this complex, g ra f t -  

ing was i n i t i a t e d  w i t h  a c ry lon i t r i l e ,  methyl methacrylate, and 4-vinylpyridine. 

Sol ubl e organometall i c  macromolecules were a1 so formed by t he  

introduction of an a1 kal i metal in to  halogen-containing polymer mol ecul es  

(92).  Thus t he  chlor ine  i n  poly (p-chlorostyrene) was exchanged f o r  sodium 

by reaction of  sodium naphthalene in tetrahydrofuran and the  complex used t o  

i n i t i a t e  

branches 

of added 

the  g ra f t ing  of anionical ly  polymerizable monomers. The graf ted 

were reported t o  remain " l i ve"  

monomers t o  form a block-graft 

and permitted fu r the r  polymerization 

network. 
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Direct introduction of alkali metal sites on polymers by trans- 

metal at ion has been reported (93). Lithiated polydienes have been prepared 

by direct metalation of the diene polymers with sec-butyllithium and 

N,N,N1 ,N' - tetramethylethylenediamine. Reaction of the polyl i thiodienes 

with styrene or a-methylstyrene formed graft copolymers with high grafting 

efficiencies (94, 95) .  Coup1 ing reactions of 1 ithiated polymers with polymers 

containing certain end groups such as hydroxymethyl group (96, 97)  and 

chlorinated group (98 )  have also been utilized for the formation of graft 

copolymers. 



2.2 EXPERIMENTAL 

2.2.1. Chemical s and Their Purifications 

Styrene (ST), acryl oni t r i  1 e (AN), and methyl methacryl a te  (MMA) 

were dried over calcium hydride and vacuum d i s t i l l e d .  The central cuts were 

then"flash"disti l1ed i n  a vacuum l i n e  and stored in f lasks f i l led with purified 

nitrogen. 

N,N-dimethylformamide (DMF) was d i s t i l l e d  from barium oxide a t  

reduced pressure in a purified N 2  atmosphere and was co1 lected over molecular 

sieve type 4A and f ina l ly  red is t i l led  before use. 

Tetrahydrofuran (THF) was purified by a method described by Morton 

(99) and was stored in a vacuum line.  I t  was "flash" d i s t i l l e d  into the ce l l  

when used. 

Benzoyl chloride and nitrobenzene were similarly d i s t i l l e d .  

Tetraethyl ammonium perch1 orate (TEAP) was recrystal  1 ized from 

water and dried a t  80 - 100•‹C under reduced pressure fo r  48 t o  96 hours (100). 

lytes  were 

to use. 

2.2.2. 

Sodium tetraphenyl boride, NaPh4B, and other supporting el ectro- 

of highly purified comercial grades and were dried in vacuo prior 

Polymeri zation Procedure 

Poly(styrene) was prepared by anionic polymerization of styrene in 

benzene with n-butyllithium as in i t i a to r .  In some cases, styrene was polyner- 

ized in bul k by a thermal method. 

Poly(viny1benzophenone-co-styrene), PYBPIST, was prepared by allow- 

ing. poly(styrene) , anhydrous aluminum chloride, and benzoyl chloride t o  react  

in dry nitrobenzene for  20 hours. The polymer was precipitated in methanol 

and purified. 



The apparatus for  galvanostatic e lec t ro lys is  consisted of a 

divided H type e lec t ro lys is  ce l l  t o  which a co-monomer holder was attached. 

The electrodes were square platinum sheets, 2.5 cm X 2.5 cm. The ce l l  used 

to  conduct potent iostat ic  e lectrolysis  was of a similar design, except tha t  

an additional compartment was provided for  accommodating a reference elect-  

rode. The reference electrode was Ag/AgCl spiral  in DMF saturated with 

tetraethylammonium chloride. In the constant potential e lec t ro lys is ,  poly- 

(vinyl benzophenone) radical anions were generated i n  the presence of co- 

monomers. 

A KEPCO ABClOOO was used as a constant current supply. Controlled 

potential e lec t ro lys is  was carried out using a Princeton Applied Research 

Model 170 Electrochemical System (PAR 170). This instrument was capable of 

providing u p  t o  5 amps and the maximum voltage output of 90 vol ts  between the 

working and counter electrodes. I t  was suf f ic ien t  f o r  work carried out i n  the 

relat ively high resistance non-aqueous solvents used here. 

In a typical experiment, the required amounts of poly(viny1 benzo- 

phenone-co-styrene) and supporting electrolyte  were placed in to  the ce l l  . 
The ce l l  was attached t o  a vacuum l ine  and evacuated f o r  24 hours with inter-  

mitting heating. Solvent was then d i s t i l l e d  into the ce l l  from a graduated 

cylinder. The contents of the ce l l  were then thoroughly mixed and dis t r ibuted 

to  anode and cathode compartments. Current was passed through the ce l l  unt i l  

a persistent blue color, character is t ic  of P V B P T ,  was formed a t  the cathode. 

This indicated the complete removal of reactive impurities. Current reversal 

destroyed the radical anions and thus zero concentration of the radical anion 

could be achieved by t h i s  process of electrochemical t i t r a t i o n .  A known 



charge was passed through the solution until  the solution turned dark blue. 

The concentration of PVBP: was determined by t i t r a t i o n  with d i lu t e  HC1. To 

th is  solution, monomer, previously purified and degassed by al ternate  

freeze-and-thaw cycles, was added. The polymerization was allowed to  proceed 

for 2 to  10 hours. 

2.2.3. Vol tammetry 

Cyclic voltammetric measurements were carried out with a PAR 

Model 170 Electrochemical System in a three-compartment c e l l ,  similar t o  the 

one described in the previous chapter. The working electrode was a platinum 

disk sealed in sof t  glass and polished on a surface of ground glass. The 

reference electrode was Ag/AgC1 or ,  in cases when only potential differences 

were measured, a s i lve r  wire reference was employed, (101). A coil  of p l a t i -  

num wire served as the counter electrode. About 10 g neutral alumina were 

added to 50 ml solution t o  be measured and the mixture was s t i r red  while i t  

was flushed with purified N 2  prior  to  vol tammetric measurements (102). 
9 

The rotating ring-disk electrode and i t s  associated apparatus a r e  

the same as those described in Section 1.2.1. The detailed experimental 

procedure will be described in the next chapter. 

2.2.4. Characterization Procedure 

Visible spectra of the radical anions were determined with a 

Cary 17 spectrophotometer using a closed quartz ce l l  equipped with a spacer 

for  adjusting the absorbance and a self-sealing rubber cap for  the intro-  

duction of the radical anion solution by syringe. The ce l l  was dried in 

vacuo and flushed with dry argon. 



U1 t r a y i o l e t  spectra of poly (yi  nyl benzophenone-co-styrene) were 

a l so  recorded on a Cary 17 spectrophotometer using benzene as a solvent.  

Infrared spectroscopic ana lys i s  of t h e  copolymers was carr ied out 

on a Perkin-Elmer 457 IR spectrophotometer employing the  KBr pressed disk  

technique. 

Elemental analys is  of the  polymers was performed on a Perkin-Elmer 

El emental Analyzer M240. 

I n t r i n s i c  viscosi ty  of t he  polymer solut ions  before and a f t e r  

e l ec t ro ly s i s  was measured i n  a Ubbelohde suspended level d i lu t ion  viscorneter 

in DMF a t  30 + 0.05'C. 

Gel permeation chromatograms were obtained from a modified Waters 

Associates Model GPC/ALC301 using d i l u t e  polymer solution in  e i t he r  THF or  

DMF a t  flow r a t e  o f  1 ml/min. The chromatograph was equipped w i t h  a pump, 

a U6K in jec tor  and a d i f f e r en t i a l  r e f r ac t i ve  index detector .  I t  contained 

5 four p - s ty r age l  columns packed t o  t he  nominal exclusion l i m i t  of lo6, 10 , 
5 4 O  10 , 70 A and was operated a t  ambient temperature. 



2.3 RESULTS AND DISCUSSION 

2.3.1 Preparation of Po1 y (vi  nyl benzophenone-co-s tyrene)  (PVBP-ST) 

Poly(viny-1 benzophenone-co-styrene) used i n  the  e l ec t ro ly s i s  

experiments was prepared by the Friedel-Crafts reaction (103) of polystyrene 

w i t h  benzoyl chlor ide  and aluminum chloride i n  nitrobenzene. 

The polymer was precipi ta ted i n  methanol and washed w i t h  excess 

methanol un t i l  i t  was f r ee  from nitrobenzene. The product obtained can be 

considered a s  a copolymer of styrene and 4-vinylbenzophenone. The benzo- 

phenone content  of the  polymer was controlled by adjust ing the  s toichio-  

metric r a t i o  o f  the  reactants .  The compositions were determined from the  UV 

spectra as  we1 1 a s  elemental analyses, correspond ing t o  80%, 50%, 35%, and 15% 

vinyl benzophenone. 



2.3.2.  Electro-reduction of Poly(viny1benzophenone) 

Cycl i c vol tammograms of pol y(vi  nyl benzophenone) in DMF so1 u t i  on 

containing 0.12M TEAP a t  a micro-platinum elect rode a r e  shown in Figs. 15 

and 16. When the  sweep i s  l imited t o  the  range corresponding t o  the addit ion 

of one e lect ron,  a symmetrical t race  i s  obtained. This i s  typical  of a 

revers ible  one-electron t r ans f e r  reaction which forms a product w i t h  s u f f i c i e n t  

s t a b i l i t y  t o  leave t h e  di f fus ion layer.  The experimental t r a c e  i s  shown i n  

Fig.15. W i t h  a more cathodic bias a peak i s  formed which corresponds t o  the  

addition of a second e lect ron , b u t  t h i s  peak has no anodic counterpart(Fig.  16) .  

This indicates  t h a t  the reduction of the  benzophenone radical  anion attached 

to  the  polymer chain i s  accompanied by a rapid i r r eve r s ib l e  protonation reac- 

t ion.  I t  i s  possible t h a t  the electron t r ans f e r  s t e p  i s  revers ible .  These 

r e su l t s  a re  cons i s ten t  w i t h  the  mechanism proposed fo r  the  reduction of 

unsubstituted benzophenone and can be represented as  



FIGURE 15: C Y C L I C  VOLTAMMOGRAM O F  POLY ( V I N Y L B E N Z O P H E N O N E )  

FOR T H E  F I R S T  ONE- ELECTRON T R A N S F E R  REDUCTION 

4.8 mM based on benzophenone res idue  i n  DMF w i t h  

0.12 M TEAP i n  t h e  presence o f  suspended alumina; 

sweep r a t e  = 250 mV/sec. 



VOLTS vs Ag/Ag CI 



FIGURE 16: CYCLIC VOLTAMMOGRAM OF POLY(VINYLBENZOPHEN0NE) FOR 

THE FIRST AND SECOND ONE- ELECTRON REDUCTIONS 





Diff icul t ies  were encountered when attempts were made to carry 

out voltammetric measurements for  PVBP in THF with NaPh4B. Although i t  was 

possible to  measure the peak potentials fo r  the two one-electron transfers 

a t  low concentrations of NaPh4B and the values were comparable to  those 

found in DMF, the amount of s a l t  could not be increased s ignif icant ly without 

encountering serious problems with deactivation of the electrode which resulted 

in very i r reversible  vol tammograms , t h u s  rendering the measurements meaning- 

less .  

Macro-electrolyses were also conducted e i ther  in DMF with te t ra -  

ethyl ammonium perchlorate (TEAP) as a supporting electrolyte  or in THF with 

sodium tetraphenylboride as a supporting electrolyte .  In both cases, the 

character is t ic  dark blue color of the polyradical anion formed immediately a t  

the cathode. The revers ib i l i ty  of the electron t ransfer  reaction was evident 

by the disappearance of the charac ter i s t ic  color when the current polar i t ies  

were reversed. When a suff ic ient ly  high current was passed to  the solution 

of PVBP with NaPh4B in THF, the reddish-violet colored PVBP dianion was 

formed a t  the cathode electrode. Current reversal caused the color to  change 

from reddish v io le t  to  blue and then colorless.  The electro-reduction of 

PVBP tha t  undergoes two consecutive reversible one-electron t ransfers  i s  thus 

evident. 

2.3.3. Synthesis of Graft Copolymers 

PVBP' was produced in DMF with TEAP through potentiostatic electro- 

ly s i s  a t  -1.5 V vs Ag/AgCl or through galvanostatic e lectrolysis  a t  10 - 15 

mA. The PVBP' generated in t h i s  medium appears t o  be f a i r l y  s tab le  and retains  

i t s  ac t iv i ty  for  a considerable time. When acry loni t r i le  was added to the 



blue solut ion,  an instantaneous color change was observed. The dark orange 

solution t ha t  formed yielded yellow po lyacry lon i t r i l e  polymer. This coloration 

i s  a t t r ibu ted  t o  the cyclization of the  - E N  groups, an e f f e c t  well estab- 

l ished fo r  anionical ly  prepared po lyacry lon i t r i l e .  Methyl methacrylate was 

l e s s  rapidly polymerized a s  shown by t he  gradual change of the  cha rac t e r i s t i c  

blue to  a l i g h t  yellow. The quan t i t a t ive  evaluation of e f f ec t i ve  concentra- 

t ion of radical anion (graf t ing s i t e )  i n  DMF was complicated by the  occurrence 

of s ide  reactions.  A1 though coulornetric experiments indicated t ha t  a l l  

benzophenone moieties were reduced, i t  was estimated t ha t  l e s s  than half 

of the  PVBPT remained ac t ive  a t  the  end o f  t h e  e l ec t ro ly s i s .  The radical  

anions can dirnerize t o  give pinacolate,  o r  t h e i r  concentrations may be gradu- 

a l l y  decreased by scavenging e f f ec t s  of slowly reacting impurit ies,  of the  

sol vent ( D M F )  o r  of the  t e t r a a l  kylamrnoni um perch1 orate .  The dimerization 

was, however, thought t o  be ins ign i f ican t  a s ,  otherwise, cross-linked 

insol ubl e gels woul d be expected. 

