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ABSTRACT The part played by the hydrophobic interactions in the polyelectrolyte “catalysis” of some 
ligand-metal ion (Ni(I1) and Co(I1)) complex formation is investigated (i) by changing the substituent groups 
of the ligand (pyridylazo compound) and (ii) by using as polyelectrolytes, copolymers of methacrylic acid and 
styrene with varying amounts of styrene. The maximum “catalysis” effect is shown to be very dependent 
on the hydrophobic character of both the ligand and the polyelectrolyte. The polyelectrolyte concentration 
giving the maximum effect is generally related to the complete condensation of divalent ions as can be predicted 
from Manning’s theory, whereas the amplitude of the effect is related to the strength of the hydrophobic 
interaction between the ligand and the polyelectrolyte. An improved model is proposed on the basis of the 
present results to interpret the acceleration effect of hydrophobic polyelectrolytes. 

Introduction 
Since the pioneering work of Morawetz and co-work- 

ers)+ the polyelectrolyte ’catalysis” of chemical reactions 
involving ionic species has been the object of numerous 
papers in the last y e a ”  (the list given in References and 
Notes is far from being exhaustive). 

Some applications of such a property of charged poly- 
mers have also been put forward dealing with the possi- 
bility of performing the necessary charge separation in 
photoelectron-transfer reactions where hydrogen produc- 
tion is expected.*n The mechanisms responsible for the 
effect of polyelectrolytes are complex and their complete 
understanding calls for new experiments. 

Extensive work on this subject has been particularly 
performed by lee and co-workers,s-23 who have added new 
insight to this field by investigating the role of solvation 
and desolvation of the reactants and activated complex- 
es.leZ3 

For our part, we have been concerned in previous papers 
with the effects of polyanions on some complexation re- 
actions between a pyridylazo ligand and divalent transi- 
tion-metal A rate-accelerating effect has been 
shown to occur in the presence of sodium poly(styrene- 
Sulfonate)31is2 whereas a rate-retarding effect occurs with 

0024-9297/84/2217-0369$01.50/0 

sodium p~lyphosphate .~ l*~~ As both polyelectrolytes are 
of the anionic type and, furthermore, are characterized by 
the same charge parameter, there was no possible inter- 
pretation without taking into account specific interactions 
between the divalent metal ion and the polyanion on the 
one hand and the hydrophobic interactions between the 
ligand and the polymer when they may occur, on the other 
hand. 

The purpose of the present investigation is to define the 
part played by the hydrophobic interactions. Two dif- 
ferent approaches have been considered: (i) the influence 
of the hydrophobic character of the ligand has been in- 
vestigated by changing the substituent groups of the py- 
ridylazo radical; (ii) the influence of the hydrophobic 
character of the polyelectrolyte has been studied by using 
copolymers of methacrylic acid and styrene with varying 
amounts of styrene. 
Experimental Section 

Materials. The pyridylazo compounds obtained from the 
following sources were used without further purification: NJV- 
dimethyl-4-(2-pyridylazo)aniline (PADA) from Sigma, 4-(2- 
pyridy1azo)resorcinol (PAR) and 1-(2-pyridylaz0)-2-naphthol 
@-PAN) from Fluka. Stock solutions of concentration 2.5 X lo4 
M were prepared in water acidified with HCl for PADA and PAR 
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and in a 50/50 (v/v) water-dioxane mixture for P-PAN. 
The Co(I1) and Ni(I1) salts used were of analytical grade and 

their water content was checked by complexometry with EDTA. 
The sodium poly(styrenesulfonate) (PSS-Na) was a commercial 

sample VERSA-TL 500 from Proctor Chemical Co., of molecular 
weight 500000 (kindly supplied by Dr. C. D. Czymanski). It was 
carefully purified following a previously described p r o c e d ~ r e . ~ ~  
The styrene-methacrylic acid copolymers (STYR-MA) were 
prepared according to the procedure described in ref 39. The 
polymerization was performed in tetrahydrofuran with azobis- 
(isobutyronitrile) as initiator. The elementary analysis of these 
samples indicated styrene content of respectively 34.8 and 17.8 
mol%. These results were confirmed at  better than 1% by a 
titration of carboxylic functions in dimethylformamide.39 Further 
purification of these copolymers has been carried out by a classical 
dissolution/precipitation procedure two times repeated in the 
couple methanol/ether. The final products showed a slight de- 
crease in styrene content respectively of 32% (STYR-MA 32) and 
12% (STYR-MA 12). The sodium salts of these copolymers were 
obtained from a stoichiometric neutralization of the carboxylic 
functions by sodium hydroxide. 

