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Tiic ra ie  constanl changos o í ionic reactions duc to the clccírostatic polyelectrolyte cffect can 
be described in some detail. F o r second-order reactions betv/een ¡cus o f cqual ciiarge sign, it is 
shown that tlie inhomogcneous distribution of reactivo ions is cquivalent lo a  prim ary salt e ffec t; 
the prim ary sait efTect cannot explain the rcsuits al high m acroion concentralion. An expression 
is derivcd for this case taking into account the probability o í site oceupancy by both reactive partners. 
F o r first-order reactions, the overall changc in rate constanl witli polymer concentralion may be 
explained in terms of the theories o f polyelectrolyle soliilions, cven whcn tlic electrostatic effect 
may be coupled witli m ore specific intcractions.

T he study o f  the efTect o f  m acro ions on the kinetics o f  reactions is an  active area 
in polyelectrolyte physical cheraistry.^-  ̂ W hen th e  substra te  is an  ion, the  inhom o- 
geneity in troduced  by the m acro ions on th e  ion ic d istribu tion  m ay couple v/ith m ore 
specific substra te -m acro ion  in tcractions, e.g. d ipo lar a ttrac tion , hydrogen bonding, 
hyd rophob ic  in tcractions, etc., to  p roduce im p o rtan t m odifications in th e  ra te  of 
reaction  o í  the ion ic substrate. F urthe rm ore , when the substra te  ions are d raw n to 
the vicinity o f  an  oppositely  charged m acrom olecule by the  large polyionic electric 
field, the reaction  between t!ic substra te  an d  any reactive group  form ing  p a r t o f  the 
m acro ion , will be strongly  favoured. In tcrac tions in  polyelectrolyte so lu tions m ay 
p roduce rem arkab le effects on the  kinetics o f ion ic reactions.^ M oraw etz and Vogel  ̂
reported  th a t the ra te  o f  aqua tion  o f  C o (N H 3 ) ,C P +  induced by Hg^+ ions is enhanced 
176 000 tim es when poly-(vinylsulphonic acid) is p resen t in  a  concen tra tion  o f  
5 X 10“  ̂ equivalent dm-®.

Jn the case o f  m acrom olecules having no  significant electrostatic in tcractions v/ith 
the  substrate, synergetic efiects can  also be observed. K lo tz  et a l ^  found th a t  the 
hydrolysis o f  phenolic  esters could be increased by factors sim ilar to  those found  for 
enzymes, w hen th e  so lu tion  contained  poly(ethyleneim ine) (PE I) m odified by the 
inclusión o f  reactive groups arid non -po lar chains in to  the m acro ion . In  th is  case 
hydrophobic in tcractions between the substra te  an d  the n on -po lar groups in  the 
m acrom olecule draw  the substra te  cióse to  the  po ly ion  w hich subsequently  is a ttacked  
by the specifically reactive groups o f  substitu ted  P E I p roducing  a large overall 
kinetic effect.

In  spite o f  the variety  o f  detailed m echanism s responsible fo r the observed m odifica­
tions in  the rates o f  reaction  o f  ionic substra tes in polyionic solu tions, it is possible to  
visualize som e general trends w hich m ay be accounted fo r by electrostatic  in tcractions. 
Even when th e  direct electrostatic con tribu tion  to  the  observed changes in  reaction  
rates is quantita tively  sm all, in m any instances it is the causative fac to r o f  the  overall 
rate  modifications,^'®  i.e. w hen the  (electrostatic) polyelectrolyte effect is suppressed
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by sait add itio ii o r by neu tra lization  o f  th e  polyionic charge, in  the  case o f  w eak 
polyelectrolytes, no  m odiíication. in th e  ra te  constan ts is observed.

M ita et al.^ have recently analysed the influence o f  th e  polyelectro ly te effect upon  
various types o f  reactions. They successfully in te rp re ted  the results in term s o f  a 
type ofprim ai-y  salt effect using polyelectrolyte th e o rie s ; they used this in te rp re ta tio n  
to  oppose the  view tha t the  eifects arise from  an  increased concen tra tion  o f  reac tan t 
ions in  the vicinity o f  the polyionic chain.

In  th is w ork the features o f  th e  electrostatic in te ractions fo r first an d  second o rder 
reactions are discussed and  the general behaviour to  be expected is described, thus 
allow ing ra tiona liza tion  o f  the observations in  different system s. I t is dem onstra ted  
th a t th e  p rim ary  salt effect app roach  is identical to  th a t considering local d istribu tion  
o f  ions.