Galvanostatic e l ec t ro ly s i s  was a l s o  performed w i t h  PVBP i n  THF 

w i t h  NaPh4B. The polyradical anions generated i n  t h i s  medium were very s t a b l e  

and no decomposition could be detected experimentally. W i t h  prolonged elec- 

t r o l y s i s ,  the  polydianion was produced as  indicated by the  appearance of the  

reddish-violet co lor  cha rac t e r i s t i c  of t he  benzophenone dianion. I t  was thus 

possible t o  control the  conversion of PVBP t o  PVBP: by adjusting the conditions 

of e lec t ro lys i s .  I t  was found t h a t ,  as  a r e s u l t  of intermolecular dimeri- 

za t ion,  a considerable amount of dark blue gel precipi ta ted out i n  the  course 

of e l ec t ro ly s i s  i n  cases where polymers containing 80% vinyl benzophenone were' 

used' as  backbone polymers. These insoluble ge l s ,  although as  ac t ive  a s  t he  
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soluble PVBP7, made i t  d i f f i c u l t  t o  study the  subsequent g r a f t  copolymeri- 

zat ion.  However, when the vinylbenzophenone content  of the  copolymer was 

l e s s  than 35%, l i t t l e  o r  no gel was detected i n  the  so lu t ion  even a t  high 

conversion t o  PVBP;. Intramolecular cyc l i za t ion  was a l s o  not detectable  as  

evidenced by the  constancy of the  i n t r i n s i c  v i s c o s i t i e s  before and a f t e r  

e l e c t ro ly s i s .  

The v i s i b l e  spectrum of PVBPy produced electrochemically i n  

THF/NaPhqB exh ib i t s  a maximum a t  645 nm (Fig.  17) .  A s l i g h t  d i f ference i n  

the maxima can be seen when the  spectrum of PVBPr i s  compared w i t h  t h a t  of 

BP-. This change, a t t r i bu t ed  t o  t he  decrease i n  interatomic separation of 

the  radical  anion and i t s  counter ion,  r e f l e c k t h e  decrease i n  the  chemical 

r e ac t i v i t y  of the  radical  anion and t h e  increase i n  e l ec t ron  a f f i n i t y  of the  

BP when subs t i tu ted  on a vinyl polymer backbone (106). 

The r e s u l t s  of g ra f t ing  experiments a r e  compiled in Table 9 .  



FIGURE 17: V I S I B L E  SPECTRA OF BENZOPHENONE AND 

POLY (VINYLBENZOPHENONE) RADICAL ANIONS IN THF 





TABLE 9 

GRAFT COPOLYMERIZATION BY POLYVINYLBENZOPHENONE RADICAL ANION 

BACKBONE SUPPORTING APPROXIWTE 
POLYMER SOLVENT ELECTROLYTE CURRENT MONOMER YIELD 

80% PVBP DMF 0.12 M TEAP 10 mA 2.4 g AN 50% 
0.120 g 

80% PVBP 
0.110 g 

80% PVBP 
0.213 g 

35% PVBP 
0.250 g 

35% PVB 
0.250 g 

15% PVBP 
0.450 g 

50% PVBP 
0.420 g 

DMF 0.12 M TEAP 15 mA 0.8 g AN 40% 

DMF 0.12 M TEAP 15 mA 2.7 g WA 5% 

TH F 2.5 X I O - ~ M  7 mA 2.3 g MMA 7 0%* 
NaPh4B 

TH F 2.5 X ~ o - ~ M  20 mA 2.3 g MMA 1 OO%* 
Nap h4B 

TH F 2.5 X ~ o - ~ M  5 mA 1 .5  g MM 50%* 
NaPh4B 

TH F 2.5 X 1 0 ~ ~ ~ 1  5 mA 2.6 g MMA 90% t 

Polymerization conducted a t  10•‹C. 

Reaction Time: 10 hours. 

* Product contaminated w i t h  poly MMA. 

t Graft copolymerization was conducted in a separate  f l a s k  a f t e r  removal 
of meta l l i c  sodium from polyradical anion solut ion.  Only g r a f t  
copolymer was obtained. 



With the system PVBP/AN/TEAP/DMF y i e l d s  of up t o  50% based on AN 

monomer were observed. However, only low y i e ld s  were obtained with MMA in 
, 

the same reaction medium of TEAP/DMF. The lower r eac t i v i t y  of MMA as con- 

t ras ted  t o  AN towards anionic i n i t i a t o r s  is  probably t he  explanation fo r  t h i s  

d i f ference in y ie ld .  A g rea t ly  improved y i e ld  was obtained with MMA when 

NaPh4B was employed as a supporting e l ec t ro ly t e  and high concentration of 

PVBP; could be generated and maintained. The polymerization was, however, 

complicated by the  presence of Na which was simultaneously generated during 

the  e l ec t ro ly s i s  and competed w i t h  PVBPS f o r  MMA, r e su l t ing  in the formation 

of homo PMMA. Upon removing the Na from the  system, only g r a f t  copolymer was 

formed. 

2.3.4. Characterization of Polymers 

When the  polymers resu l t ing  from the  in te rac t ion  of PVBP: with 

a c r y l o n i t r i l e  were subjected t o  Soxhlet extract ion with chloroform, a good 

solvent f o r  PVBP and a non-solvent f o r  PAN, f o r  48 hours, l i t t l e  o r  no homo- 

polymer could be extracted.  The IR spectra of the  polymer before and a f t e r  

extract ion showed absorption bands a t  2240 cm-l (-C I N), 1660 cm-l (benzo- 

phenone) and 700 cm-' (subst i tu ted benzene), suggesting t h a t  the  copolymer 

of ST/VBP-g-AN was formed (Fig. 18). Further evidence f o r  the  formation of 

g r a f t  polymers appears i n  the  gel permeation chromatograms of the  reaction 

crude product and of the  backbone polymer as shown i n  Fig. 19. Although the  

chromatograms obtained from DMF solvent a r e  somewhat skewed, the  r e su l t s  

c l ea r ly  confirmed t h a t  AN was successfully graf ted t o  the  base polymer. The 

grafted product lacked the  peak cha rac t e r i s t i c  of t he  ungrafted subst ra te  

'and 'displayed a new peak displ  aced f a r  toward t he  high molecular weight 



FIGURE 18: INFRARED SPECTRA OF A, POLY(VINYLBENZOPHEN0NE) 

BACKBONE, AND B, POLY (VINYLBENZOPHENONE-G- 

ACRYLONITRILE) 





FIGURE 19: GEL PERMEATION CHROMATOGRAMS OF 

A, POLY (VINYLBENZOPHENONE) BACKBONE, AND 

B, POLY (VINYLBENZOPHENONE-G-ACRYLONITRILE) 
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ion. I t  i s  qu i te  s ign i f ican t  t ha t  the  GPC of t he  react  ion product showed 

a s ing le  peak on material not subjected t o  fu r the r  pur i f icat ion t o  remove 

homopolymer of PAN. This r e su l t  points t o  a high graf t ing eff ic iency i n  the  

reaction.  

The IR spectrum of the  reaction product from PVBP/TEAP/DMF/MMA 

possessed absorption band a t  1725 cm-' , c h a r a c t e r i s t i c  of ac ry la te ,  and 

1660 cm-l (benzophenone) as  we1 1 as 700 cm-' (monosubsti tu ted benzene) 

(Fig. 20). Extraction of the reaction product w i t h  hot a c e t o n i t r i l e  (a sol -  

vent fo r  PMMA and a non-solvent f o r  PVBP) gave no soluble f rac t ion .  T h i s  

indicates  t h a t  the  ac ry la te  groups a r e  chemically bonded t o  the base polymer. 

The G P C  of the  reaction product has a s i ng l e  broad peak a t  an e lut ion volume 

s l i g h t l y  l e s s  than t ha t  of the  base polymer and exh ib i t s  a high molecular 

weight t a i l .  T h i s  pattern substant ia tes  t he  formation of g r a f t  polymer 

(Fig. 21). 

The gel permeation chro~natogram of t he  samples prepared from 

PVBP/NaPh4B/THF/MMA exhibi ts  a bimodal d i s t r i bu t i on  shown i n  Fig. 22;  

evidently the  samples were mixtures of PMMA and copolymer of STIVBP-g-MMA. 

Attempts t o  ex t r ac t  homo PMMA w i t h  hot a c e t o n i t r i l e  resul ted i n  a  hazy solu- 

t ion ,  which was d i f f i c u l t  t o  separate.  The formation of homopolymer of MMA 

was not surpr is ing f o r  t h i s  reaction system. The electrochemical reduction of 

PVBP t o  i t s  radical-anion may lead t o  the  concurrent reduction of NaPh4B t o  

f r e e  Na. 

~a~ t e a t  > N a 
cathode 

CH 3 
I iH3 

Na + CH2 = C - CH2-C- Polymer 1591 
t o o c ~  , COOCH , 



FIGURE 20:  INFRARED SPECTRUM OF POLY (VINYLBENZOPHENONE-G- 

METHYL METHACRY LATE) 





FIGURE 21: GEL PERMEATION CHROMATOGRAMS OF 

A, POLY (VINYLBENZOPHENONE) 

B, PRODUCT OBTAINED FROM PVBP/MMA/TEAP/DMF 

Solvent:  THF 



ELUTION VOLUME -1 ml 



FIGURE 22: GEL PERMEATION CHROMATOGRAMS OF 

A, POLY ( VINYLBENZOPHENONE) 

B, PRODUCT OBTAINED FROM PVBP/MMA/NaPh4B/THF 

Solven t :  THF 



ELUTION VOLUME - 1 ml 



In the  galvanosta t ic  e l e c t ro ly s i s ,  t h e  potent ia l  i s  not controlled and this 

competitive reduction can be expected. 

To corroborate t h i s  view, a g r a f t  copolymerization was conducted 

i n  a second f l a s k  containing MMA, t o  which polyradical anion was f i l t e r e d  

and t ransferred i n  a closed system. The GPC t r a ce  of the  samples obtained in 

this manner, which i s  shown in Fig. 23, indeed gives a s ing le  peak a t  the  h i g h  

molecular weight region with t he  complete absence of the  second peak previously 

a t t r i bu t ed  t o  t h e  i n i t i a t i o n  by meta l l i c  sodium. 

2.3.5. I n i t i a t i o n  Mechanism of Polyvinylbenzophenone Radical Anion with 

Methyl Methacryl a t e  

The formation of g r a f t  copolymer i s  consis tent  with the  mechanism 

t h a t  the  i n i t i a l  s t ep  i s  t he  formation of t he  adduct between the  alkoxide 

anion and a vinyl monomer as  suggested by Greber (91) and Braun (107). 

The radical  end is  considered t o  be too  s t a b l e  t o  a t t ack  the  double bond of 

t h e  monomers and i s  probably destroyed by hydrogen abst ra t ion (108).  

Although a number of s tud ies  have been made on anionic polymeri- 

b 
zat ion i n i t i a t e d  by benzophenone radical-anions (10, 108 - 112), they have 

led t o  two con f l i c t i ng  views on the  i n i t i a t i o n  mechanism of t h i s  polymeri - 

zat ion.  
$ 



FIGURE 23: GEL PERMEATION CHROMATOGRAMS OF 

A, POLY (VINYLBENZOPHENONE) 

B, POLY ( VINYLBENZOPHENONE-G-METHYL METHACRYLATE 

So lven t :  THF 





~ e n g o l i  ( l o ) ,  i n  a s tudy  o f  the i n t e r a c t i o n  between BP; and MM,suggested t h a t  

e l e c t r o n  t rans fe r  t o  monomer from a d ian ion ,  which was formed by d ismuta t ion  

of BP; (BP; c BP: # BP= + BP), was the  i n t i a t i n g  s tep .  Z i l k h a  (110) and 

Ogasawara ( I l l ) ,  on the  o the r  hand, favored  the  adduct mechanism. 

The r e s u l t s  obta ined from the  p resen t  s tudy  s t r o n g l y  i n d i c a t e  

t h a t  t he  adduct format ion i s  t h e  i n i t i a l  r e a c t i o n  as g r a f t  polymers would 

n o t  be formed by the  e l e c t r o n  t r a n s f e r  mechanism. However, an a l t e r n a t i v e  

mechanism, pos tu la ted  by Panayotov (112),  o f  e l e c t r o n  t r a n s f e r  t o  monomer 

from BP;, f o l l owed  by the  i n t e r a c t i o n  o f  growing po lymer ic  anion w i t h  benzo- 

phenone, i s  compat ib le  w i t h  the  g r a f t  f o rma t i on  ( Eqs. C611 t o  C631). 