The poly(methacry1ic acid) sample (PMA) was a fraction of 
molecular weight 270000, of the same origin as in a previous 
paper.38 

Kinetic Measurements. The kinetic measurements were 
performed with a stopped-flow spectrophotometer with a 2-cm 
optical path. The apparatus was essentially a Durrum DllO 
model, except that the optical part was a Unicam SP500 UV- 
visible spectrometer, which replaced the original monochromator 
and lamp assemblies. The on-line acquisition of kinetic data and 
treatment with a nonlinear least-squares procedure were per- 
formed with the aid of a NM 4/30 Computerautomation computer 
equipped with a Regent 40 terminal display, Centronic 702 line 
printer, Tektronix 4662 digital plotter, and a Biomation 805 
transient recorder. 

The ligand and polyelectrolyte were equilibrated in the same 
syringe, the divalent metal ion solution being in the other syringe. 
As buffers were avoided because of their possible interference with 
the system studied, the pH of the solutions before mixing had 
to be adjusted with sodium hydroxide so as to lead to the chosen 
final value, which was checked by collecting the reaction products 
a t  the exit of the optical cell. All concentrations given are con- 
centrations after mixing the two solutions in equal volumes. 

The ligand concentration was always kept very small (1.25 X 
M) compared to the divalent metal ion concentrations 

M) in order to ensure pseudo-first-order conditions. Pseudo- 
first-order rate constants kobsd were then obtained from the ex- 
ponential change of the absorbance at  the wavelength charac- 
terizing the metal-ligand complex (kom = 1/7, with T being the 
computed relaxation time of the exponential). Each point in the 
figures is usually an average over a t  least four experiments. 

In some instances the results could not be properly fitted with 
a single exponential, and a function with a sum of two exponentials 
was used in place in the least-squares procedure. This was 
particularly the case for the ligands PAR and PAN which can 
form 1:l and 2:l 1igand:metal complexes.40 The corresponding 
rates of formation are usually well separated on the time scale, 
and the results reported here are always relative to the fastest 
relaxation time, which is presumably related to the 1:l complex 
formation. As already mentioned,32 in the case of PADA with 
PSS-Na at  low polyelectrolyte concentration, a better fit of the 
kinetic curve is obtained when two relaxation times are considered, 
the main process (fastest relaxation time and largest amplitude) 
being followed by a second relaxation time of small amplitude. 
The mechanism responsible for this last relaxation time is not 
clearly identified yet, but it seems to be related to the polye- 
lectrolyte-ligand interaction. Nevertheless the single exponential 
fit gave a value of 7 close to that obtained for the main process, 
and only this relaxation time will be considered. 

Results and Discussion 
"Catalysis" of Pyridylazo Ligand-Divalent Metal 

Ion Complex Formation by PSS-Na: Influence of the 
Hydrophobicity of the Ligand. T h e  idea was t o  use 
ligands with t h e  same basic chemical s t ructure  b u t  with 

'. - 
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Figure 1. Influence of PSS-Na and TS-Na on some ligand-Me2+ 
reactions at  25 "C. Cp is the polyelectrolyte concentration in mol 
of monomeric residues/L ([Me2+] = 
M): PADA-Niz+ at  H 7 f 0.5 in H20  (0) and in Hz0-5% 
dioxane (0);  PAR-Nili: a t  pH 5 f 0.5 in HzO (A); P-PAN-Co2+ 
at pH 5 f 0.5 in H20-5% dioxane (+). 

different substi tuent groups R changing the  hydrophobic 
character of the  ligand and thus  i ts  affinity for the  po- 
lyelectrolyte. 