S E C O N D  O R D E R  R E A C T I O N S

In  general the  rates o f  reactions involving oppositely  charged m obile ions are 
inhibited  by m a c ro io n s , '° ’ while the  ra te  o f reaction  between tvvo ions o f equal 
charge is increased by polyelectrolytes hav ing  charge opposite to  th a t o f  the reac tan t 
ions.^-

I t  has been p roposed  th a t the experim ental results can be explained in term s o f 
the m odified local concen tra tion  o f  reactan t ions due to  the large electrostatic po ten tia l 
ncar the m acro ion ic chain. I f  an d  /<! denote th e  second-order ra te  constan ts  in  
the presence an d  absence o f  polyelectrolyte respectively, the argum ent above leads 
to  the  follow ing expression fo r th e  ra te  o f  reaction  V2 ,

Ü2 =  /c2 <mA> . (m¡¡y =  • '«b )- ( 1 )

The angu lar brackets ind ícate averages tak en  over the polyionic dom ains in to  w hich 
the so lu tion  volum e is divided.^ H enee (m ¡}  — m°,  th e  sto ichiom etric concen tra tion  
o f  ion i. The local concen tra tion  o f  species i is reiated to  th e  reduced electrostatic  
po ten tia l, A $ , by the B oítzm ann rela tion

«7 ; =  m f . exp ( - z ¡ A í i )  (2)

AO being the  difference in  reduced electrostatic po ten tia l referred  to  the  dom ain  
boundary , Jience a t the boundary  At]> =  O an d  /n, =  m f.  E qn  (2) m ay be replaced 
in  eqn ( 1 ), and  th e  ra te  constan t ra tio  becom es,

^ 2  ^  < e x p (-Z A  +  Zn)A(I)>
/c | <exp ( -  ZaA<D)> . <exp ( -  ZbA<3>)>’

I f  Za and  Zfl have the sam e sign, /cj/ZcJ will be larger th a n  unity . I f  they have opposite 
signs the ra te  constan t ratio  w ill be sm aller th an  unity . E qn  (3) is th en  capable o f 
explaining qualitatively  the experim ental observations. W hen bo th  reac tan t partne rs 
a re  concentra ted  in the  sam e elem ent o f volum e near the polyion, the  ra te  o f  collision 
increases an d  the reaction  will proceed a t a h igher ra te  th an  in  the absence o f  polyion. 
In  con trast, w hen the  reactan ts have opposite  charge they will be separated  by th e  
m acro ion  w hich a ttrac ts  ions o f  opposite charge to  the  chain  an d  repeís the  reactan ts 
having the sam e charge sign.

U sing new experim ental evidence, M oraw etz et al.^- suggested th a t eq n  (3) was 
not adequate to  represent the  results. T he m édium  near the chain  m ay be different 
from  th a t in  th e  bu lk  o f  the  so lu tion  and  consequently  it w ould  n o t be adequate  to  
identify k.2 w ith the ra te  constan t in polyelectrolyte so lu tion  by eqn (3). F u rth e rm o re  
the  electrostatic in te raction  m ay n o t be the  only con tribu ting  fac to r in  fixing the local
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d istribu tion  o f  ions. A n o iitstand ing  exaniple o f  th is is the reaction  betw een the 
cationic species o f  crystal violet vvit'n O H “ io n s ; '^  w hen po lyanions are added  the 
reaction  is iiihibited but when po ij'cations are presen t the  ra íe  o f  reaction  o f  b o tli ions 
is increased. This is a ttr ib u tcd  to  strong  non-electrosta tic  in te ractions between the 
crystal violet catión  and  the  positive m acroion.

In  principie, AO in eqn (2) m ay be replaced by A U jk T ,  v/here Aj]¡ denotes the 
cliangc in elcctrochem icai po ten tia l o f  species i wiicn it approachcs the polyion. 
In  th is way non-electrosta íic  in teractions can be included as wcll,

In spite o f  the  faet th a t specific in teractions are responsible fo r the observed 
diflerences in th e  accelerating pow er o f  polyelectrolytes foi' d ifiercnt reactive ions o f 
equal charge, fo r m any ionic reactions in polyelectrolyte so lu tions which have no 
added sait, Api,  will be don iina ted  by electrostatic in teractions. Thesc have been 
show n to  be in  m any cases the causative fac to r in  the  observed changes in 
reaction  ra te  in polyelectro ly te so lu tions. / \  sim ple veriñcation  o f  th is fae t being 
the  alm ost com plete suppression o f  ra te  enhaneernent v/hen suíficient salt is added  to  
the polyelectro ly te so lu tion .