To d i f f e r en t i a t e  the two possible i n i t i a t i o n  mechanisms, i  .e. 

E q .  [601 and Eqs. 1613 through 1631, polymethyl methacrylate anions (PMMA-) 

were allowed t o  react  with PVBP and the resu l t ing  product was compared w i t h  

the product obtained from the reaction between PVBP: and MMA. The reactions 

were ca r r ied  out using vacuum l i n e  techniques w i t h  break seal system as 

i l l u s t r a t e d  i n  Fig. 24. 

Poly MMA anions were obtained from the  react ion of methyl meth- 

acryla te  w i t h  a predetermined amount of sodium-naphthalene in THF a t  -70•‹C. 

A yellow colored viscous solut ion,  cha rac t e r i s t i c  of poly MMA anion, was 

formed immediately a f t e r  the  MMA was mixed w i t h  Sodium-naphtha1 ene. The 

addition of PVBP t o  the poly MMA anion solut ion brought about a sudden 

change in color  of the  solution from yellow t o  green which slowly turned t o  

ye1 low again. The electron t rans fe r  reaction I641 was evidently taking place. 

The gel permeation chromatographic analysis  of t h e  react ion product showed 

no change i n  e lu t ion volume of PVBP. This indicated t h a t  the  addition react-  

ion between PVBP and poly MMA anion Eq.1631 did not occur. 

A pa ra l l e l  experiment was conducted f o r  t he  react ion of PVBP: and 

monomeric MMA under s imi la r  conditions. The dark blue color  of the  PVBP: 

i n  THF, f r e e  from metal 1 i c  sodium, gradually disappeared a f t e r  MMA was added 



FIGURE 24: APPARATUS FOR MECHANISTIC STUDIES OF GRAFTING REACTIONS 





t o  the solut ion,  r e su l t i ng  in a highly viscous solut ion.  A substant ia l  

increase in molecular weight of  t he  reaction product i n  comparison with t h a t  

of the  parent PVBP indicated the  formation of g r a f t  copolymer. The r e su l t s  

thus show qui te  conclusively t ha t  the  adduct mechanism (react ion [601 ) is t he  

most l i ke ly  route f o r  the  i n i t i a t i o n  reaction.  

2.3.6. In teract ion of Benzophenone Radical Anion with Acryloni t r i le  

The ro ta t ing  r ing disk electrode (RRDE)  was a l so  employed in 

attempts t o  e luc ida te  the  k ine t ic  and mechanistic aspects of the reaction 

between P V B P l  and AN. For simp1 i c i  ty ,  benzophenone was u t i l i z ed  in place of 

poly(viny1 benzophenone) , a1 though ident ical  r e s u l t s  were obtained with PVBP. 

The deta i led account of the  electrochemical behavior of BP and BP subst i tu ted 

onto a polymeric chain wi l l  be given in Chapter 3. 

The RRDE voltammogram of 5 mM BP w i t h  0.1 M TEAP i n  DMF i s  shown 

i n  Fig. 25. The disk  potential  was swept negatively from -1.30 vol ts  t o  

-2.10 vol ts  vs. a Ag reference electrode and the  l imi t ing  disk  current  corre-  

sponded t o  t h e  one-electron t r ans f e r  of BP t o  BP-. The r ing  potential  was 

maintained a t  -1 .OO vo l t s  so  t h a t  a l l  the BP: reaching the  r ing was oxidized 

t o  BP. The co l lec t ion  e f f ic iency  under t h i s  condition was ident ical  t o  the  

value expected from the  e lect rode geometry, indicat ing the  absence of any 

secondary react ions  w i t h i n  the  time sca le  of measurements. 

When 6.5 mM of AN-were added t o  the  so lu t ion ,  a decrease in disk  

current  ( i d )  corrunencing a t  approximately -2.0 vo l t s  was observed. The magni- 

tude of the  r ing  cur ren t  a t  t h i s  potential  decreased accordingly. This i s  

shown in Fig. 25 w i t h  curve B .  A fu r ther  increase in the  concentration of AN 



FIGURE 25: RRDE VOLTAMMOGRAMS OF 

A : 5 rnM BENZOPHENONE/O.lO M TEAP/DMF AND 

B : 5 rnM BENZOPHENONE/6.5 m M  ACRYLONITRILEI 

0.10 M TEAP/DMF , 



Disk Potential (Volts) 
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to  13.1 mM resulted in a s ignif icant  change in the current-potential curves 

as i l lus t ra ted  i n  Fig. 26 (curve A ) .  The i d  exhibits a short  l imiting current 

plateau a f t e r  which the current drops considerably. By extending the potential 

beyond -2.1 vol ts ,  a t  which the AN began to be reduced, the id increased as a 

resul t  of the electro-reduction of AN.  However, the increase in i r  a t  the 

disk potential corresponding to  the reduction of AN was a l so  observed. I t  i s  

known that  the electrochemical reduction of AN i s  i r reversible .  A RRDE study 

with AN only produced a disk current a t  the similar potential with no ring 

current. The increase in i ,  a t  the potential where AN i s  reduced i s  evidently 

due to  the formation of BPr from the solution reaction of BP with AN-. An 

increase in conc. of AN to  40 mM only gave a current maximum followed by 

the total  disappearance of the current in the current-potential curve (Fig. 26, 

curve B ) .  

The decreases in the disk and ring currents a t  the potentials 

where only benzophenone can be reduced ( ~ i g .  25, 26) a re  somewhat unexpected. 

A decrease of current with increasing potential has been observed in the 

case of electrode passivation (113). Passivation i s  the inhibition of an 

electrochemical process due t o  changes of the electrode surface. However, 

blank runs conducted with AN and TEAP in DMF did not show such decreases in 

currents in the potential range under investigation. In addition, repe t i t ive  

runs of the solution containing B P ,  AN, and TEAP in DMF gave reproducible 

current-potential curves. These resu l t s  suggest t ha t  neither adsorption nor 

polymer coating i s  the factor  contributing t o  the observed vol tammetric 

behavior. 



FIGURE 26: EFFECT OF ACRYLONITRILE CONCENTRATION ON REDUCTION 

OF BENZOPHENONE IN DMF 

Ar and Ad : Ring and disk currents  of so lu t ion  
i 

containing 

5 mM Benzophenone/l3.1 mM Acryl oni t r i  1 e/  

0.10 M TEAP/DMF 

Br and Bd : Ring and d i sk  currents  of solut ion 

containing 

5 mM Benzophenone/40 mM Ac ry lon i t r i l e l  

0.10 M TEAP/DMF 





The fac t  t h a t  the decrease i n  c u r r e n t  i s  dependent upon the  

concent ra t ion  of  AN imp l i es  the  ex is tence o f  a  chemical stage i n v o l v i n g  the  

i n t e r c e p t i o n  of incoming benzophenone molecules t o  t h e  d i s k  e lec t rode.  The 

reac t i ons  t a k i n g  p lace a t  t he  e lect rodes and i n  s o l u t i o n  may be represented 

by the  f o l l o w i n g  scheme: 

a t  t he  d i s k  BP + e  -+ BP' C65 I 
AN 

i n  s o l u t i o n  BP: + AN ---, OBPAN- -- - ----AN-  C661 

a t  t h e  r i n g  BP; BP + e  C68 1 

The AN anion formed through r e a c t i o n  1661 can r e a c t  w i t h  benzophenone supp l ied  

t o  the  e lec t rode  by convect ive d i f fus ion ,  regenera t i ng  BPT. The de tec t i on  o f  

BP; a t  the  r i n g  e lec t rode  when AN i s  d i r e c t l y  reduced a t  t he  d i s k  e lec t rode  

i s  d i r e c t  evidence fo r  t he  occurrence o f  t h e  e l e c t r o n  t r a n s f e r  r e a c t i o n  C671. 

A  s i m i l a r  r e a c t i o n  was observed i n  t h e  r e a c t i o n  o f  p o l y  NMA anion w i t h  PVBP, 

w h i l e  Iwakura (114) repor ted  the  e l e c t r o n  t r a n s f e r  r e a c t i o n  o f  a-methylstyrene 

anion t o  benzophenone. 

I t  i s  obvious tha t ,  i n  t he  l i m i t i n g  c u r r e n t  region,  the r a t e  of 

e lec t rode  r e a c t i o n  i s  d i f f u s i o n  c o n t r o l l e d ,  and t h a t  i n  t h e  reg ion  o f  minimum 

cur ren t ,  t he  r a t e  i s  k i n e t i c a l l y  c o n t r o l l e d .  To show t h a t  t he  anomalous 

c u r r e n t - p o t e n t i a l  curve i n  t he  presence o f  AN i s  associated w i t h  the  k i n e t i c s  

of t he  s o l u t i o n  reac t ions ,  t he  scan r a t e  o f  t h e  d i s k  p o t e n t i a l  was var ied.  

A t  a low scan r a t e  (10 mV/sec), a  r a p i d  decrease i n  c u r r e n t  was observed 

(F ig.  27, curve A). A t  moderate scan r a t e  (50 mV/sec) t h e  decrease i n  c u r r e n t  

commenced a t  a more negat ive  p o t e n t i a l ,  and a t  a  f a s t  scan r a t e  (500 mV/sec) 

the  c u r r e n t - p o t e n t i a l  curve was c lose  t o  normal (curve  C ) .  I t  can be v i s u a l i z e d  



FIGURE 27: EFFECT OF SCAN RATE ON LIMITING DISK CURRENT 

A : 10 mV/sec 

B : 50 mVlsec 

C : 500 mV/sec 

i n  s o l u t i o n  c o n t a i n i n g  8 mM Benzophenonel28 mM 

Ac ry l  o n i  tr i 1 el0.12 M TEAP/DMF/25'C 
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t h a t ,  a t  su f f i c i en t l y  slow r a t e s ,  d i f fus ion processes a r e  able  t o  follow 

the changes of concentrations a t  areas  immediately below the  electrode.  I f  

chemical processes a r e  f a s t e r  than di f fus ion processes, a decrease in current  

can be expected. 

The r e s u l t s  obtained thus suggest t h a t ,  i n  the  presence of AN,  t h e  

electro-reduction of BP i s  followed by a s e r i e s  of f a s t  chemical reactions 

( E C  processes) which i n t e r f e r e  with the  subsequent electrode reaction.  The 

BP' generated i n i t i a l l y  a t  the  disk  e lect rode reac t s  w i t h  AN t o  form AN- 

which, i n  turn, reacts  with BP. Under ce r ta in  condit ions,  i t  i s  possible t ha t  

BP i s  supplied t o  the  electrode a t  a r a t e  equal t o  t h a t  of chemical reaction 

(Eq. C671); reactions C671 and c661 take place i n  tu rn ,  r e su l t i ng  i n  a 

rapid decrease i n  disk current .  

The electrochemical formation of g r a f t  copolymers and the use of 

electrochemical methods t o  probe the  reaction mechanism were demonstrated. 

The hork points t o  a number of p o s s i b i l i t i e s  of electrochemical synthesis  

of polymers with spec i f ic  s t ruc tures .  For example, polymers with su i t ab ly  

placed e lec t roac t ive  groups may be employed to  form block , s t a r  , and 

comb polymers in  a manner s imi la r  t o  t h a t  described in t h i s  chapter. I f  

a base polymer molecule contains both electro-reduci ble and oxidizable 

groups, polyradical anions and cat ions  may be generated a t  su i t ab l e  s tages  

to  incorporate monomers t ha t  a re  polymerizable only by anionic and ca t ion ic  

mechanisms i n to  the  molecular framework. The f u l l  control of the  e lec t ro -  

chemical modification o f  polymers such as the  number and the  length of 

branches, however, requires a system t h a t  combines resonable conductivity,  

chemical compatibil i ty,  and adequate s o l u b i l i t y  cha rac t e r i s t i c s .  As the  



cho ice  of s o l v e n t s  and of suppo r t i ng  e l e c t r o l y t e s  i s  . s t i l l  l i m i t e d ,  many 

p romis ing  e l ec t rochemica l  systems have n o t  been u t i l i z e d  under i d e a l  

cond i t i ons .  
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CHAPTER I11 

ELECTROCHEMICAL BEHAVIOR AND 

CHARACTERIZATION O F  POLY (VINYLBENZOPHENONE) 

3.1. INTRODUCTION 

Electroact ive  polymers possess groups suscept ible  to electron 

t rans fe r  reac t ions  a t  electrodes.  For revers ib le  e lect ron t r ans f e r ,  the  

polymers a re  c l a s s i f i e d  as el ec t ron- t ransfer  or  redox polymers. 

Studies  of the behavior of e l ec t roac t i ve  or  redox groups incorp- 

orated in to  macromolecular s t ruc tures  or  polymer systems a re  of both theo- 

r e t i c a l  and prac t ica l  importance. The presence of the macromolecular 

s t ruc ture  may confer new, d i s t i n c t i v e ,  and sometimes unusual propert ies on 

the functional group and on the  molecule. These a r e  exemplified by the  

a b i l i t y  of a s i ng l e  molecule t o  accept o r  r e l ea se  a l a rge  number of e lec t rons ,  

by the  changes i n  r e a c t i v i t y  and in  electrochemical behavior of the  functional 

group (120, 123 - l X ) ,  and by the  development of polymer modified e lect rodes  

(129 -131). This type of polymer may a l so  be considered as e lec t roac t ive ly  

tagged polymers and e lect roanalyt ical  techniques may be used t o  character ize  

them. 