M, [ligand] = 1.25 X 

h - R  

P A D A  R = 1 1 3  - 3 '  

id 

PAR R = - 
czz/ 

p - P A N  R = 5,) 
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T h e  hydrophobic character of these compounds in their 
neutral  (uncharged) form is expected t o  increase in the  
order P-PAN > PADA > PAR, that is inversely t o  their  
solubility in water. &PAN is so poorly soluble in water 
that the  presence of a n  organic solvent is necessary, and 
experiments with this ligand were performed in Hz0-5% 
dioxane as was previously done by others.40 All three 
compounds can form complexes with Ni2+ or Co2+ ions, and 
some results exist in the literature concerning the  kinetics 
of complex formation in the absence of polyelectrolytes.w 
T h e  kinetics are  known t o  be much faster for t h e  com- 
plexation of Co2+ compared t o  Ni2+, t h e  reason being the  
large difference in the rate  of water exchange.46 On  the  
other  hand, for a chosen metal  ion, t h e  kinetics of com- 
plexation with PADA and PAR takes place on a very 
comparable time scale, whereas i t  is much slower (by more 
than  an order of magnitude) for (it has  been 
suggested that i t  may be d u e  t o  t h e  slow rotation of t h e  
bulky naphthol group, the  hydroxyl of which is involved 
in the complex formation&). For this reason, experiments 
using the  same technique were not  easy to perform with 
the  same metal  ion, and  we were led t o  use Ni2+ with 
PADA and PAR and Co2+ with &PAN. 

T h e  results obtained with these different systems in the 
presence of increasing amounts of PSS-Na are represented 
in Figure 1. T h e  p K s  were chosen so that t h e  different 
ligands can be assumed t o  be mainly in a neutral  form. 
Also represented in the same figure are the results obtained 
when the PADA-Ni2+ reaction takes  place in H20-5% 
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___ Table Ia 

PH gbsd 1 
ligand solvent MeZt  polyelectrolyte ( i0 .5)  koobsd, s" hobxi?  s-l obsd ref 
PADA water Niz t  PP-Na 7 1.25 (10.15) 0.1 0.08 32 

PSS-Na 7 1.25 ( t0 .15)  76 60.8 32 

-. __ 

Cop(STYR-MA 32) 
Cop(STYR-MA 1 2 )  
Cop( STY R-MalAc) 
Cop( ET-MalAc) 
Cop(MVE-MalAc) 
PMA 

PADA water-5% Jioxane N i Z +  PSS-Na 
PADA water Co2+ PP-Na 
PAR water NiZ t  PSS-Na 

Coz+ PP-Na 
0-PAN water-5% dioxane Cozt PSS-Na 

1.25 (i0.15) 95 
1.25 (t0.15) 102 
1.25 (t0.15) 24.5 7 

7 1 .25  (t0.15) 13.4 
7 1.25 (t0.15) 3.0 
7 1.25 (i0.15) 1.3 

7 1.1 53.6 
7 100 9.6 

1.8 14.5 
5.3 0.8 

5 67.1 1.5 
5 2.8 49 

G . 5  

7 1.25 (i0.15) 3.4 

76 
81.6 
19.6 
10.7 
2.4 
1.04 
2.72 

0.096 
8.05 
0.15 
0.022 

48.7 

17 .5  

this work 

32 
32 

1 ::is work 

33 

this work 

this work 
koobsd and h o b d  are respectively the rates of ligand-Me2+ complex formation at 25 "C in the absence of polyelectrolyte 

and at the maximum (cases of acceleration) or minimum (cases of retardation) effect in the presence of polyelectrolyte. 
The ratio k o b s d / k o o b ~  is the corresponding acceleration or retardation factor. Abbreviations used are given in the text 
except PP-Na = sodium polyphosphate, Cop( STYR-MalAc), ET-MalAc, and MVE-MalAc = copolymers of maleic acid with 
styrene, ethylene, and methyl vinyl ether, respectively. 

dioxane and is performed in the presence of sodium p -  
toluenesulfonate (TS-Na) in place of PSS-Na (TS-Na can 
be considered to be representative of a monomeric residue 
of PSS-Na; it has absolutely no influence on the rate of 
complexation of PADA-Ni2+ at  concentrations where 
PSS-Na is quite effective). One can notice that an ac- 
celerating effect is observed for all the experiments in the 
presence of PSS-Na, the maximum of kobd occurring al- 
ways for the same concentration of polyelectrolyte. The 
maximum accelerating effect observed for the PAR-Ni2+ 
is less than one-sixth of the effect observed for PADA- 
Ni2+. On the other hand, comparable maximum rates are 
observed for PADA-Ni2+ and /3-PAN-Co2+, both of them 
in H20-5% dioxane. 

