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Abstracts--The diffusion coefficients of four polymer-solvent mixtures at 34.0~ were measured using a 
Mach-Zehnder diffusiometer. Monodisperse (Mw/Mn < 1.05) polytetrahydrofuran (PTHF) with and without 
OH-end group were chosen for this work to study the effects of association of polymer molecules on the ditfu- 
sion coefficient. In order to minimize the interaction between solvent and polymer molecules, bromobenzene 
having no hydrogen bond-forming capability was employed as a solvent. The experimental results showed 
that the OH end group indeed affected diffusion property of dilute polymer solution. An association model 
was developed in this work and the experimental results were interpreted based on the model. 

INTRODUCTION 

The concentration dependence of the diffusion coef- 
ficient of polymer molecules has been of great interest to 
scientists and engineers for a long time. As a result of ex- 
tensive studies, predictive theories are available for dif- 
fusion coefficient in dilute polymer solution [1,2,3]. 
Vrentas and Duda [4] pointed out that diffusion coeffi- 
cient in dilute polymer solution is governed by at least 
three factors: thermodynamic, hydrodynamic, and 
volumetric. These theories provide good agreements for 
many nonelectrolyte, nonassociating polymer-solvent 
systems. 

However, there exists no satisfactory theory for 
associating polymer solution. Polymer molecules in 
solution often associate via secondary binding force 
(such as hydrogen bonding) to form larger polymer 
molecules thus changing their properties[5]. Examples 
are synthetic polymers consisting of proton donating 
and proton accepting pairs such as polycarboxyiic acid- 
polyethylene oxide and polycarboxylic acid-polyvinyl 
alcohol. Relatively few studies may be found on 
associating system. Associating system is more difficult 
to understand than nonassociating system because the 
nature of association must also be taken into account. 
This kind of system may no longer be considered as a 
binary system but a multicomponent system consisting 
of polymer unimers, dimers, trimers and so on. 

This work aims at investigating the effects of 
molecular association on diffusion coefficient through 
measnroment of diffusion coefficient of polymer 
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molecules in dilute solution. An expression for the con- 
centration dependence of the diffusion coefficient of 
associating polymer system is derived by iucorperating 
the effect of molecular association into the osmotic 
pressure expression which is then related to the 
chemical potential. The phenomenological theory of 
molecular diffusion is used to obtain the final expression 
for the concentration dependence of the diffusion coeffi- 
cient. 

THEORY 

Molecular Association 
Poiymer molecules associate with one another via 

physical bonds, forming larger molecules. The extent of 
association is affected by the mechanism of association, 
the chemical structures of polymer and solvent, solute 
concentration, temperature, and pressure. Several types 
of association may be classified [5]. This work focuses 
on the type of association, usually called open associa- 
tion, in which like molecules associate in the following 
manner: 

A,+A, ~ A ~  

At§ ~3 A3 

�9 . K n  A A~+An-1 ~- , (1) 

where A,. represents i-mer and K, is the association 
equillibrium constant of the formation of i-mer. For 
mathematical derivation n is allowed to approach infini- 
ty. Assuming the associogenic groups are far apart all 
K,'s may be replaced by a constant K. 

In dilute solution, the polymer molecules mainly 
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consist of unimers, thus this model may be quite 
reasonable representat ion of actual association 
mechanism. 

The molecular distribution of an associating polymer 
solution changes with the polymer concentration ,~ For 
open association, the molecular concentration of i-mer 
is given by 

C", = K'-~CI (2) 

Summing all the C/s the total molar concentration of the 
polymer 

C, 
C p = ~ ,  C, I-KCI (3) 

The number average molecular weight 

Mp =p--e=M~' { I + ' V ' I +  4 (Kp,,/M,)3 (4) 
C,, 2 

Diffusion Coefficient 
If the open associating system is treated as a pseudo- 

binary system, the mutual diffusion coefficient may be 
related by 

D= (NT~) _ _  . , , , , i ~ 7  i ~., (5) 

Due to the colligative characteristics of osmotic pressure, 
the observed osmotic pressure for the system can be ex- 
pressed as 

/7 1 
+ A*p ~+. . .  (6) 

p~RT Mo 

This expression may be applied to open associating 
polymer solution by substituting eq. (4) for M R. Note that 
Aa* is also a function of the association. A functional 
form of A2* was derived as [6] 

A*= An (M,/M p)" (7) 