An important approach to  the  study of t h i s  type of reac t ive  polymer 

has been based on the  comparison of the  electrochemical behavior of the 

polymeric molecule and the  small molecule of analogous s t ruc ture .  Invest i -  

gations on oligomeric molecules containing ce r t a in  redox groups have indicated 

t h a t  the functional  behavior and chemical s t a b i l i t y  of a molecule a r e  

i gurational  and environmental remarkab l y  affected by various s t r u c t u r a l ,  conf 



f a c t o r s .  The grea te r  degree of r egu l a r i t y ,  and the  lower degree of f l ex i -  

b i l i t y  of the macromolecular s t r uc tu r e ,  compared w i t h  a random association 

of monomeric un i t s ,  may exer t  an e f f e c t  on the  interconversion of the  

redox couple i n  the  polymer system. The neighboring group interact ion,  

the molecular weight, the length of i n e r t  bridging which separ tes  the ac t ive  

centers and the  so lub i l i t y  of polymers have a l l  been shown t o  a f fec t  the  

electrochemical behavior of the  functional groups attached t o  ' the backbone 

of t he  macromolecule. On the other  hand, f o r  polymers containing mu1 t i p l e ,  

non-interacting redox centers ,  a recent  repor t  (127)  indicated t ha t  e l  ectro- 

chemically the ac t ive  centers behaved independently and were not influenced 

by the  macromolecular environment. 

Electron t rans fe r  processes may be investigated experimentally 

by vol tammetric and coulometric methods. The e lect rode in these methods 

may be viewed as  analogous t o  a "molecule" t h a t  has a continuously adjust-  

able chemical potent ia l .  Intramolecular e f f e c t s ,  such as neighboring 

group in te rac t ions ,  may be evident i n  the voltammetric behavior of d i l u t e  

polymer solut ions ,  in comparison w i t h  monomeric model compounds. The 

posit ions of peak po ten t ia l s ,  t h e i r  symmetry and r e v e r s i b i l i t y ,  and the  

magnitudes of l imi t ing  currents can serve t o  probe the  s t ruc ture  of the  

macromolecule; these  parameters can be in terpreted through well established 

el ectrochemical theory. Intermol ecul a r  e f f e c t s  due t o  dimerization, 

entanglement, v i scos i ty ,  and re la ted  phenomenological e f f ec t s  may become 

evident in a more concentrated solut ion.  

T h i s  chapter deals w i t h  the electrochemical behavior and charact- ' 

er iza t ion  of benzophenone , pol y ( v i  nyl benzophenone) and poly(viny1 benzophenone- 

co-styrene) a t  so l i d  electrodes.  The ex ten t  of neighboring group in te rac t ions  



was studied f o r  polymers of identical  chain length w i t h  varied spacing between 

the e lec t roac t ive  centers .  The number of e lect ro-reducible  groups was invest i -  

gated as  a function of the chain length of polymers. The re la t ionship  between 

1 imi t i ng  cur ren t ,  measured a t  a ro ta t ing  disk  e lect rode,  and molecular weight 

of the polymer was examined quant i ta t ively  and the molecular weight dependence 

of the  d i f fus ion  coef f ic ien t  was determined. 

3.1.1. El ectrochehical Studies of 01 igomeric Molecules 

The el ectrochemical behavior of the  quinone-hydroquinone coup1 e 

i s  perhaps the  most widely studied organic system. The electro-reduction of 

p-benzoquinone can be represented by the f o l l  owing s e r i e s  of reaction equations: 

Reactions [691 and C70loccur as d i s c r e t e  s teps  under apro t ic  conditions. In 

aqueous so lu t ions ,  the second s tep  C701 s h i f t s  t o  more posi t ive  po ten t ia l s  and 

merges w i t h  t he  f i r s t  t o  produce the revers ib le  two-electron t rans fe r  process 

(115). 

Potentiometric s tudies  show t h a t  the  t i t r a t i o n  curve fo r  many poly- 

meric quinones deviates considerably from the  shape of a normal two-electron 



curve of monomeric quinones (1 16, 117).  Several inves t iga to rs  have studied 

the  propert ies of  dimers, t r imers ,  and very small polymers of the quinone- 

hydroquinone types with a view towards simplifying the problem of in te rpre t -  

a t ing  polymer behavior. H u n t ,  Lindsey, S a v i l l ,  and Peover (118 - 120) studied 

the electrochemical behavior of  mono-, d i - ,  t r i - ,  and polyfunctional quinones 

with s t ruc tu res  corresponding t o  those thought t o  be present  i n  polyquinones 

derived from quinone-formal dehyde condensates. Pol arographic reduction of the 

quinone segments in aqueous-enthanolic solut ion indicated t h a t  two-electron 

addit ions were made successively to  each quinone u n i t .  The tr iquinone ( I )  

showed a 

(1) 

two-electron s t ep  and a complex four-electron wave, which could be analysed 

in to  two-el ec t ron components. In apro t i c  solvents such as  acetoni tri l e ,  

reductions of the  mono-, d i - ,  and 
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t r i -qu inones proceeded by one-electron a d d i t i o n s  w i t h  fo rmat ion  o f  m u l t i -  

r a d i c a l  s t ruc tu res .  For t he  diquinones (11, I I I ) ,  t h e  f i r s t  two one- 

e lec t ron  a d d i t i o n s  were c l e a r l y  resolved; f o r  t r i q u i n o n e s  ( I ,  IV ) ,  t h e  t h r e e  

one-electron . s teps cou ld  be separated. The f a c t  t h a t  t he  d iquinone (11) 

exh ib i t ed  a  cons iderab ly  enhanced p o t e n t i a l  (-0.35V f o r  the  f i r s t  e l e c t r o n  

a d d i t i o n )  i n  comparison w i t h  p-benzoquinone (-0.51V) l e d  Lindsey e t  a1 t o  

suggest t h a t  a  s t rong  e lec t ronega t i ve  i n d u c t i v e  e f f e c t  o f  the  quinone 

"subs t i  tuent "  was operat ing.  I t  was concluded t h a t  t h e  anomalous behavior  

observed d u r i n g  ti t r a t i o n  o f  polyquinones cou ld  be qua1 i t a t i v e l y  i n t e r p r e t e d  

i n  terms o f  nearest-neighbor i n t e r a c t i o n s .  

Moser and Cassidy (121 , 122) c a r r i e d  o u t  e lec t rochemica l  s tud ies  

on o l igomer ic  hydroquinone. During p o t e n t i o m e t r i c  ox ida t i on ,  t he  hydro- . 

quimone groups reac ted  independently when t h e  connect ing  b r i dge  conta ined 

f i v e  o r  more consecut ive methylene u n i t s .  The data  f o r  t he  se r ies  o f  

ol igomers s tud ied  a re  summarized i n  Table 10. 

TABLE 10 

REDOX TITRATIONS OF VARIOUS OLIGOMERIC 

P-BENZOQUINONES (121,122) 

I 

E2 - E I W )  

3  3  

2 8 

0  

0  
J 

BRIDGE ( R ~ )  

( CH2 

( CH2 I3 

( CH2 

SD-3 b 

El (V) 

0.636 

0.638 

0.655 

0.616 

E2 (V) 

0.669 

0.667 

0.655 

0.616 



More recent ly ,  Brown (123) and LeVanda (124) studied the  e lec t ro -  

oxidation of 1 ,  1 - poly(ferrocene) and found t h a t  successive ferrocenes were 

oxidized in a s e r i e s  of resolvable waves with values of E .separated by * 
hundreds of m i l l i vo l t s .  On the other hand, Morrison e t  a1 (125),  i n  an 

electrochemical study of several biferrocenes , obtained sing1 e pol arographi c 

waves with di ffusion currents  corresponding to  a two-el ectron t ~ a n s f e r  process 

when cer ta in  .bridging groups co-mated the two fwrocene centers  ( C  H 
2 4 ,  

( c H ~ ) ~ c - C ( C H ~ ) ~ ,  and -CH=CH-C6H4-CY=CH-) b u t  separated waves with one-el ectron 
- - 

diffusion cur ren t s  resul ted with other  bridging groups. 

The s tud ies  mentioned above thus indicated t h a t  the functional  

behavior of a c t i ve  cen te rs  embedded in  01 i gomer (o r  polymer) frameworks i s 

dependent on various s t r u c t u r a l ,  conf igurat ional ,  and environmental fac to rs  

and i s  re f lec ted  in  the  difference i n  potent ia l  between t he  half  reac t ions  

-of the successive e lect ron t ransfers .  
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3.1.2. Electrochemical Studies of Polymers 

Despite several investigations on electroactive oligomers, know- 

ledge of the electrochemical and physicochemical behavior of polymers i s  s t i l l  

1 imi ted. Previous work i s  confined to  a few recent papers (126 - 128). In 

a study of the electrochemical oxidation of poly(viny1 ferrocene) in hexamethyl - 

phosphoramide, Smith e t  a1 (1 26) observed mu1 t i - e l  ectron t r a n s f e s  pro- 
ducing voltammetric waves with the overall shape of a one-electron t ransfer  

reaction. The half-wave potentials of ferrocene and vinylferrocene polymers 

were compared and shown to  have similar values. However, the low values of the 

diffusion coeff ic ients  obtained experimentally, in comparison with those cal-  

culated theoret ical ly ,  led them to suggest tha t  only "isolated" ferrocene 

residues were oxidized in the macromolecular environments. I t  was shown tha t  

the number of oxidizable ferrocene residues on a polymer chain decreased with 

increasing chain length of the polymers and the d i f f i cu l ty  in oxidizing the 

substituted ferrocene was at t r ibuted t o  the inaccessibi l i ty  of the active 

groups to the electrode. 

I n  view df the limited research carried out in the f i e l d  of the 

electrochemical behavior of polymers, the present work has been directed 

towards a more fundamental study of th i s  type of reaction. Experiments were 

devised to  investigate possible interference ef fec ts  a t t r ibutable  to  the 

neighboring group interactions and the macromolecular environments. 

While the present work was in progress, Flanagan e t  a1 (127) 

reinvestigated the same poly(viny1 ferrocene) ut i  1 ized by Smith (1 26). Resul t s  

from normal pulse voltamnetry and coulometry indicated t h a t  almost every 

ferrocene group could be oxidized. They also recalculated the resu l t s  of 

Smith, employing a more refined approximation for the dependence of diffusion 



coeff icient  on the molecular weight,and concluded that  40 to  75% of the 

ferrocece residues may have been oxidized in Smith's study. A theory was 

further formul ated for  electron transfer for  reactants with mu1 t i p l e  non- 

interacting centers. I t  was shown that  molecules containing a number of 

identical,  non-interacting centers will exhi b i t  current-potential responses 

having the same shape as those obtained with the corresponding molecules 

containing a single center, and the successive electron t ransfer  will 

follow simple s t a t i s t i c s .  

A variety of factors could, however, cause departures from the 

current-potential response predicted from the model derived on the basis of 

the s t a t i s t i c s :  interactions between adjacent reducible centers; slow 

electron transfer a t  the electrode; i . e .  non-Nernstian behavior; s t ructural  

changes in the polymer which accompany i t s  reduction; absorption or preci- 

pitation of reactants or products a t  the electrode surface. Yet, i t  was 

shown that  a general treatment fo r  the prediction of current-potential 

responses can be derived, applicable to  polymers in which inductive e f fec ts  

or  other forms of specif ic  interactions between act ive s i t e s  are absent. 

The equations derived are  of considerable in t e res t  for  the characterization 

of electroactive polymers and are  thus br ie f ly  described. 

3.1.3. Theory of Electron Transfer with Reactants Having Multiple 

Active Centers (127)  

When a polymeric molecule contains n independent centers each of 

which i s  capable of accepting or  donating one electron and has the same 

standard potential (E;) , there i s  a corresponding ha1 f-reaction for each 

center as follows; 



where 0 and R represent the electroactive center a t  i t s  oxidized and reduced 

s ta tes ,  respectively,  and X represents a  center in e i the r  oxidation s t a t e  or  

an iner t  bridging uni t .  Assuming tha t  the Nernst equation i s  applicable 

independently t o  each center in the molecule, the probabili ty tha t  any s i t e ,  

i ,  i s  reduced a t  potential E with which the multi-centered molecule i s  in 

equilibrium may be expressed by 

where 

The application of standard binomial dis t r ibut ion leads t o  

where f .  i s  the fraction of the polymer molecules present containing j 
J 

reduced centers and (n- j )  oxidized centers a t  each value of 8. 0/(1+0) 

and 1/(1+8) are  the probabi l i t ies  tha t  any part icular  monomeric center i s  

oxidized or reduced, respectively. 