The effect of pH on the reaction rate a t  the maximum 
is very important for the PAR-Ni2+ system, whereas for 
/3-PAN-Co2+, which is assumed to exist in a neutral form 
in a large domain of P H , ~ ~  we have not observed any 
change between pH 4 and 8. (In the case of PADA-Ni2+ 
a sigmoidal change of kobsd when increasing the pH has 
been previously reported and d iscu~sed .~~)  Thus, in the 
case of PAR-Ni2+ an accelerating effect is observed at pH 
-5 whereas a retarding effect exists a t  pH 7; this is rep- 
resented in Figure 2 in which the insert indicates the 
ionization states of the ligand depending on the pH ac- 
cording to the pK values given in ref 49. Similar inhibition 
curves have also been obtained for PADA-Ni2+,31p32 
PADA-CO~+,~ and PAR-Co2+ (see Table I) in the presence 
of sodium polyphosphate (PP-Na), but the mechanism 
responsible for it is expected to be different in these cases. 

An activation energy has been obtained from the tem- 
perature dependence of kobsd for P-PAN-Co2+ (at maxi- 
mum catalysis) and compared to the value obtained in the 
absence of PSS-Na; AHs was respectively 38.8 and 45.6 kJ 
mol-'. 

"Catalysis" of PADA-Ni2+ Complex Formation: 
Influence of the Hydrophobicity of the Polyelectro- 
lyte. We have seen above that PSS-Na shows an accel- 
erating effect on the PADA-Ni2+ reaction. Another 
sytrene containing polyelectrolyte (an alternating co- 
polymer of styrene and maleic acid (STYR-MalAc)) was 
previously shown to accelerate this reaction too32 although 
with a lesser efficiency. We have thought to study more 
precisely the influence of the hydrophobic character of the 
polyelectrolyte by choosing a series of polymers with 
variable styrene content, the styrene residues being sta- 

Figure 2. Influence of PSS-Na on PAR-Ni2+ reaction at 25 "C 
in H20 ([Me2+] = M): pH 5 f 0.5 
(+I, pH 7 * 0.5 (0). Cp is the polyelectrolyte concentration in 
mol of monomeric residues/L. The insert indicates the degree 
of the different forms of the ligand present vs. the pH according 
to the pK values given in ref 49. 

M, [PAR] = 1.25 X 

tistically distributed between methacrylic acid residues. 
Thus we have always the same charged groups interacting 
with the divalent ion, only the frequency of styrene units 
inside the chain being changed. The results obtained with 
two styrene-methacrylic acid copolymers with respectively 
32 and 12% styrene units are compared with the result 
obtained for the homopoly(methacry1ic acid) itself (0% 
styrene units) in Figure 3. 

On the contrary to the situation existing with a strong 
polyacid like PSS-Na, the charge parameter characterizing 
the polyelectrolyte depends on the pH. For this reason 
we have independently determined the titration curves 
giving the neutralization degree vs. pH and thus allowing 
the calculation of the mean charge parameter of each po- 
lyelectrolyte a t  a chosen pH. 

The change of k o u  with the polyelectrolyte concentra- 
tion expressed in moles of ionizable groups/liter is illus- 
trated in Figure 3. The three polymers have been studied 
at  pH 7. A detailed investigation of the influence of the 
pH has been performed for the STYR-MA 32; at  a fixed 
polyelectrolyte concentration, 6 X mol of ionizable 
groups/L (i.e., the concentration giving the maximum 
catalysis a t  pH 7), kobd shows a maximum at  around pH 
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phobic groups and moreover only with the more hydro- 
phobic ligands, which is clear evidence of the importance 
of the hydrophobic interactions between the ligand and 
the polyelectrolyte. We have also clearly demonstrated 
that the acceleration observed is a true polyelectrolyte 
effect, as the replacement of PSS-Na by the same con- 
centration of a model molecule equivalent to a monomeric 
residue (TS-Na) results in a vanishing of the catalytic 
effect (Figure l), which also vanishes when enough salt is 
added to the polyelectrolyte solutions.52 