A n  apparen tly  d ifferent way o f  explaining the  polyelectrolyte effect on  reaction  
rates is curren tly  em ployed by ise an d  cow orkers using an  app ioach  analogous to  
th a t o f  B ronsted fo r ionic reactions in electrolyte so lu tions (prim ary-salt effect). 
They assum e th a t,

^  ('4')/.o -l-h '

w here y¡ is the activity eoefncient o f  reac tan t i in the polyelectrolyte so lu tion  and  tlie 
superscrip t #  denotes the  activated com plex. ¡se and O kubo ’ ' em ployed eqn (4) to 
explain quantita tiveiy  the observed inh ib ition  in u rea synthesis by po lje iectro ly tes. 
The activity coefficients o f  reactan ts in eqn (4) are experim ental quantities an d  y *  was 
assum ed to  be unity  for tlie cy anate-am m on ium  reaction  because the  activated  
com plex is in th is case eiectrically neutral. They were able to  accoun t fo r the 
experim enta! kinetie results and also fo r the change in  inh ib ition  p roduced  when 
po lyanion  salts w iih diflerent m onovalen t counterions were em ployed. T he activity 
coefficients m ay also be expressed in  term s o f  polyelectrolyte theory , thus ob ta in ing  
expressions fo r /oj/Zc! which enable the theore tical p red ic tion  o f  the rate  constan t ratio . 
M ita  el rt/.® have used thcse expressions to  explain experim ental results.

Eqn (3) and (4) have been consldered to  correspond  to  diflerent m odels o f  reactan t 
ion-polyelectro ly te in teractions, it m ay be show n liowever th a t tliey are com pletely 
equivalent. This stem s from  the faet th a t the activity coefficients o f  m obile iojis in 
polyelectrolyte so lu tions are related to  the electrostatic po ten tia l in the polyionic 
dom ain ,

M areus  ̂  ̂ derived a sim pliíicd expression fo r y¡ from  the ratio  o f  the concentra tion  
in th e  dom ain  boundary , w here the electrostatic forcé vanishes, to  the average 
concen tra tion  in  the solution. Thus,

7i =  (5)

and tak ing  dom ain  averages in  eqn (2 ),

m °  =  «!f<cxp(-Z iA c!))> . (6 )

H enee,

Vi =  J /< e x p ( -Z iA < D )> . (7 )
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í f  eqn (7) is now  replaced in  eqii (2), we have

Va ■ 78 < e x P  [  ~  ( z a  +  Z i J A d ) ] )
•))#
' a is
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(8 )<exp ( - Z aAÍ))> . <exp (-z,¡Ac]))>

which dem onstraíes tlie eqiiivalcnce o f  eqn (3) and (4).
I f  tiie tern is in  eqn  (4) are expressed in term s o f  electrostatic in teractions as 

described by the thcory  o f  polysiccti-olyíe solutions, eqn (8 ) is strictly valid. O n the 
o ther hand , if  the experinnental activity coeíficient d a ta  are  em ployed to  ob ta in  the  
Vi term s, existing noa-cicctrostatic  eíTccts Vi/ii! con tribu te  to  y¡ and the fac to r z¡A(í> 
should be replaced by A/7¡ to  niaintain the vahdiíy  o f  eqn (S).

ci

i

log Onm)

F ia . .1.—Effec! o f poiyclcclrolyio concentration on  Ihe rale conslant o f  rcnclions invoiviiig two
rcaclive counlerions.

T he efFect o f  the presence o f  polyeiectrolytes on  the valué o f  the ra le  constan t ra tio  
for reactions betw een tvi'o m obile counterions inereases w ith the  polyelectrolyte 
concen tra tion , (expi-essed in m onom oles dm ^^) w henever is sm all com pared  
w ith the concen tra tions o f reactive counterions. This is illustrated in fig. 1. H ow ever 
A'j/A'S is obscrved to  pass th ro iigh  a m áxim um  at m,„ =  (»7„,),„;»> and then  to  deerease 
with /!!,„ beeause when there are too  m any m acroions the reacting  counterions will 
be concentra ted  in different poiyionic dom ains.