I f  C i s  the bulk concentration of polymers, the equilibrium 
P 

concentration, C of molecules containing exactly j reduced s i t e s  (produced, 
j' 

f o r  example, by control 1  ed potential  e l ec t ro ly s i s  of the solution a t  potent ia l  

E )  i s  given by 

where f .  has the  value corresponding t o  the  potent ia l  E .  
J 

Fig. 28 shows calculated f ract ional  concentration-potenti a1 curves 

f o r  the reduction of a  two-centered molecule. The three curves represent  

the f rac t ions ,  f o ,  f l ,  and f z ,  of unreduced, hal f  reduced, and f u l l y  reduced 

molecules respect ively .  The curves i n t e r s ec t  a t  the  po ten t ia l s  where 

f~ = f 1  and fl = f 2 .  These are  iden t i f i ed  i n  Fig. 28 as  E , ~  and E , ~ .  For 

molecules containing n non-interacting reducible centers  i t  i s  possible t o  

calcula te  the formal po ten t ia l s  corresponding t o  each pair  of successive 

oxidation s t a t e s  of the  polymer by noting t h a t  a t  E F, f .  = f  
j J j -1  

Subst i tu t ing Eq. C781 t o  Eq. [75]  leads t o  



FIGURE 28: CALCULATED FRACTIONAL CONCENTRATION-POTENTIAL 

CURVES FOR REACTANT WITH TWO REDUCIBLE CENTERS 

F r a c t i o n a l  Concentrat ions o f  Unreduced (1 ) , 

Hal f-Reduced ( 2 ) ,  and Fully-Reduced (3 )  Reactant  

E~~ and E , ~  a r e  t h e  formal  p o t e n t i a l s  co r respond ing  

t o  t h e  t r a n s f e r  o f  t h e  f i r s t  and second e l e c t r o n s  

t o  t h e  molecule,  r e s p e c t i v e l y  
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The formal po ten t ia l s  fo r  the f i r s t  and l a s t  pai r  of oxidation 

s t a t e s  in a molecule w i t h  n reducible centers  a re  represented in  Eqs. [80] 

and C811 respect ively .  

The di f ference between t he  formal po ten t ia l s  f o r  the  molecule i s  therefore  

For large n t h i s  means tha t there  wil l  be a large  overlap of the concentration 

of the  various p a r t i a l l y  reduced species a t  po ten t ia l s  i n  the  r i s i ng  portion 

of a polarization curve, i . e . ,  t h a t  the  successive formal po ten t ia l s  wi l l  f a l l  

increasingly c lose  t o  each other  a s  n increases.  

The f i na l  re la t ion  of the current-potential  responses derived fo r  

one-center and n-center molecules was shown t o  have the  form: 

P 
i n @ )  = n i l  ( e )  

where in  i s  the  current  obtained a t  each value of 0 w i t h  a polymer and i l  

the corresponding cur ren t  f o r  a monomeric sample. Dn and Dl a r e  di f fus ion 



coeff ic ients  fo r  polymer and monomer, respect ively ,  and the exponent P 

depends on the  voltammetric technique employed. Eq. C831 thus implies t h a t  

molecules contain'l'ng a number of ident ical  , non-interacting centers wil l  

exhibi t  current-potential  responses having the same shape as t ha t  response 

obtained w i t h  the  corresponding molecule containing a s ingle  center ,  i .e. 

only the magnitudes but not t he  shapes a re  affected by the  number of centers  

the reactant  contains. 



3.1.4 Evaluation of Diffusion Coefficient by Electrochemical Methods 

An electrochemical reaction generally involves three consecutive 

steps: t ransport  of reactants t o  the electrode surface, e l ec t ro ly t i c  

reaction, and transport  of products away from the electrode. Three mass- 

transfer modes a re  normally encountered: migration, convection, and diffusion. 

In most el ectrochemical work, mi cjration of e lectroact ive material i s  minimi zed 

by the use of a large excess of supporting e lec t ro ly te .  Convection i s  

important in s t i r r e d  solutions, whereas diffusion i s  perhaps the most widely 

studied means of mass transport process. For example, much information i s  

derived from 1 imi t i  n g  current measurements whi ch are  often determined under 

diffusion controlled conditions. Therefore the evaluation of the diffusion 

coefficient o f  electroactive species under study i s  of prime importance. 

Because of the narrow molecular weight ranges spanned by most 

monomers, t h e i r  diffusion coefficients a re  almost identical . However, in the 

case of macromolecules, diffusion coefficients can be many times smaller than 

those of simple molecules and the variation of diffusion coeff ic ient  with 

chain 1 ength has t o  be determined experimental l y  . 
The diffusion coefficient (D )  can be determined by various e lec t ro  

chemical and non-el ectrochemical methods. The 1 a t t e r  include, among others,  

isotopic t r ace r s ,  optical , ultracentrifuge and, more recently,  1 aser 1 ight 

spectroscopy. Electrochemical methods are  widely used to  determine the D. 

i A t  a stationary electrode, diffusion i s  considered as the sole  means of mass 

transport. During the reaction a t  the electrode surface, material i s  depleted 

and a concentration gradient i s  established. Reactants from the bulk of 

solution then diffuse toward the electrode in response t o  th i s  gradient. The 



measurement of i t  ' curves a t  constant potent ial ,  l imiting current measure- 

ment from peak voltammetry, and chronopotentiometry have been used to  deter- 

mine the diffusion coefficient a t  stationary electrodes. 

A t  a rotat ing disk electrode, forced convection i s  used as a means 

of mass transport .  The reactants are carried along by the moving liquid.  

When a potential i s  applied so that  the concentration a t  the electrode surface 

i s  maintained a t  zero, the reactant i s  transported t o  the electrode as a 

r e su l t  of the concentration gradient. These two mass-transfer processes, 

molecular diffusion and convective t ransfer ,  ex i s t  simultaneously in forced 

convection; one or the other may predominate in magnitude. In forced con- 

vection i t  can be visualized tha t  diffusion has the minor contributions i f  

the ent i re  solution i s  considered. However, in a res t r ic ted  region very close 

to  the electrode, both convection and diffusion play major roles .  The 1 imit- 

ing current equation a t  the rotat ing disk electrode has been rigorously 

derived from hydrodynamic treatment and mass-transfer equations by Levich 

(35 ) and modified by others ( 38-40 ), and i t  i s  known tha t  the dependence 

of limiting current on several factors  in the equation can be verified 

experimentally to  + 1%. The f inal  equation i s  

where 

L = l imi t ingcur ren t  (mA) 

n = number of electrons transferred 

F = 96487 col umbs/faraday 
2 

A = area o f the  electrode ( cm)  

C = concentration of el ectroactive species (mol e/l ) 
2 

D = diffusion coeff ic ient  (cm /sec) 



2 v = k inemat ic  v i s c o s i t y  (cm /sec) 

w = angular v e l o c i t y  of t he  d i s k  ( rad/sec)  

The dependence o f  1 im i  t i n g  c u r r e n t  on the  d i f f u s i o n  c o e f f i c i e n t  

o f  the  e l e c t r o a c t i v e  species has l e d  t o  the  use o f  voltammetry w i t h  the  RDE 

as a r e l i a b l e  t o o l  f o r  t he  de terminat ion  o f  D. D values o f  3, 3 ' -  dimethoxy 

benzid ine were determined w i t h  e x c e l l e n t  p r e c i s i o n  by Glaus e t  a1 (132) us ing  

the RDE and a re  i n  good agreement w i t h  values obta ined f rom o the r  methods. 

Gostisa-Mi he1 c i c  (1 33) determined the  d i f f u s i o n  c o e f f i c i e n t  o f  t h e  pro ton  i n  

a RDE and the  r e s u l t s  compared we l l  w i t h  the  l i t e r a t u r e  data.  

3.1.5. Re1 a t i o n s h i ~  Between D i f f u s i o n  C o e f f i c i e n t  and Molecular  Weiaht 

The r e l a t i o n s h i p  between d i f f u s i o n  c o e f f i c i e n t  (0) and molecular  

weight (M) i s  we1 1 e s t a b l  ished i n  the Stokes-Einste in equat ion: 

where No = Avogadrol s  number 

q = the  v i s c o s i t y  o f  s o l u t i o n  

r = the  rad ius  o f  sphere 

For spher ica l  molecules the  rad ius  may be r e l a t e d  t o  t h e  mol-ecular weight  by  

where i i s  t he  s p e c i f i c  volume o f  s o l u t e  molecule. 

A combination o f  Eqs. [851 and C861 g ives  

The d i f f us ion  c o e f f i c i e n t  thus i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t he  cube r o o t  o f  

the molecular  we igh t .  
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While t h e  r a d i u s  of a smal l ,  spher ica l  molecule can be r e l a t i v e l y  

we l l  def ined (134), a polymer chain i n  a d i l u t e  s o l u t i o n  has no pre fer red  

s t r u c t u r e  and can o n l y  be p i c t u r e d  as a c o i l  changing i t s  shape cont inuously .  

Consequently meaningful cha in  dimension can o n l y  be values averaged over  t h e  

many conformations assumed. Two commonlyempl~~ed averages are: 
1 
4  . (a) t he  average r o o t  mean square d is tance between the  chain ends ( F 2 )  , 

1 

(b)  the  average r o o t  mean square rad ius  of g y r a t i o n  RG = ( S t ,  which i s  

a measure o f  the  average d i s tance  o f  a cha in  element from the center  of 

g r a v i t y  of t h e  c o i l .  The two q u a n t i t i e s  a re  r e l a t e d  i n  the absence of 

exc l  uded vol  ume e f f e c t s  by  

1 1 
< r i > 4  = 6 < z 2 > 4  C881 

1 

where ( F i  ) I' denotes the  va lue  i n  the  absence of l ong  range and s h o r t  

range e f f e c t s .  

I n  a ve ry  d i l u t e  s o l u t i o n  each molecule w i l l  tend t o  exclude a l l  

o thers  f rom the  volume which i t  occupies. Th i s  leads t o  a n e t  e f fec t  of 
1 

i nc reas ing  ( F2 ) 4. TO take t h i s  i n t o  account, F l o r y  and Fox (135) 

in t roduced an emp i r i ca l  expansion f a c t o r , a ,  

1 1 < p > = a'< F: > 4 WI 

1 

( F 2 ,  may be r e l a t e d  t o  the  molecular weight  by (136) 

c FZ > = g2 M/Mo C 901 

where P i s  a cons tant  c h a r a c t e r i s t i c  of t h e  na ture  o f  the  polymer; M i s  t h e  

molecular weight  o f  t he  polymer; M i s  the  molecular weight  o f  the  s t r u c t u r a l  
0 

u n i t .  



Thus 

When the  hydrodynamic p a r t i c l e  resu l t ing  from a polymer molecule 

i s  considered a s  a sphere, t h i s  equivalent sphere (Re) has the radius 

where Ef i s  a universal constant equal to  0.665. The f r i c t iona l  coe f f i c i en t  

of such a sphere i s  (Stokes' equation): 

Using Einstein r e l a t i on ,  we obtain 

Combining Eqs. 1931 and [941 leads t o  t he  re la t ion  between diffusion coef- 

f i c i e n t  (D) and molecular weight (M) as :  

I t  has been shown tha t  a var ies  approximately as  M 'a'5 from an 

average poor solvent t o  good solvent ,  and B and cf a r e  independent of the  

molecular weight (136), Eq.1951 predic ts  t h a t  D should be proportional t o  

I / M ' * ~  i n  a poor solvent and as  1/M 0.55 i n  an average good solvent.  In a 

study of the  d i f fus ion  process of poly(methy1 methacryl a t e )  i n  acetone, 

this prediction was en t i r e ly  confirmed by Meyerhoff e t  a1 (137). 



There have been numerous s tudies  of the d i f fus iona l  behavior of macromole- 

cules i n  solution (138 - 141). Experimental work in par t i cu la r  has been 

stimulated by the  recent  development of a l a s e r  l i g h t  sca t te r ing  technique 

(142 - 144). The use of electrochemical methods has, however, received 

r e l a t i ve ly  l i t t l e  a t t en t ion .  The only s t ud i e s  a r e  those of Drushel (145) 

and Smith (126). On the  basis  of information from the anodic polarograms 

of model compounds and knowledge of the  e f f e c t  of molecular weight upon the  

average di f fus ion coef f ic ien t s  of a l i pha t i c  s u l f i d e s ,  Drushel suggested a 

method t o  est imate the diffusion coe f f i c i en t  of a1 ipha t ic  su1 f i de s  in petroleum 

by a polarography. Smith e t  a1 studied a s e r i e s  of poly(vinyferrocene) a t  a 

RDE. I t  i s ,  however, believed t ha t  the success of applying electrochemical 

methods in  determining the  diffusion coe f f i c i en t s  of small molecules should 

and can be applied t o  polymer systems and should a l so  provide a new means of 

character is ing polymers. 



3 . 2 .  EXPERIMENTAL 

3.2.1. Chemical s 

Chemicals and t h e i r  pur i f i ca t ions  a r e  the  same as  those described 

in Section 2.2.1. 

Poly(styrene) w i t h  low polydispers i ty  was prepared by anionic 

polymerization of styrene with e i t h e r  n-butyllithium i n  benzene o r  with sodium 

naphthalene i n  tetrahydrofuran. The s t r i ngen t  condit ions of puri ty and pre- 

paration required f o r  polymerization i n  " l iv ing"  anionic systems were met. 