A first important remark concerns the position of the 
maxima observed in Figure 1: whatever the ligand-Me2+ 
couple considered, the maximum of kobsd occurs for the 
same polyelectrolyte concentration C, N 2.5 X M. 
Considering that the binding of Na+ ions to the polye- 
lectrolyte can be neglected when there are enough divalent 
ions in the solution to "neutralize" all the charged sites,53 
the fraction of sites occupied by the divalent ions can be 
estimated from Manning's theory54 to be 1 - 1/25 = 82% 
in the case of PSS-Na, with [ being the charge parameter 

(1) 
e2 

f = -  
tkTb 

(where e is the electronic elementary charge, t is the di- 
electric constant of the solvent, b is the projection of the 
distance between two neighboring charges on the polye- 
lectrolyte axis, k is Boltzmann's constant, and T is the 
absolute temperature). Consequently the concentration 
of sites occupied at  kobsd maxima is 2.5 x x 0.82 N 

2 X loT3, that is exactly the equivalent concentration of 
divalent ions present in the solution, which are thus all 
bound. It can be concluded from this that the position of 
the maximum is entirely determined by the electrostatic 
interactions between the polyelectrolyte and the divalent 
ions and that it occurs when the free divalent ions are just 
exhausted. 

On the other hand, the amplitude of the maximum 
strongly depends on the ligand; for example, the ratio 
k o ~ / k o o b s d  which is 60.8 for PADA is only 8.05 for PAR 
which is more hydrophilic when both ligands are mainly 
in a neutral form. Unfortunately P-PAN, which is more 
hydrophobic than PADA, can be compared with it only 
in the presence of dioxane; although a decrease of the 
acceleration factor from 60.8 to 48.7 is observed for PADA 
when adding dioxane, this factor is still higher than for 
@-PAN (27.5). Nevertheless the comparison may be fal- 
sified by the fact that one of the results refers to Ni2+ and 
the other to Co2+ for the experimental reasons previously 
indicated. In addition the presence of dioxane may in- 
troduce complicating factors such as a shift of the pK of 
the ligands55 or preferential solvation changing the local 
dielectric constant. 

Figure 2 demonstrates the importance of the ionization 
state of the ligand and the difficulty of working in such 
conditions that the ligand be uncharged. According to out 
spectrophotometric determinations, the ionization constant 
characterizing the equilibrium between PAR and PAR- 
does not seem to be affected by the presence of PSS-Na, 
on the contrary to what happened with PADA32 (note that 
PADA can only get a positive charge). The acceleration 
factor obtained at pH -5 may be slightly decreased by 
the contribution of a few percent of the PAR- form of the 
ligand. At  pH 7, where practically all the ligand is nega- 
tively charged, the inhibition observed falls in the very 
classical case where one species is repelled by the polyion 
whereas the other one is attracted by electrostatic forces. 

The situation is even more complex for the statistical 
copolymers of STYR-MA for which the charge parameter 
is not as well-defined as for PSS-Na: (i) it depends on the 

k?-- 'C 92:L 1' 

Figure 3. Influence of STYR-MA copolymers and PMA on 
PADA-Ni2+ reaction at 25 O C  in HzO: STYR-MA 32% pH 7 f 
0.5 (0) and pH 8.5 f 0.5 (+); STYR-MA 12% pH 7 f 0.5 (0); 
PMA homopolymer pH 7 f 0.5 (x). Cp is the polyelectrolyte 
concentration in mol of ionizable groups/L. 

7.5 and a drastic decrease at  pH 6, where the polyelec- 
trolyte is poorly ionized (under pH 6 the ionization is no 
longer sufficient to ensure the solubilization of the co- 
polymer). The maximum catalytic effect obtained at pH 
8.5 is occurring at a smaller polyelectrolyte Concentration 
than that at pH 7 ,  and the effect is slightly larger as also 
shown in Figure 3. 