M ita  (?/ ií/.® have derived expressions based on M ann ing ’s theory  fo r the 
quo tien í }’A-yr:/y^f¡- They dealt w ith the sitúa!ion co rresponding  to  m,„ sm ailer 
than  ‘̂ 1' ío  the ascending limb o f  the curve in fig. 1. F o r  =  z,¡ the ir
expression leads to  negaiive valúes of/cj/Z í? w hen  ^  and the m áxim um
o f tliC r;ilio o f  ra te  constan ts is an  artifact o f  the ir assum ption  tJiat reaetion  only 
proceeds between condensed ions o f  one speeies and  uncondensed ions o f  the o ther. 
E qn  (4) is basically unable to  explain the descending lim b o f the experim ental curve 
o f  I<2 ! ¡ < 2  against /7?,„; Ihis wii' be discussed below.

A ccording to  eqn (3), k 2 ¡l< 2 v/ould be expccted to  increase w ith as the fraction  
o f  condensed ”  reactan t coun terions inereases. W lien th e  polyelectrolyte beconies 
sa turated  with ccun icrions, i.e. =  {¡¡i,v)msx, a fu rthe r addition  o f  m acro ions w ould 
n o t be expccted to  aficci: the  va 'ue  o f  A j/A'? beeause it does no t esscntially a lter the 
counterion  d istribu tion . C onsequeníiy  the situation  as described by eqn (3), as was 
the case fo r eqn (4), corresponds to  an  increasing valué o f /C2 /A2  a t low w'ith a 
p la teau  then  being a tta in ed  a t /n,,, >  as observed for first o rder reactions
(see next section).



In  o rder th a t eqn (3) m ay accoun t fo r the  experim ental situatio ii depicted in  fig. 1, 
it is assum ed th a t (/c2 )n,ax occurs w hen the  degree of condensation  o f  b o th  reactan ts  is 
a  m áxim um  on the sam e polyionic site (these polyionic sites vvill consist in  general 
o f  m ore th a n  one m onom eric unit). H enee in  eqn (1) th e  averages indicated  should  
n o t be considered d om ain  averages over ail the  so lu tion , bu t ra th e r  th e  excess 
concen tra tion  o f  reac tan t averaged over those dom ains co rrespond ing  to  sites 
occupied by b o th  reac tan t ions.

W hen an  excess o f  raacro ion  relative to  th e  concen tra tion  o f  reactive p artn e rs  
A  and B exists, the  reaction  o f  these in the vicinity o f  the  chain Vv'ill be constan t, 
hovvever the re  is a p robab ility  (increasing vvith n 7„)  th a t som e counterions A  condense 
on to  different polyionic sites from  counterions B, p roducing  a decrease in  th e  ra te  o f 
reaction  com pared  vvith k 2 jk -2 a t (/w„,)niax- In  o ther w ords, i f  the polyelectrolyte 
concen tra tion  is increased above the  fraction  o f  sites con tain ing  only one
reactive p artn e r, e ither A  o r B, will increase. U nder these conditions /C2 //C2  will 
decrease as w,,, increases.

A ccording to  th is p ic ture, the  polyelectrolyte effect o f  ra te  enhancem ent is 
fundam entally  due to  those reac tan t counterions A  an d  B condensed on to  the  sam e 
polyionic site. This im plies th a t th e  averaged concen tra tions appearing  in eqn (1) 
should  be taken  on occupied polyionic s i te s ; th a t is, th a t they will equal th e  dom ain  
average over all the  so lu tion  m ultip lied  by the p robab ih ty  th a t a  site be occupied by 
b o th  reac tan t ions. Let us assum e th a t the polyelectrolyte is first sa tu ra ted  by 
condensed B coun terions and as increases further, reac tan t A  reaches sa tu ra tion . 
This situation  arises w henever \z^\ <  |zu| and  in^ > w,,, o r w hen >  |z„| an d  
«1 a ^  «¡B-t U nder these circum stances th e  num ber o f polyionic sites per un it volum e 
will be given by,

m,. =  ^  (9)

v/here K  is the num ber o f  m onom ers per site. I f  m,„ increases, a  s ituation  is atta ined  
vvhere all B and  a  fraction  o f  A  are condensed on to  m acro ionic sites. W hen m„  
increases m ore, a p o in t is reached w here all A  is condensed (if  |zaI ^  l^countcrionL no t 
a constan t m áxim um  fraction  o f  A ) . ' ' '  A t this p o in t is m áxim um , and  th is
is taken as the refercnce sta tc to  describe the polyelectrolyte effect on the ra te  o f  
reaction. A  fiirtlier add ition  o í  polyelectrolyte will increase the fraction  o f sites 
having condensed B and  no condensed A , thus leading to  no  enhancem ent o f  the  
ra te  o f  reaction . í f  the p robab ility  th a t A  occupies a site already  occupied  by B is 
denoted  by eqn (3) m ay be transfo rm ed  into