~oly(vinybenzophenone-co-styrene) (PVBP-ST) and poly(viny1 benzophenone) 

(PVBP)  were prepared by react ing poly(styrene) with appropr ia te  amounts of 

benzoyl chlor ide  and aluminum chloride in nitrobenzene in the  same manner as  

those described in Section 2.3.1. 

3.2.2. Determination of Molecular Weights and Compositions 

Mol ecul a r  weights and polydi spers i t i e s  of the  polymers were deter-  

mined with the  a id  of gel permeation chromatograph (Waters Associates Model 

GPC/ALC 301). Five p-styragel columns of t he  following pore dimensions: 

6 5 5 4  3 "  10 , 10 , 10 , 10 , and 10 A were used, and measurements were carr ied out i n  

tetrahydrofuran w i t h  a constant flow r a t e  of 1 ml/min. The columns were 

cal ibra ted using a s e r i e s  of N.B.S. poly(styrene) standards.  A p lo t  of the  

molecular weights of the  standards against  t h e i r  peak e lu t ion  volumes i s  shown 

in Fig. 29. The University of Waterloo MWD I computer program was used t o  

cal cul a t e  the  mol ecul a r  weights of the  polymer sarnpl es  . 
The benzophenone content of t he  polymers was determined by 

infrared spectroscopic analysis  using a Perki n Elmer 599B. Poly(viny1 benzo- , 

phendne) and poly(styrene) blends of known composition were used t o  construct  

a cal i brat ion curve (Fig. 30).  The f i n e l y  powdered bl ends were f i r s t  dissolved 



FIGURE 29: PRIMARY CALIBRATION CURVE FOR GEL PERMEATION 

CHROMATOGRAPHY 



Elution Volume (ml) 



FIGURE 30: CALIBRATION PLOT FOR INFRARED SPECTROSCOPIC 

ANALYSIS OF VINYLBENZOPHENONE CONTENT I N  POLYMER 





in benzene and then freeze-dried i n  vacuo. The absorpt ivi ty  was measured by 

noting the  absorbance of PVBP a t  1655 cm-I and PST a t  1490 cm-l. The polymer 

blends were fur ther  analysed on a Cary 17 u l t r a v i o l e t  spectrograph. Fig. 31 

shows the  ca l ib ra t ion  plot  of PVBP i n  benzene a t  343 nm. The composition of 

the  polymers determined from the two spectroscopic methods are i n  good agree- 

ment. 

Molecular weights, polydispersi t i e s ,  and cornposi t ions  of t he  poly- 

mers employed i n  t h i s  study are  summarized i n  Table 11. 
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TABLE 11 

MOLECULAR WE1 GHT, MOLECULAR WEIGHT DISTRIBUTION,  

AND COMPOSITION OF PVB AND PVBP/ST 

- 
POLYMERS Rn DP n %/!G % VBP 



FIGURE 31: CALIBRATION PLOT FOR ULTRAVIOLET SPECTROSCOPIC 

ANALYSIS OF POLY (VINYLBENZOPHENONE-CO-STYRENE) 



Conc. x 1 O3 M 



3.2.3. Voltammetry w i t h  Ro ta t i ng  Ring - Disk E lec t rode  

The r o t a t i n g  r i n g  d i s k  e lec t rode  (RRDE) assembly has been descr ibed 

i n  Sect ion 1.2.1. The p la t i num e lec t rode  used i n  t h i s  s tudy was manufactured 

by Pine Inst rument  Co. and had dimensions o f  rl = 0.383 cm, r2 = 0.399 cm, 

and r3 = 0.422 cm. The counter and reference e lec t rodes  were c o i l s  o f  p l a t i -  

num w i re  and s i l v e r  w i r e  respec t i ve l y .  

The area o f  t he  e lec t rode  was determined by eva lua t i ng  the  p o t e n t i a l  

s tep  response of the  known K4Fe(CN)6 system. The k inemat ic  v i s c o s i t y  was 

determined w i t h  t h e  a i d  o f  a  c a p i l l a r y  viscometer.  The s p e c i f i c  g r a v i t y  o f  

the  so lu t i ons  and t h e  dens i t y  o f  t h e  polymers were measured us ing  a  s p e c i f i c  

g r a v i t y  b o t t l e  and a  d e n s i t y  g rad ien t  formed from two l i q u i d s  (methanol and 

fo rmic  ac id )  respec t i ve l y .  A1 1 concent ra t ions  i n  e l  ectrocheinical  measurements 

were expressed i n  moles o f  benzophenone res idue  per  l i t e r .  The RRDE e lec t rode  

was p re t rea ted  i n  DMF w i t h  TEAP w h i l e  a  p o t e n t i a l  sweep was app l i ed  a t  t h e  

d i s k  e lect rode.  

I n  a  t y p i c a l  experiment, t he  r e q u i r e d  amounts o f  polymer and sup- 

p o r t i n g  e l e c t r o l y t e  (TEAP) were placed i n t o  a  f l a s k  which was at tached t o  a  

vacuum l i n e  and evacuated f o r  18 hours. N,N1-dimethylformamide, p r e v i o u s l y  

r e d i s t i l l e d ,  was t r a n s f e r r e d  i n t o  t h e  f l a s k  and the  contents were mixed. The 

s o l u t i o n  was then t r a n s f e r r e d  d i r e c t l y  i n t o  the  e lect rochemical  c e l l  under an 

i n e r t  n i t rogen  atmosphere. The e lec t rochemica l  measurements were c a r r i e d  o u t  

a t  25 + - O . l • ‹ C  (unless o therwise  s p e c i f i e d )  i n  c e l l s  mainta ined under a  p o s i t i v e  

pressure o f  n i t rogen.  

3.2.4. Determinat ion o f  I n t r i n s i c  V i s c o s i t y  

The v i s c o s i t y  measurements f o r  t h e  de terminat ion  o f  the Mark- 
I 

Houwink constants fo r  PVBP-ST i n  DMF w i t h  0.10M TEAP were c a r r i e d  ou t  i n  an 

Ubbelohde suspended l e v e l  v iscometer a t  25 + - O.Ol• ‹C.  The f l o w  t imes were 



measured a t  f i ve  concentrations; the  i n t r i n s i c  viscosi ty  was calcula ted by 

the l e a s t  square method according t o  the Huggins equation 

The values of [q] determined from t h i s  equation along w 

weights obtained from the gel permeation chromatography 

mine the K and a values o f  the Mark-Houwink equation 

i t h  the  mo 

were used 

1 ecul a r  

t o  deter-  



3 . 3 .  RESULTS AND DISCUSSION 

3.3.1 Comparative Yoltammetric Studies of Molecular Benzophenone 

and of Benzophenone Moieties i n  a Polymer Chain 

A ro ta t ing  ring disk vol tammogram (RRDE) of benzophenone (BP) in  

N ,N1-dimethyl formamide (DMF) containing 0.1 M tetraethylammonium perchlorate 

(TEAP) as supporting e l ec t ro ly t e  i s  shown in Fig. 32. The disk current ,  i d ,  

exhibi ts  two well-defined one-electron reduction waves which correspond t o  

the  formation f i r s t  of a radical  anion and then of a dianion (curve a ) .  The 

reoxidation i s  shown in curve b, where the  r ing cur ren t ,  i r ,  i s  shown as  a 

function of d isk  po ten t ia l ,  E d ,  with the  r ing potential  Er  maintained a t  

-0.5V vs. a poised Ag wire reference. The l imi t ing r ing current  (curve b i n  

Fig. 32) i s  read i ly  iden t i f i ed  as  due t o  t he  reoxidation of benzophenone 

radical  anion, B P T ,  t o  BP. A t  t he  region where the  oxidation of the  dianion 

BP= was expected, there was a sharp decrease i n  i r .  This shows t h a t  the  

dianions formed a t  the  disk  had reacted before they reached the  ring electrode.  

These r e s u l t s  a r e  consis tent  w i t h  data from cyc l ic  vol tammetry (147) and 

from dropping mercury polarography (148) and may be represented by the  follow- 

ing reaction scheme: 

P~ , -c -o -  + proton donor -> P ~ Z C H - O -  Cl 001 



FIGURE 32: RRDE VOLTAMMOGRAMS OF 2.9 mM BP I N  0.1 M TEAP/DMF 

u = 202 rad/sec; 

( a )  d i s k  current 

(b) ring current 



Disk Potential 
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The c o l l e c t i o n  e f f i c i ency ,  No, ( r a t i o  of j /i ) fo r  t h e  f i r s t  
r d  

reduc t i on  and o x i d a t i o n  waves a t  var ious  r a t e s  of r o t a t i o n  y i e l d  a  constant 

va lue o f  0.179 from the  data  i n  Fig. 33. Th is  can be compared w i t h  No =0.1785 

ca l cu la ted  by t h e  procedure o f  A1 bery e t  a1 (36) and w i t h  No = 0.1762 obtained 

by a  d i g i t a l  s i m u l a t i o n  method (49).  Th is  c lose  agreement o f  No values de ter -  

mined expe r imen ta l l y  w i t h  the  t h e o r e t i c a l  e f f i c i e n c y  and the  constancy of N~ 

w i t h  r o t a t i o n  r a t e  i n d i c a t e  t h a t  t he  f i r s t  stage r e d u c t i o n  and reox ida t i on  

reac t i ons  a re  f ree  o f  k i n e t i c  compl i c a t i o n s  due t o  competing r e a c t i o n  paths. 

The c y c l  i c  vo l  tammogram o f  po ly (v iny1  benzophenone-co-styrene) (PVBP- 

4  ST) w i th  an Rn = 6.25 X 10 a t  a  s t a t i o n a r y  mic rop la t inum e lec t rode i n  DMF 

w i t h  0.1 M TEAP (F ig .  34) i s  q u i t e  s i m i l a r  t o  t h a t  of mo lecu lar  benzophenone 

(Fig. 34b) d e s p i t e  t h e  f a c t  t h a t  t he  former requ i res  hundreds of e lec t rons  per  

polymer molecule f o r  t h e  e l e c t r o n  t r a n s f e r  process. The peak p o t e n t i a l  separ- 

a t i o n  (Epa - Epc) i s  about 65 mV. This wave i s  c h a r a c t e r i s t i c  o f  a  Nernst ian 

one-elect ron r e d u c t i o n  t o  form a  s t a b l e  product.  

4  The RRDE v o l  tamnogram o f  PVBP-ST (fin = 1.8 X 10 and % VBP = 61 ) 

e x h i b i t s  the  shape expected f o r  an i s o l a t e d  n o n - i n t e r a c t i n g  BP res idue (F ig .  351, 

bu t  t he  l i m i t i n g  c u r r e n t  i s  much smal ler  than t h a t  o f  benzophenone. Th is  

obv ious ly  i s  due t o  t h e  much smal ler  r a t e  of d i f f u s i o n  of t h e  polymer ic  species 

as the  l i m i t i n g  c u r r e n t  i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  d i f f u s i o n  c o e f f i c i e n t  

o f  the e l e c t r o a c t i v e  species. It was a l s o  noted t h a t  t h e  PVBP d ian ion  was 

l ess  r a p i d l y  p ro tonated than t h e  monomeric d ian ion .  Th i s  i s  i n d i c a t e d  by the  

h igher  r i n g  c u r r e n t  ( i r )  i n  t he  reg ion  where t h e  r e o x i d a t i o n  of PUBP' i s  

expected and r e f l e c t s  the  decrease i n  chemical r e a c t i v i t y  o f  t he  d ian ion  when 

subs t i t u ted  on a  v i n y l  polymer backbone (Sect ion  2.3.3. ). 



FIGURE 33: PLOTS OF COLLECTION EFFICIENCY VS ROTATION RATE 

Benzophenone 

A ~ o I y ( v i n y 1  benzophenone) 

in DMF/O.IM TEAP 





FIGURE 34: CYCLIC VOLTAMMOGRAMS OF BP AND PVBP-ST 

( a )  3 mM PVBP-ST (Rn = 6.5 X lo4 ,  % VBP = 52) 

(b )  3 m M B P  i n  0.1 MTEAP/DMF 





FIGURE 35: RRDE VOLTAMMOGRAM OF PVBP-ST 

3 rnM PVBP-ST ( f in  = 1.8 X l o4 ,  1 VBP = 61) 

in 0.1 M TEAP/DMF U = 148 rad/sec 

( a ) .  disk current 

( b ) .  r ing current 



Disk Potential 



The col lect ion eff ic iency fo r  

BP (Fig. 33), and N o  = 0.178 was in good 

t he  PVBP was identical  w i t h  t ha t  f o r  

agreement w i t h  t he  t heo re t i c a l l y  

predicted value. The ideal behavior of the  subst i tu ted benzophenone group 

on a polymer a t  RRDE i s  thus evident. 