In addition one can notice that, even when the same pH 
is used, the maximum is occurring at a different polye- 
lectrolyte concentration; for STYR-MA 12 the maximum 
is displaced toward higher polymer concentration. The 
effect of the hydrophobic character of the polyelectrolyte 
is perfectly clear: the higher the styrene content, the 
higher the catalytic effect observed for the same concen- 
tration of carboxylic groups is. The total elimination of 
styrene groups brings about practically a vanishing of the 
catalytic effect (case of PMA). 

The effect of temperature has been studied in the con- 
ditions of concentrations giving the maximum effect for 
STYR-MA 32 at pH 8.5 (the effect is even larger than the 
effect previously reported for PSS-Na). The activation 
energy determined from the slope of the Arrhenius plot 
is AH* = 46.5 kJ mol-'. 

Ternary complexes of a polyelectrolyte-metal ion-simple 
ligand can serve as model systems for studying enzyme- 
substrate complexes.50 The polymer chain, on which the 
ligand-metal ion complex is located, mimics in this case 
the protein moiety of an enzyme. 

The catalytic influence of polyelectrolytes on the kinetics 
of simple ligand-metal ion complexation is dependent both 
on electrostatic and on hydrophobic interactions, is the 
case for micellar catalysis.45 Nevertheless little is known 
concerning the quantitative part to be attributed to each 
type of interactions, although the importance of hydro- 
phobic interaction in the catalytic influence of polyelec- 
trolytes has been previously noted by different  author^.^' 

We have collected in Table I all the results presently 
available concerning the influence of polyelectrolytes on 
some pyridylazo-Ni2+ (or -Co2+) complex formation. The 
observed kinetic constants in the absence of polyelectrolyte 
(koobd) and in the presence of polyelectrolytes a t  their 
largest influence (koM) are indicated at 25 "C for the same 
metal ion and ligand concentrations (respectively M 
and 1.25 X lod M). The acceleration or retardation factors 
are given by the values of the ratios kobad/koobsd. These 
results show that large acceleration factors (larger than 10) 
are obtained only with polyelectrolytes bearing hydro- 
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neutralization degree of the carboxylic functions; (ii) the 
distance between two consecutive charged sites can only 
be an average distance due to the statistical distribution 
of these sites along the polymer chain; (iii) an extended 
conformation is likely only when the copolymers are fully 
charged, otherwise a globular conformation stabilized by 
the hydrophobic interactions between the styrene groups 
will probably dominate,SB which renders almost impossible 
the evaluation of parameter b in eq 1. 

The only clear situation in this respect is the one of 
STYR-MA 32 at  pH 8.5, where the copolymer is expected 
to be fully ionized (this is shown by the titration curve 
performed in the presence of divalent ions). An average 
b parameter can be estimated to be on the order of 3.8 A, 
which gives a 5 value of 1.87. Neglecting again the presence 
of monovalent ions, one obtains for the fraction of sites 
occupied by the divalent ions 1 - 1/25 E 0.73. As the 
maximum of koM occurs for C, = 3 X mol of ionizable 
groups/L, the concentration of sites occupied is 3 x 
X 0.73 N 2.2 X which is again a concentration close 
to the equivalent concentration of divalent ions present 
in the solution (an error of 10% is acceptable) and is in 
agreement with the previous conclusion. Unfortunately 
it is not possible to perform a similar calculation for the 
STYR-MA copolymers a t  pH 7 because they are only 
partly neutralized; nevertheless the displacement of the 
maximum of STYR-MA 32 takes place in the expected 
direction (when the charge parameter is decreased there 
is a corresponding decrease of the fraction of sites occupied 
so that more polyelectrolyte is needed to bind all the di- 
valent ions present). The results of Figure 3 also confirm 
the relation between the amplitude of the catalytic effect 
and the hydrophobic character of the polyelectrolyte. 