h  =  < ex p  [ - ( z ^  +  Zn)A(D]> . f »  

l<2 < ex p  ( -  2aA ® )>  . < ex p  ( -  2bA<I>)>

jp ” w ill be  g iv e n  by ,

P "  =  ], fo r ;?7a >  Wl 
P'l =  mX . Kjm,,,, for 

eqn ( 1 0 ) becom es fo r «1 ^ <

log (fc^/ZcD =  log (fea/feíX ax-log { m j m l  . K )
=  Io g ( /c 2 //a „ , ,- lo g (7 ? //C )  ( 1 1 )

t  M a n y  experimenlal rcsiiits wcre obfained for \z a \ >  I^bI and >  m-a. In this case th e rd e v an t 
rCRCiant concentration variable is ;;;a, because as soon as all A becomes condensed a further addition 
of polyelectrolyte (considered in  the log scale) will suffice to produce m áxim um  condensation. 
of B counterions.
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where R  =  is the concen íra tion  ra íio  between polyelectrolyte (expressed as
m onom er units) an d  added m obiie ions (either inert sait or reac tan t ions), in  the 
present case h?s =  ¡̂Ta l U<2 l/<2 )mM is the valué corresponding  to  irif, =  in¡ .̂ E qn  (11) 
rcflccts the fact th a í fo r high polym er concentra tions, log (k^ ll í i )  decrcases linearly 
with log /?!„ and  the slope is ( -  1), a fact previously no ted  by M oraw etz and  Vogel.^ 
A ccord ing  to  eqn (1), a t (w.Jnmx) -̂ m;ix =  an d  the size o f  the site m ay be calculated 
ñ 'om  the experim ental data. E qn  (1 1) explains in a sim ple fash ion  th a t different 
valúes o f  will bc found  fo r a  given m acro ion  wheiiever different initial
concen tra tions o f  reactan ts are em ployed, because the  m áxim um  really depends on  the 
ra tio  /??niA” A and consequentiy  íhe re  is no  need to  find o ther causes to  explain the 
change in  (;Wn,)max-

pvs
p p
PSS

PVS
PM ES

PVS

PNfES

PVS

T a BLE J . — E f FECT o f  PO LY ELE C TR O L Y T ES o n  T H E  R A TE OF R E A C T IO N S  

IN V O L V IN G  T W O  R E A C T IV E  C O U N T E R IO N S

poly-
e lcciro ly te  ref. reactant A rcactant B

14 C o(Phen)5+  

3 Hg2+

1 2  Fc2 '̂

Co(PlK n)^ + 

C o (N H .,) 5Cr-'

C o(N H ,)^C I2+
ri.t-Co(NH,)4(N3)3
/rí7«.?-Co(NH3)4(N3)¿

cÍj-Co(cn)2Cl2

/ r í 3 » í - C o ( c n ) 2 C l 2  u  , ,f N J  ».t ,- ,2  
13 m -C o(cn )2P yC ii-^  RuCNII^O^ 

c/.?-Co(cn)2NH§

2 x 1 0 - - '  2 X I 0 - Í  

5x10-5 5x10-6

5 x 1 0 - 5  5x l O- f^

9x!0'4 <10-4 
4 x  1 0 - “

dí-Co(cn)2pyCl2+ V̂i
Co(NH:0 .sX̂*
X  =  2-am inopyrid inc,

3-carboxyiatc  {z =  3)

18 C r(ll)2  +

X  — />-dim clhylam ino-  
benzoate (z - -  3) 

X  =  o-iTicihylbenzoate 
{z 2 )

X =  /;-suIphobcnzoatc  
(r =  i)

X  — í7-sulpliobenzoate  
U  -  1 )

> 10 -

2 x 1 0 - 5

4x 10-5

5 x 1 0 - “ < 6 x 1 0 - 5

descen din g  
K  s lop e

1 .9 x 1 0 -3  9 .5  - 1 . 0  
1 .9 x 1 0 -3  9 .5  - 0 . 8  

< 1 0 -3  —  - 1 . 2

1 .2X 10-*' 2 .4
2 .1 x 1 0 - 4  4 .2

l.O xtO -** 2 .0
3 . 8 x ] 0 - 4  7 .6
5 .9 x 1 0 - '*  12

3 .2 x  10 -2  
2 .3 x  10-2 
5.3 X 10-3 
5 .3 x  10-3  
5 .5 X  10-3

< 1 0 - 3

35.5  
57
10.6 
10.6 
II

< 1 0 - 3  —

1 . 3 x 1 0 - 3  —

2 . 6 x 1 0 - 3  - -

4 . 8 x 1 0 * 3  _

- 0 .8
- 1.0

- 1.0
-0.93
- 1 .3

- 0.6
- 0 .7
- 0 .6'