Under the same experimental condi t ions ,  the l imi t ing current  values 

5 fo r  polymers with molecular weights up t o  % 3.0 X 10 were found t o  be very 

reproducible. No filming was observed as r e p e t i t i v e  runs e s sen t i a l l y  gave 

superimposable voltamograms. In s tud ies  of polymers w i t h  higher VBP contents 

(ca. V B P > ~ ~ % ) ,  however, a dip was observed a f t e r  a 1 imi t i ng  current  p la teau,  

corresponding t o  the  reduction of VBP t o  VBP;. The decrease i n  current  is 

probably due t o  t he  intermolecular dimerization of PVBPS. In t u r n  t h i s  causes 

a sudden increase i n  the  molecular weight of t he  e lec t roac t ive  species ,  t h u s  

lowering i t s  d i f fus ion ra te .  T h i s  postula te  i s  supported by the  experimental 

evidence t h a t  the  dip in tens i f i ed  w i t h  decreasing scan r a t e  (Fig. 36) .  A t  

s l  ower scan r a t e s ,  higher concentrations of VBPS can be maintained, which 

f a c i l i t a t e s  t he  dimerization reaction.  A t  moderate scan r a t e  (Fig. 36) ,  the  

dip  disappeared, suggesting the  dimerization i s  a r e l a t i v e l y  slow process. 

The observation is consis tent  w i t h  t h a t  found i n  t he  macro-electrolysis of 

PVBP (Section 2.3.3.) in which gel p a r t i c l e s  were obtained w i t h  polymers of 

high VBP contents. 

A fu r ther  comparison of the  number of e lect rons  t ransferred and the  

re levant  half-wave po ten t ia l s  was made according t o  E q .  [I011 : 

E = E o  - (0.059/n) log ( i L  - i ) / i  

where 



FIGURE 36: EFFECT OF SCAN RATE ON REDUCTION OF POLYMER 

WITH HIGH VBP CONTENT 

P8C ( R, = 1 .4Z X 1 04, VBP=89% ) 

3.0 rnM VBP/O. 1 M TEAP/DMF/Z~'C 

w = 166 rad/sec 

a : 30 mV/sec b : 15 mV/sec 

c : 10 rnV/sec d : 5 mV/sec 



-1.6 -1.7 -1.8 -1.9 -2.0 -2.1 (volts) , 

Disk Potential 



where K l  and K2 are  constants dependent on t he  mass t rans fe r  of the  system 

(143). A p lo t  of E y s  log (.iL - i ) / i  should be l inear .  Data fo r  BP and 

PVBP in Fig. 37 indeed show the  predicted l i nea r  behaviors. The theoret ical  

slopes were 0.063 fo r  BP and 0.071 for  PVBP, indicating s ingle  e lect ron t rans-  

f e r  processes. The r e s u l t s  indicate  t h a t  BP and i t s  macromolecular analogs 

a re  reduced a t  qu i t e  s imi la r  po ten t ia l s  and a l so  confirm the  theoret ical  

model proposed by Flanagan e t  a1 (127) t h a t ,  f o r  molecules containing i den t i ca l ,  

non-interacting cen te rs ,  t h e  overall  shape of t he  current-potential  curve and 

the half-wave potent ia l  a r e  ident ical  t o  t ha t  of a molecule with one center .  

3.3.2. Studies of Neighboring Group Interact ions  in  poly(viny1 benzophenone) 

The reduction of an e lec t roac t ive  polymer involves the  t r ans f e r  of 

a large  number of e lec t rons  t o  a s ing le  molecule. These electron t r ans f e r  

processes may occur sequent ia l ly  a t  d i f f e r en t  po ten t ia l s  due t o  the  i n t e r -  or  

intra-molecular in te rac t ions  or  independently a t  same potent ia l .  While the  

voltammogram of a polymer having a shape s imilar  t o  t h a t  of the  corresponding 

monomeric molecule ind ica tes  t he  gross absence of molecular reorganization 

and inductive e f f e c t s ,  the  magnitude of the  current  provides fu r ther  quanti- 

t a t i v e  information on the  polymer behavior a t  an electrode. The l imi t ing  

current  i s  proportional t o  the  concentration of e lect roact ive  groups a t  t h e  

surface of an e lect rode and, thus ,  provides a measure of the  number of a c t i ve  

centers t ha t  a r e  " t ru ly"  el ec t roact ive .  Any departure of the experimentally 

determined value from the  t heo re t i c a l l y  predicted one i s  an indicat ion of the  

inaccess ib i l i ty  of t he  ac t i ve  groups a t  t he  electrode and may be a t t r i b u t a b l e  

t o  e f f ec t s  associated with the  macromolecular environments. 



FIGURE 37: LOGARITHMIC PLOTS OF BP AND PVBP-ST 

2 mM BP, and A 2 mM PVBP-ST 



-1.5 -1.6 -1.7 -1.8 -1.9 

Disk Potential, Volts 
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An estimation of the theoretical 1 imi t ing current i s ,  however, not 1 
possible without a knowledge of the diffusion coeff ic ient  ( D )  of the electro- i 

I 
I 
I 

active species. Prevailing 1 i terature  provides b u t  1 i t t l e  information on the 

electroactive polymers. The few avai lable studies of the electron t ransfer  

processes of polymers employed various approximations to  assess the diffusion 

coefficient of the polymers. Thus, Smith e t  a1 (126) deduced the extent of 

neighboring group interactions of a ser ies  of poly(vinylferrocene) from a 

comparison of the experimental ly determined D values with those cal cul ated 

from the Stokes-Einstein equation C851. Based on t h i s  comparison, the authors 

suggested tha t  there were some interactions between adjacent ferrocene groups 

which increased with increasing backbone chain lengths of the polymers and 

that  not a l l  ferrocene residues were oxidizable a t  the electrode. Although 

the overall shapes of current-potential curves were identical fo r  ferrocene 

and poly(viny1ferrocene) , i t  was concluded that  approximately one in four of 

the ferrocene grcups were oxidized for  polymers with mol ecul a r  weights between 

3 1.6 X lo4 and 2.6 X lo4; and one in three for  5.0 X 10 molecular weight; 

3 and one in 1.5 f o r  1.0 X 10 molecular weight. Flanagan (127) and Bard e t  a1 

(1 Z8),  on the other hand, estimated the diffusion coeff ic ients  of poly(viny1- 

ferrocene) and of poly(vinylnaphtha1ene) from E q .  C951, which were used t o  

determine the number of electrons transferred per molecule. 

In the present work, polymers of various constant chain lengths, 

b u t  of differ ing spacings between electroact i  ve centers (benzophenone) were 

prepared. The use of polymers with the same backbone chain length to  which 

different  amounts of electroactive centers are  attached allows the e f fec ts  . 

of neighboring group interaction t o  be determined without the need of estimating 

values of D f o r  the same ser ies  of polymers. The limiting currents were 
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measured w i t h  a ro ta t ing  disk electrode system and the data were analysed on 

the basis  of the Levich equation: 

Before examining the neighboring group interact ion i n  the poly 

(vinyl benzophenone) system, the  electrochemical behavior of is01 ated benzo- 

phenone molecules in the presence of an i n e r t  polymer was studied.  Benzo- 

phenone was added t o  a solution of polystyrene i n  DMF w i t h  0.1 M TEAP, and 

l imi t ing currents  were measured a t  several ro ta t ion r a t e s .  The r e s u l t s  were 

compared with those obtained in the  absence of the polymer. The e s s e n t i a l l y  

identical  current  (Fig. 38) observed for  the two systems indicates  t h a t  the 

presence of i n e r t  polymer nei ther  in terfered with the  t ranspor t  processes of 

the benzophenone molecules i n  sol ut i  on nor had any e f f e c t  on the accessi bi 1 i t y  

of benzophenone t o  the electrode.  The r e su l t s  a l so  subs tan t ia tes  the  f a c t  

t h a t  the much smaller magni tude of the l imi t ing current  observed in  PVBP in 

comparison with t h a t  observed i n  BP i s  i n s t r i  

r a t e  of e lec t roac t ive  en t i  t i e s .  

Polymers of @n = 23 with 37% VBP 
3 VBP (Rn = 4.7 X 10 ) were compared and the l i  

ns ica l ly  re la ted  t o  the  di f fus ion 

-3 (Rn  = 3.2 X 10 ) and w i t h  100% 

miting currents a re  shown i n  

Fig. 39. The t o t a l  number of e lect roact ive  groups was maintained a t  equal 

values by adjust ing the polymer concentration i n  the solut ion.  Thus, t he  

solution of 37% BP had a higher polymer concentration than the  100% BP. 

(The e f f ec t  of the  polymer concentrations on i d  was determined by measuring , 

t h e  kinematic v i scos i ty  of the solutions and was found t o  be negl igible . )  

I f  the postulat ions of Smith e t  a1 (126) were generally applicable we would 



F I G U R E  38: L I M I T I N G  CURRENT VS R O T A T I O N  R A T E  FOR BP I N  THE 

P R E S E N C E  AND A B S E N C E  O F  I N E R T  POLYMER 

13 5 mM BP 

6 5 rnM BP w i t h  equal weight  o f  po l ys t y rene  

i n  0.1 M TEAP/DMF 





FIGURE 39: EFFECT OF VARYING SPACING OF ELECTROACTIVE CENTERS 

FOR THREE VALUES OF E n  IN SOLUTION OF 2.8 mM VBP 

@n = 23, Cfl % PVBP = 37, O % VBP = 100 

@n = 72, X % VBP = 31, 0 %  VBP = 77 

4 VBP = 89 

r ~ n  = 108, X % VBP = 31, + % VBP = 61 

A VBP = 89 





expect a three-fold var ia t ion in i d .  Instead,  the  data  a r e  almost ident ical  

fo r  the  two polymers. The absence of appreciable in te rac t ion  i s  thus demon- 

s t ra ted  qu i te  c lea r ly .  

To fu r the r  examine the e f f ec t  of backbone chain length on the 

neighboring group in te rac t ions ,  experiments were extended t o  polymers of 

greater  backbone chain lengths. Samples of wn= 72 and mn = 108 containing 

30%, 60%, and 90% of the  benzophenone moiety were s tudied.  Plots  of id vs 
- 

a''' are  shown i n  Fig. 39 and again indicate  no s i g n i f i c a n t  changes in id f o r  

equal amounts of BP per u n i t  volume. 

The constancy of the 1 imi t ing  currents  f o r  polymers of ident ical  

chain length but varying spacings between benzophenone groups thus indicates  

unequivocally the  absence of neighboring group in te rac t ion  i n  the  present 

polymer system. The general resul t s  fur ther  e luc ida te  t h a t  macromol ecular  

environments do not i n t e r f e r e  with the e l ec t roac t i v i t y  of  benzophenone 

moieties and point  t o  the  f a c t  t ha t  every benzophenone group i s  reducible 

a t  the e lect rode.  Attached benzophenone moieties appear t o  re ta in  a l l  the  

cha rac t e r i s t i c s  of molecular benzophenone, i . e .  t he  reduction po ten t ia l ,  t he  

overall shape of  the current-potenti a1 curve, the  electrochemical reversi  bi 1 i t y  , 

and the  a c c e s s i b i l i t y  to  the  electrode.  The ideal behavior of the  poly- 

( v i  ny1 benzophenone) system a1 so provides d e f i n i t e  experimental proof of 

the concepts of  non-interacting centers proposed by Fl anagan, Bard, and 

Anson (127) 



3.3.3. Determination of Diffusion Coefficient  

The r e s u l t s  discussed in  the  previous section indicate  t ha t  t h e  

el ec t roact ive  groups a re  merely "passengers" on a slowly moving ' " t ra in"  - 

the  benzophenone groups r e t a in  t h e i r  ind iv idua l i ty  and cha rac t e r i s t i c s ,  

b u t  t h e i r  r a t e  of t ranspor t  i s  determined by t h e  chain on which they a r e  

* transported. The l imi t ing current  ( i L )  measured a t  a R D E  i s  proportional 

to  the  di f fus ion r a t e  and the  concentration of e lec t roac t ive  e n t i t i e s ,  t h e  

number of e lect rons  t ransferred .per molecule, the  kinematic v i scos i ty  of t he  

solut ion,  and the  area of the electrode.  Thus, i f  the  concentration of the 

e lec t roac t ive  species i s  known accurate ly ,  a  precise  determination of t he  

di f fus ion coe f f i c i en t  (D)  can be made by measuring i L  a t  several ro ta t ion  

r a t e s  according t o  the  Levich equation C841 . A p lo t  of iL  vs w 

should yie ld  a s t r a i g h t  l i n e  w i t h  a  slope of 0.62nFACD 2/3 <'I6 from which 

the  value of D may be determined. 

With the  composition and molecular weights of the  PVBP-ST de te r -  

mined experimentally (Table 9)  and w i t h  t h e  knowledge t h a t  the benzophenone 

moiety on the  polymers undergoes a one-electron reduction t o  i t s  radical  

anion, the  number of e lect rons  t rans fe r red  per polymeric molecule and t he  

concentration of polymer can be estimated unambiguously. Al ternat ively ,  

one may u t i l i z e  the  concentration of benzophenone residue with the "nu 

designated as the  number of e lect rons  t rans fe r red  per "ac t ive  center" a s ,  

by e i t he r  de f in i t i on ,  t he  product of n X c i s  a constant .  In t h i s  work 

the  concentration of the  polymers was expressed i n  moles of benzophenone 

residues per l i t e r .  



Fig. 40 shows the plots of i L  vs wl" for  PVBP-ST containing an 

average of 30% VBP b u t  with increasing molecular weight. I t  can be seen 

that  the i L  decreases steadily as the molecular weight of polymer increases. 