Before discussing in more detail the mechanism re- 
sponsible for the effects observed, we would like to point 
out the large difference in the acceleration factors deter- 
mined for two polyelectrolytes having closely related 
structures: STYR-MA 32 and STYR-MalAc (see Table 
I). The first one has a catalytic effect more than 7 times 
larger than the second one although they both have one 
styrene group per two carboxylic functions. The main 
structural difference rests on the fact that the -COf 
charged groups are borne by two adjacent carbon atoms 
of the polymer chain in the case of the maleic acid co- 
polymer, whereas in the other case they are separated by 
a -CH2- link. A strong complexation of Me2+ ions, which 
has been previously disc~ssed,3~~~'  is only possible for the 
maleic acid copolymer. This may result in a retardation 
effect, analogous to  the one observed with poly- 
p h ~ s p h a t e , ~ ~ ~ ~ ~  competing with the acceleration effect. 
These remarks show, if still necessary, the large sensitivity 
of the catalytic effect to specific ion-polyion interactions. 
All of the preceding resulta require a model that will take 

into account both the "condensation" of divalent ions on 
the polyelectrolyte and hydrophobic interactions between 
the polyelectrolyte and the ligand. A kinetic model with 
comparable requirements has been developed by Diek- 
mann and Frahm58 in order to interpret the micellar ca- 
talysis of a similar ligand (L)-Me2+ reaction. Such a model 
can be made suitable to the present problem. The reaction 
is assumed to take place both in the bulk solution and in 
the restricted space of the polyelectrolyte domains ac- 
cording to the following scheme: 

X i  

* 2  
L + Mef '+  = [ L - M e z + l t  b u l k  solut ion 

11 
k l '  

k 2  

11 I t  
L b  + Meb'+ C: [ L - M e 2 + I b  polyelectrolyte domains 
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where the subscripts f and b refer respectively to free and 
bound species. (This scheme considers only the 1:l com- 
plex formation discussed here.) The species are also as- 
sumed to rapidly exchange between the bulk solution and 
the polyelectrolyte domains comparatively to the com- 
plexation rates (if there was no fast coupling each reaction 
should be characterized by a different relaxation time). 
Provided that the condition [L] << [Me2+] is always ful- 
filled and assuming kl = k< and k2 = k i t 2 @  the relaxation 
time can be expressed as 

1/7 = k1([Me2+lf x 6f + [Me2+]b x 6,) + kz (2) 

with [Me2+If and [Me2+Ib being the effectiue local con- 
centrations and 

Of = [ W ( [ L f l  + [f;bI) (34  

Ob = [Lbl/([Lfl + [Lbl) (3b) 
the bars indicating equilibrium conditions. These quan- 
tities can be expressed in function of the binding constant 
K characterizing the ligand and polyelectrolyte association 

Lf + P L-P 

and of the polyelectrolyte concentration Cp (at least for 
homopolymers), with P being a monomeric residue 

the last approximation being true in the experimental 
conditions where cp >> [Lb]. It follows that 

KCP 
1 + KCp 6b = 

1 
1 + KCp 

Of = (5) 

The effective local concentrations of Me2+ can easily be 
expressed32 in function of the charge parameter 5, the 
condensation volume ul, and Avogadro's number N, so that 
eq 2 can be rearranged in the final form 

1/7 = -[1 - (25)-1]Cp + 

+ kz (6) 
[Me2+IT - 0.5[1 - (2&']CP 

1000 - NU1Cp 

The equation can only take into account the increasing 
part of the koM variation with Cp and becomes meaningless 
after the maximum catalysis when all the free divalent ions 
are exhausted. The decreasing part of the curves is to be 
related to a dilution effect of the reactants in the polye- 
lectrolyte domains when increasing the number of these 
domains.2 

For the catalysis of the PADA-Ni2+ reaction by PSS- 
Na32 or by SDS the fact that the activation 
enthalpy at the maximum was almost identical with the 
activation enthalpy obtained in the absence of polyelec- 
trolyte (55 f 4 kJ mol-' ") was taken as a criterion indi- 
cating that the reaction is not catalyzed by lowering the 
activation energy barrier but only by concentrating the 
reagents in a small part of the total reaction volume6 (the 
activation entropy term is known to be a factor of much 
less importance than the activation enthalpy term in the 
water exchange process, which is rate limiting here46). 
These points seemed to justify the assumption that the 
same rate constants may characterize these reactions as 
well in the polyelectrolyte or micelle domains as in the bulk 
(kl = (1.35 f 0.15) X lo3 M-l s-l and k 2  = 0.1 ,-la). 