-  - 0.6

- 0 . 7

- 0 . 9

- 0 . 9

- 0.8

Since eqn (4) is a re la tion  between therm odynam ic quantities it is not possible to  
in troduce in to  it the  p robab ility  o f  sim ultaneous site occupancy. A ccording to  
polyelectrolyte theory/*^’ the activity coefllcient o f  m obile ions depends very little 
on /7 ?„„ consequentiy  eqn ( 1 1 ) can only pred ic t a m onotonous increase in /fa/A'! with 
polyelectrolyte concen tra tion  un til a  m áxim um  valué is attained , the reon  rem aining 
constan t.

T able 1 sum m arizes the available d a ta  on bim olecular reactions in  polyelectrolyte 
solutions. These d a ta  had  to  be in te rpo la ted  from  the repo rted  graphs an d  this 
p rocedure  will thus in troduce som e uncertain ty  in to  the analysis. O n the o ther hand , 
very few studies have been undertaken  to  define the  details o f  the log {Ic2 ¡k 2 ) against 
log (Wn,) curves.

T he results in  tab le  I show  th a t the pred ic tions o f  eqn (11) are largely confirm ed. 
E xcept .for the results in ref. (13), the  descending lim bs o f  the curves have slopes cióse 
to  ( —1.0) as p redicted . W ith  regard  to  the calcuiaíed num ber o f  m onom ers per site, 
K, it is between 2 an d  12 fo r Iz^l >  1 ; fo r \z^\ =  1, the  valúes o f  ATare 35.5 an d  57.
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í t  m usí be rcm em bercd th a t all the polyeiectrolytes in tab le  .1 havc the  sam e valué 
fo r Ihe distance betvscen tw o adjacen í iosiogenic groups, 0.255 nm , whicli is the 
distance corresponding  to  monom.ei s inpoiy-(vinylic) and poly-(phosphate) m acroions. 
The observed rangc o f  K  valúes suggesís th a í specific ¡níeracíions beíw een couníerions 
o f  equal cliarge p!ay an ¡mpoi ta n t role in detcrm ining the vahie o f  (/?ín,),n„,„ /•<?■ the 
coun terio ii-po iy ion  interaetioii.

I-! .R S T o  R D E R P  R O C I; S S E S

F o r ionio substratos which undergo rcaction by a unim o!ccu!ar m echanism , the 
ciectrostatic po lyelectro ly tecncct v/ould n o tb e e x p e c te d ío  in ík icnceíhe ra te o f  rcaction. 
T he unim oleeular hydrolysis o f  doubly  charged pJienyl phosphates how ever, is 
accelerated by polycations,®- the rate  constan t ratio  k¡k°  becom ing > 2 0 . W e 
shall describe som e general features which characterize phenom enologicahy the 
observed effect o f  the polyeiectrolytes on this type o f  reactions.

The valúe o f  k¡k°  in polyelectrolyte solutions is found  to  depend on the  concentra- 
tion  ratio , R  =  { m J i n X  which is the  fundam ental concen tra tion  variab le in  po ly­
electrolyte theories. In general denotes tiie concen tra tion  o f  added m obile ions, 
bu t for so lu tions Vvithout added salís, =  concen tra tion  o f  ioiiic substrato. The 
rate  constan t ratio  increases w ith R  uníil a m áxim um  acceleration is observed for 
R  =  7?,,,,,; from  then on k¡k°  bccom es independent o f  R. Th.e ra te  enhancem ent 
by m acro ions is com plctely inhibiicd if enough  eiectrolyte is added to  the solu tion  ; 
this is strong  evidcnce Ih a t tlie efíect depends on the existence o f  an electrostatic 
field a round  the polym cr chains. M oreover, the fact th a t k¡k°  depends on R  ra th e r 
than  on is a typical feature o f  phenom ena governcd by the polyelectrolyte
effcct, as described by the  dom ain m odels o f  polyelectrolyte solutions.^®’ The 
m áxim um  valué o f  k¡k°  increases as the po lye lec tro ly te-substra íe  in teraction  bccom es 
m.ore intense,®- is ihe concen tra tion  ra tio  co rresponding  to  the m áxim um
in te rac tion  between polyion and reac tan t ions. C onsequently  the valué o f  R„,^^ 
should depend on the charge dcnsity o f  the polym er and on the charge o f  the 
substrate. f ’o r w cak polyions the charge density o f the chain  aiso depends on the 
degree o f  neutra lization  o f  the m acro ion  /.