The slopeswhich measure the diffusion coefficient of the polymers also 

decrease with an increase in molecular weights. The diffusion coefficients 

calculated through l eas t  square analyses from the date i n  .Eig-AO,.along with the 

experimental l y  determined kinematic viscosi t i e s  of the sol utions are  compiled 

in Table 12. 

TABLE 12 

DI FFUSION COEFFICIENTS FOR POLY (VINYLBENZOPHENONE-CO-STYRENE) 

ELECTROACTIVE 
MATE RI AL 

NUMBER AVERAGE 
MOLECULAR WEIGHT 

(Mn > L 

(cm /sec) 
2 

(cm /sec) 



FIGURE 40: PLOTS OF LIMITING CURRENT VS ROTATION RATE FOR PVBP-ST 

WITH INCREASING CHAIN LENGTHS 

All s o l u t i o n s  con ta in ing  3 mM VBPIO.1 M TEAPIDMF 

Temperature : 2 5 ' ~  
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Similar  p lo t s  f o r  polymers with high VBP contents a r e  shown i n  

Fig. 41. The f a r  greater  i L  exhibited by benzophenone, in comparison w i t h  

those exhibited by any of the  polymers, i s  c l ea r ly  i l l u s t r a t e d  i n  this  f igure .  

The corresponding values of D f o r  t h i s  s e r i e s  of polymers a r e  compiled i n  

Table 13. 

TABLE 13 

DIFFUSION COEFFICIENTS FOR BENZOPHENONE AND 

POLYMERS WITH HIGH VBP CONTENTS 

A comparison of data from Tables 12 and 13  a1 so ind ica tes  t h a t  

samples w i t h  an ident ical  degree of polymerization but varying VBP contents 

ELECTROACTIVE 
MATERIAL 

B P 

P2C 

P5B 

P8C 

PI zc 

have nearly ident ical  d i f fus ion coef f ic ien t s .  

NUMBER AVERAGE 
MOL. WT. ( h )  

182 
3 

4.68 X 10 
3 

9.33 X 10 

1.42 x l o 4  

2-11 x lo4 



FIGURE 41 : PLOTS OF LIMITING CURRENT VS ROTATION RATE FOR 

PVBP-ST WITH HIGH VBP CONTENT 

[I] Benzophenone 

0 P2C : 4.68 X 10 3 %VBP = 100 

A P5B : 9.33 X 10 3 %VBP = 73 

+ P8C : 1.42 X l o 4  %VBP = 89 

A l l  s o l u t i o n s  con ta in ing  3 mM BP o r  VBP/ 0.1M TEAP/DMF 

Temperature : 2 5 ' ~  





3.3.4. Re1 a t ion  Between Diffusion Coefficient  and Molecular Weight - 

of Polymers 

For f l e x i b l e  polymer molecules in d i l u t e ,  so lu t ion ,  the diffusion 

coef f ic ien t  D i s  r e la ted  t o  the  molecular weight of polymer by the re la t ion :  

D should be proportional t o  I / M ~ * ~  in  a poor solvent  and - l / ~ ~ ' ~ ~  i n  an 

average good solvent  as discussed i n  Section 3.1.5. The approximation 

was u t i l i z ed  by Fl anagan e t  a1 i n  t h e i r  study of poly(viny1ferrocene) in THF 

and by Bard e t  a1 (128) fo r  poly(viny1 naphtha1 ene) and poly(vitiy1 anthracene) 

i n  THF t o  est imate t he  di f fus ion coe f f i c i en t  of t h e  polymers. Consequently, 

THF was assumed t o  be a good sol vent f o r  the  polymers they employed. 

Eq. C951 is often expressed i n  the  more general form of 

where KT and b a r e  constants f o r  a given polymer-solvent system. A double 

logarithmic p lo t  of  D vs M should y ie ld  a s t r a i g h t  l i n e  w i t h  an in te rcep t  

KT and a slope of b. This p lo t  i s  shown in  Fig. 42 f o r  a s e r i e s  of d i f f e r -  

r ing molecular weight polymers containing an average of 30% VBP. b = 0.529 

2 and KT = 1.25 X cm /sec  were calculated from the  p lo t  through the  l e a s t  

square analysis .  The b value obtained f a l l s  i n  t h e  range predicted by Eq. C951 

and indicated t h a t  DMF i s  an intermediate solvent f o r  the  PVBP-ST copolymers. 



FIGURE 42: MOLECULAR WEIGHT DEPENDENCE OF DIFFUSION COEFFICIENT 

OF PVBP-ST 
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The parameter "b" in E q ,  11027 i s  re la ted  to  the exponent "a" 

of the Mark-Houwink re1 a t ionshi  p f o r  the i n t r i n s i c  v i scos i ty ,  as 

,-,I = K M ~  ~r 971 

b = (1 + a ) / 3  C1031 

A value of a = 0.587 was obtained from Eq. C1031. 

Since no l i t e r a t u r e  values of Mark-Houwink constants a re  ava i l -  

able for  the PVBP-ST/DMF system, the K and a values were determined from 

viscometric measurements f o r  the  same s e r i e s  of PVBP-ST copolymers i n  t h e  

DMF/O.lM TEAP. Values of a = 0.583 and K = 3.39 X were obtained from 

Fig. 43. The "a" value determined viscometrically i s  thus i n  good agreement 

w i t h  the value, 0.587, deduced voltammetrically and indicates  the  v a l i d i t y  

of estimating the  d i f fus ion  coef f ic ien t  i n  the  manner described. 

3.3.5 Re1 a t i  on Between Limiting Current and Molecular Weight 

The quan t i t a t ive  comparison of the  voltammetrically determined 

diffusion coef f ic ien t  and r e l a t ed  parameters with those obtained by convent- 

ional methods leads t o  t h e  pos s ib i l i t y  of a determination of molecular weight 
CI 

by electrochemical methods. 

and molecular weight may be 

equation C841 t o  give 

A simple re la t ionsh ip  between 1 imi t ing .cur ren t  

obtained by combining Eq. C1031 w i t h  the  Levich 

= k M-h C1041 

where k 

and h = ( 2 b ) / 3  



FIGURE 43: INTRINSIC VISCOSITY-MOLECULAR WEIGHT RELATIONSHIP 

FOR PVBP-ST IN DMF/O. 1M TEAP 



log Mn 



Thus, a single measurement of the l imiting current should suff ice 

to  define the molecular weight of polymers. A t e s t  of Eq. C1041 i s  shown in 

Fig. 44 where the predicted l inear i ty  of the double logarithmic plot i s  

i 11 ustrated. For polymers containing el ectroactive groups, vol tammetri c 

methods may thus be conveniently employed to  determine the i r  molecular 

. weights. 

3.3.6. Effects of Concentration and Temperature on Diffusion Coefficient 

The relat ion between diffusion coeff ic ient  and concentration is 

commonly written in a ser ies  expansion of the form 

D = D o ( J  + koC + - - - - - - - * *  1 [lo51 

where Do = diffusion coefficient a t  i n f in i t e  d i lu t ion ,  ko = ZA2M - kf with 

A 2 ,  M,  and kf  being the second v i r ia l  coeff ic ient ,  molecular weight of poly- 

mer, and a coeff ic ient  related to  the concentration dependence of the f r i c -  

tion coeff ic ient  respectively. This concentration dependence of D has been 

the subject of a large number of experimental and theoretical investigat 

Nevertheless considerable discrepancies e x i s t  in resu l t s  when only the f 

two terms are  u t i l ized .  The approximation can be used only in a limited 

concentration range. 

ions. 

i r s t  

A preliminary study has been conducted t o  determin the D values 

a t  several concentrations of PVBP-ST (N,., = 1.33 X lo4, VBP = 77%).  Fig. 45 

displays the plots  of i L  vs o 'I2 , whereas Table 14 shows the diffusion 

coeff ic ient  derived from the plots. 



FIGURE 44: L I M I T I N G  CURRENT DEPENDENCE OF MOLECULAR WEIGHT 

OF PVBP-ST 
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FIGURE 45: EFFECT OF CONCENTRATION ON DIFFUSION COEFFICIENT 

FOR PVBP-ST I N  DMF 

4 P8B ( Rn = 1 . 3 3  X 10 , %VBP = 77 ) 

+ 10 mM based on benzophenone residue 

A 5 mM 

(9 4 mM 

El 3 mM 





TABLE 14' 

DEPENDENCE OF DIFFUSION COEFFICIENT ON CONCENTRATION 
- 4 PVBP-ST : Mn = 1.33 X 10 , VBP = 77% 

I t  can be seen from Table 14 t h a t  the  di f fus ion coe f f i c i en t  is independent of 

the concentration of  the  polymer. 

In a study of the  d i f fus ion  of poly(styrene) i n  tetrahydrofuran 

using a 1 aser  l i g h t  sca t te r ing  spectrometer, Mandema e t  a1 (142) observed a 

l inear  increase i n  D w i t h  C up t o  about 20g/l. On t he  other  hand, Munk e t  a1 

(139, 140) very recent ly  studied the  di f fus ion process of poly(styrene),  using 

a ul t racentr i fuge,  and found t h a t  in  good solvents  t he  value of D a t  higher 

concentrations was larger  than Do, a s  2A2M dominated over k The e f f e c t  f '  
increased w i t h  increasing molecular weight. For poor sol  vents,  kf  terms 

prevailed; and D decreased w i t h  increasing concentrat ion.  For intermediate ' 

salients, D was independent of the  concentration. The constancy of the  D 
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values shown i n  Table 14 i m p l i e s  t h a t  DMF i s  an i n te rmed ia te  s o l v e n t  f o r  

t he  poly(viny1benzophenone-co-styrene). Th is  i s  c o n s i s t e n t  w i t h  t h e  

Mark-Houwink exponent, a  = 0.583, as "a" va lue  v a r i e s  from 0.5 f o r  a  t h e t a  

so l ven t  to -0 .85  f o r  a  g e n e r a l l y  good so l ven t .  Th i s  r e s u l t  a l s o  agrees 

t h e  "b" value, 0.529, determined e lec t rochemica l l y .  

The e f f e c t  o f  temperature on t h e  d i f f u s i o n  c o e f f i c i e n t  was as- 

4  cer ta ined-  f o r  P8B (Rn = 1.33 X l o 4 $  VBP = 77%) and f o r  P12A (f in = 1.64XlO , 

VBP = 31%). The d i f f u s i o n  c o e f f i c i e n t s  c a l c u l a t e d  f rom t h e  Lev i ch  equat ion  

a re  shown i n  Table 15. 

TABLE 15 

EFFECT OF TEMPERATURE ON DIFFUSION COEFFICIENT 

P8B: Mn = 1.33 X l o 4 ,  VBP = 77% , 5mM based on VBP 

PI 2A: Rn = 1.46 X l o 4 ,  VBP = 31 % , 5mM based on VBP 



The Arrhenius plots of D against 1 /T  (Fig. 46) yield the ac t i -  

vation energy of the diffusion ra te  for  P8B and P12A as 3.8 and 3.9 Kcall 

mole respectively. 



FIGURE 46: EFFECT O F  TEMPERATURE ON DIFFUSION COEFFICIENT 

O P8B ( 5  mM based on benzophenone res idue)  

111 P 1 2 ~  ( 5  mM based on benzophenone res idue)  

i n  DMF c o n t a i n i n g  0.10 M TEAP 

P8B (Mn = 1.33 X 1 04, VBP = 77%) 

P12A (Rn = 1.46 X l o 4 ,  VBP = 31%) 





O R I  GINAL C O N T R I B U T I O N S  TO KNOWLEDGE 

Def in i t ive  proof was provided t h a t  e lec t roac t ive  centers on macro- 

molecules can be reduced independent1 y. 

Experimental veri f i  cation of the  theoret ical  model of non-inter- 

ac t ing centers  was obtained. 

Quanti tat ive evaluations were made of the  di f fus ion coef f ic ien t  of 

poly(viny1 benzophenone-co-styrene) i n  N , N '  -dimethyl formamide and 

of i t s  dependence upon the molecular weight of the polymer. 

The character izat ion of e lec t roac t ive  polymers by a voltammetric 

method was demonstrated. 

The Mark-Houwink constants of poly(viny1 benzophenone-co-styrene) 

i n  N,Ni-dimethylformamide determined by electrochemical methods 

and by viscometry were demonstrated t o  be iden t ica l .  

The f i r s t  electrochemical formation of g r a f t  copolymers was achieved 

by incorporating functional groups onto a macromolecular backbone 

from which graf t ing s i t e s  were created by e lect ro-act ivat ion.  

The reaction mechanism fo r  the  i n i t i a t i o n  of anionic polymerization 

by benzophenone radical  anion was proposed and substant ia ted.  

A d i r e c t  method was developed, which u t i l i z ed  the  ro ta t ing  ring' 

disk e lect rode i n  a f r e e  radical  polymerization i n i t i a t e d  by a 

redox reaction.  
4- = +2 - - 

Rate constants of redox react ions  including Cu /S208 . Fe /S208 . 
+2 Fe /H202, and F ~ ( C ~ O ~ ) - ~ / H ~ O ~  were determined by t h i s  electrochemical 

method . 



10. The re la t ive  react iv  i t i e s  of a ser ies  of monomers t o  an i n i t i a t i n g  
- 

radical ion were determined for  .SO4* which was generated and analyzed 

by the rotat ing ring disk electrode. 
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