This may not be absolutely true for the PADA-Ni2+ 
reaction in the presence of STYR-MA 32 and for the /3- 
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lyelectrolyte characterized by a binding constant K are 
taken into account. A quantitative test of the model will 
be definitely possible when independently determined 
values of the binding constants K for different ligand- 
polyelectrolyte couples will be available. 
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ABSTRACT Ellipsometry has been applied to study the average thickness of adsorbed polymer layers under 
flowing conditions. The measurement ale0 producea a simultaneous determination of the surface concentration. 
Measurements have been conducted under flowing pure solvent at the @temperature on four polystyrene 
samples of molecular weights ranging from 1.8 X 10s to 20 X l@ adsorbed previously onto chrome from quiescent 
cyclohexane solutions. No detectable changes in film thickness were observed for the three lower molecular 
weight samples over the whole range of velocity gradients applied. On the other hand, the film thickness 
of the 20 million molecular weight sample began to decrease as the apparent velocity gradient surpassed 2000 
s-l and decreased as much as 15% when the apparent velocity gradient reached 7800 s-l. The response of 
the adsorbed polymer layer to the imposition of the flow over short periods of time was reversible, and no 
change in adsorbance was observed between the inception and cessation of the flow. The measured con- 
formational changes were also compared to the predictions of a simple bead-and-spring model of an attached 
polymer segment, and qualitative agreement was obtained when the effect of finite extensibility was included 
in the model. 

Introduction 
Polymer adsorption has been the focus of considerable 

attention in recent years because of a large number of 
processes in which this phenomenon is important. The 
majority of work, however, has been devoted to the case 
of adsorbed chains in quiescent systems, and relatively few 
studies have considered the effect of hydrodynamic forces 
on the adsorbed layer. Since most applications in which 
polymer adsorption is important involve the presence of 
a flow field (enhanced oil recovery, lubrication, liquid 
chromatography, and filtration), there is a need for un- 
derstanding the interactions of the dangling ends and loose 
loops making up the adsorbed layer of polymer chains and 
hydrodynamic forces arising from the flow of liquid above 
the solid-liquid interface. 

Hydrodynamic forces can affect the adsorbed layer in 
one of two ways. The first case is one in which the polymer 
chains are first adsorbed under n d o w  conditions and then 
subjected to the flow of the bulk liquid above the surface. 
For a weakly adsorbed, high molecular weight, flexible 
chain (the case often encountered in industrial applica- 
tions), only a small proportion of the polymer segments 
is actually attached to the surface with the remainder 
extending away from the surface as dangling ends or loose 
loops. The imposition of hydrodynamic forces can result 
in distortion and alignment of those unattached segments. 
Furthermore, if the shear stress is large enough, it is con- 
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ceivable that the chains could be torn away from the 
surface. 

The second case where the importance of flow should 
be investigated is one where the chains are adsorbed from 
a flowing solution. This could result in flow-induced de- 
formation and orientation of the polymer chains prior to 
attachment to the surface. It is possible that such changes 
in conformation could affect both the kinetics of the ad- 
sorption and the final conformation of the film. This paper 
is strictly concerned with the first case, where the polymer 
is adsorbed from quiescent solutions. The second case will 
be the subject of a later paper. 

The previous studies in this area which most convinc- 
ingly demonstrate the possibility of flow-induced changes 
in the conformation of polymer films are those reported 
by Gramain and Myard’ and, more recently, by Cohen and 
Metznera2 In both studies, a simple hydrodynamic method 
was used to infer the properties of polymer films in the 
presence of flow. This is carried out by measuring the 
pressure drop required to sustain a given flow rate through 
either a porous media’ or a capillary tube.2 From such 
measurements, the effective hydrodynamic thickness of 
an adsorbed layer can be estimated if it is assumed that 
the increased hydrodynamic resistance due to the film 
comes about solely from a constriction of the path through 
which the fluid is flowing by the adsorbed polymer layer. 
The study of Gramain and Myard’ utilized the flow of pure 
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