The sam e dependence o f  k¡k°  on R  will be found fo r b im olecular reactions 
involving o ther ions and specics liaving a constan t concen tra tion  in the polym er 
do jnain . 1 ’his is the case v.'hcn the o ther leactive p a rtn e r is reactive group
attached  to  the polym eric chain , or, a t constan t pH , O H “ and  H 3 O+ ions.

VVe shall dcline ihe poiyelcctroiyte in teraction  param etcr, % /l, by the  cxprcssion,

where .)' is som e intensivo propcrty  o f  the solu tion  for a given valué o f  R  and  tiie 
subindices s and p deno te its valué in the eiectrolyte so lu tion  (no poiyelcctroiyte 
present, R  =  0), and  in polyelectrolyte so lu tions having no added salt {R  =  co), 
respectively. T he kinetic %A is obtained if  7ÍS rnade equal to  the ra te  constan t.

Fig. 2 is a p lo t o f  the kinetic %A against R  fo r a num ber o f  reactions in solu tions 
o f  tw o polycations. Fig. 2 contairis tlie k inetic d a ta  co rrespond ing  to  the uni- 
moleculav hydrolysis o f p -n itro - and 2 ,4-dinitro-pheny! phosphates in po!y-(vinyl- 
benzyltrim ethylam m onium  chloride) (P V B A -C l) solutions,^- ® a non-reactive strong  
polycation . A lso in fig. 2, the kinetic in teraction  param ete r is p lo tted  fo r the  sam e 
substra tes reacting  with the an';ino groups in PE! o f  various degrees o f  n eu tra lization , 
as well as th a t fo r the reaction  o f  acetylsalicylic acid w ith P E Í.'' T he p red ic tions o f
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íhc d cc íro s ta tic  m odel ¡ire fully .supporíed iii al] these systems. F o r  bivalent 
subsira íe  an ions ~  8  in P V B A -C l solutior.s and ~  10 in P E I so lu íio n s; 
(o r univalcnt acetyisalicylate ion in PiEl, /./■?,„ax 28-

100-

R
Fig. 2.— % (kinetic) againsl R  for Ihe following reacting system s: (a) ® : D N PP/PV B A -C l, 
m  : N PP/PV B A -C l. (b) A  : N P P /P E i (/ =  0.47). (c) +  ; D N PP/PE l (/ =  0.,i9). {d) O  : 
N PP/PEJ (/ =  0.25), □  : D N P P /P E l (/ =  0.24). (e) A :  A A S/PE l (/ =  0.39). (N P P : p-nitro- 

phenyl phosphale, Ü N P P : 2,4-diiiit,rophenyl pbosphate, A A S; acetyisalicyüo acid).

TJie electrostalic n a tu re  o f  Ihe kineíic % /í is evcn m ore c!ear i í th e  curves illustrated  
in íig. 2 ave com parcd  to  íhose in fig. 3, wheve th e  osm otic in teracíion  param eter, 
co rresponding  to  poiy-(m eíliacry!ic acid) o f  various degrees o f iieutralization vvith 
added N .í3í-,-° is p lo tted  against R  =  io r d iíleren t value.s oT tiie degree o f
ncaitraiization. T he curves o f fig. 3 correspond approxirnatciy to  ~  30.

A ccording lo  M ann ing ’s tl-ieory o f  counterion  co iidensatio ii,' ’ the iocal distribu- 
tion o f  rnobile ions depends on the ciiarge param eter, defiried by,

z k T b
(13)

vvi'.ere h is ihe distance between tv/o adjacen t ionogenic groupr, and í j ,  is tiie charge 
param ete r wlien a!l the ionogenic groups are ionizad. W hen ^ excccds a  critica! valué 
(¿\,¡i), M anning’s theory  assum es íh a t tiie countcrions condense on to  the polym er 
ci'.ain to  such an extent íh a t the charge param ete r is m aintained eqiia! to

Jt is interesting to  try  applying M arin ing’s m odei o f  counterion  condensa tion  to  
expiain tiie kinetic efíecís fo r tw o reasons. .First, it is a sim ple m odel haviiig a clear 
physical rneaning and  secondly because it has proved quite successful in reproducing  
sherm odynam ic and tra n sp c r t p roperties o f  polyelectrolyte so lu íions."’ ”

Accoi'ding to  M am iing 's theory , fo r m onovaien t ionogenic groups, ¿'crit =  1/z, 
v.'here z is the coun terion  chai’ge num ber. A  consequence o f  this m odel is íh a t 
polyvalent counterions condense preferentially  to  m onovaien t ones. "i'nii;; the case 
ol' bivalent subsíra íe  ions appears particu lariy  am enable to  c'escription by th is  m odel. 
As ¡R increases, com plete condensa tion  o f  bivalent counterions occurs w hen the 
subsíra te  concen tra tion  lu^ is suííiciently sraall com pared  to  This condition  is 
expressed by

- " ' ( ! - « )  = 1 -
1

ÍÍ4 )
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w here a is the fraction  o f  im condensed counterions. T h a t is,

1 -
V

.  .  r  (15)
^ • C s l /

This expression agrees w ith the observation th a t depends only on the charge 
density and  the substra te  ion  charge nuniber.

F o r P V B A -C l and  P E I sohitions, >s predicted  to  be 2.4 and  2.7, respectively. 
These valúes are som e 3.5 tim es sm aller th a n  observed.

450

100 150

R

Fig. 3.—  % a (osrnolic) against R  for poly-(methacrylic acid) with added N aB r.^”
(b) @ : / =  0.5, (c) + ; ; =  0.3.

This d iscrepancy between observed and  calculated valúes o f  iRmax t e  
a ttrib u ted  to  the sim plifications inheren t in  M an n in g ’s m odel. T he m odel is success- 
fully applied to  the calculation  o f  those p roperties w hich depend m ainly  oii the free- 
coun terions (e.ff., coun terion  activity coefficient, counterion  diffusion coefficient, 
osraotic cocfiicient, e/c.). O n  the o ther hand , the  observed effect o f  polyelectrolytes 
on  the ra te  o f  reaction  is governcd m ainly  by the condensed counterions, and the 
hypotJiesis o f  coun terion  condensa tion  sim ilar to  a phase transition , does no t 
adequate ly  represent the detailed phenom enon . This is p robab ly  also the reason 
why H oltzer and M an n in g ^^  found  th a t the condensation  m odel did n o t explain 
correcíly  the titra tio n  o f  w eak polyions, w hich is also strongly dependen t on  the  
State o f the condensed counterions.

C O N C L U S IO N S

(J) T he inhibition  o f  the rate  o f  reaction  produced  by m acro ions on  ionio reactions 
between m obile ions w ith charges o f  opposite sign, and  the enhancem ent o f  the rates 
o f reaction  betw een tw o ions having the  sam e charge sign caused by oppositely  
charged m acro ions (for low Ji valúes), can be explained either by the  p rim ary  salt 
efiect, as applied to  polyelectro lyte solutions, o r  by the local d is tribu tion  o f  ionic 
reactan t. B oth approaches are show n to  be identical in these cases.

(2) T he prim ary  salt effect is basically unable to  explain the  decrease in k ^ jk z  for 
large m,„ valúes, i f  the  p robab ility  o f  sim uitaneous occupancy o f  m acro ion ic  sites 
by bo th  reactan t p artn ers  is taken  in to  account, an expression based on local distribu- 
tioii o f  ions can be derived which agrees w ith experim eiit yielding a descending slope 
o f  ( — 1 .0 ) and allow ing calculation  o f  the num ber o f  m onom ers p er site.



(3) F o r first o rder reactions, the electrostatic effect explains qualitatively the  k¡k°  
curve which is sim ilar to  íh a t fo r %A  fo r the osm otic coefficients.

(4) The observation th a t is only a  function  o f  po ly ion  charge density and 
substra te  charge is dem onstra ted  theoretically . T he theory  o f  coun ter-ion  condensa- 
tion  is, hovvever, inadequate  to  pred ic t quantita tively  the  valué o f  This is 
a ttribu ted  to  the fact th a t processes deahng  w ith the  condensed counterions, like the 
polyelectrolyte effect on the  ra tes o f  reaction  and  the  titra tio n  o f  w eak polyions, 
canno t be dealt w ith by th e  sim ple m odel o f  counterion  condensation .
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