Substituting eqs. (4) and (7) into eq. (6) 

/7 2 +A,~ (~-~) "p p+.-" 
poRT M , ( I + V I + K p , , / M ~  

(8) 

It should be noted that for K = 0, the above expression is 

reduced to the nonassociating case. Since ~ . =  - / / V . ,  

3,u .) r ( ~ P 7  'P may be obtained by differentiating eq. (8) 

with respect to G. Further if only the two terms of Vp, {q, 
and f~p in series forms are used: 

~--@~o (1+ a,e p) (9a) 

9 s =  "~so (1 "* blp o) (9b) 

t~,,= f~o (1 +k. ,p ,,) (9c) 

When these are substituted into eq. (5) the final expres- 
sion for D for open associating dilute polymer solution is 
given 

D {1 2 K 2 
~-o = 1 -  M1 Xf l - -X)  2A2'M'(I~--X)"-'  

+ 2X~po§ p - ~a KA~,~- 2 ( F 2 )  o 

(2 ' r  { A  2 K 
' M, X ( I + X )  2A~,M1 

2 o ,  
1~-~) -/Lo~'+... (10) 

where X ='V" l + 4 K p  ,,/M, 

The initial slope of D/Do vs pp may be obtained 
d D 

d ~ , , ( F o ) l P , = 0 = 2 A , , M , - k . - b , - 2 u  K (11) 

Compared with the nonassociating system, an extra 
term -K/M~ occurs in the associating system. Depending 
on the magnitude of K and M~ the initial slope may take 
either a positive or negative value. Thus this associating 
strength term K/M~ may play an important role in the 
behavior of open associating system. 

EXPERIMENT 

The diffusion coefficients of polytetrahydrofuran 
(PTHF} in bromobenzene (BB) solutions were measured 
by the use of a Mach-Zehnder interferometer. The 
temperature of the polymer solutions was controlled at 
34 ~ + 0.1~ Reagent grade BB (Fisher Scientific Co.) 
was distilled before use. The PTHF polymer samples 
designated as A1, A2, BI, and B2 were purchased from 
Polymer Laboratories LTD. (Church Stretton Strew- 
sbury, U.K.) and their characteristics are listed in Table 
1. The polymer samples were used without further puri- 
fication. 

A Mach-Zehnder interferometer described by 
Caldwell [7] was used to study the diffusion in polymer 
solution. Two solutions of slightly different concentra- 
tion are carefully layered, one on top of the other, into 
an optical diffusion cell and free diffusion allowed to 
take place after a sharp interface formed between these 
solutions. The cell is immersed in a constant tempera- 
ture bath, and the diffusion process in followed by tak- 
ing pictures of the interference fringe patterns caused by 
the diffusion process at predetermined time intervals. A 

Table 1. Character is t ics  of P T H F  samples.  

Polymer Mn Polydis - End 
Code persit y - groups 

A 1 281, 000 < 1.05 - CH3 

A 2 30, 000 < 1.05 - CH3 

B 1 7, 660 < 1.05 - OH 

B 2 2, 500 < 1.05 - OH 
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Fig. I. Typica l  set  of  photographs taken during dif fusion run. 
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Fig.  2. Concentration dependence of d i f fus ion  

coef f ic ients  of  non-assoc ia t ing  P T H F  

- BB solut ions at 34.0 ~ C. 

PTHF-A1 in BB..-~, P T H F - A 2  in 
B B . . . e .  

typical series of exposures taken for one run is shown in 
Fig. 1. The details involved in the experimental pro- 
cedums and the method for obtaining diffusion coeffi- 
cient from the interference fringe pattern are found 
elsewhere [8]. The diffusion coefficient obtained in this 
way is assumed to be that of a concentration which is 
the average of the two solution concentrations. 

RESULTS A N D  DISCUSSIONS 

The concentration dependence of the diffusion coef- 
ficients for the various PTHF-solvent system is given in 
Fig. 2 and 3 along with theoretical curves.. From the 

results shown in Fig. 2, it is evident that the cortcentra- 
tion dependence of the diffusion coefficient for the 
systems with CH3end group, can be approximated by a 
linear relationship over the entire concentration range 
investigated. These results agree with the prediction of 
the theory for nonassociation polymer systems. 

Althought the interferometric method will not pro- 
vide data at low concentration in all cases, the results for 
the systems with OH end group given in Fig. 3 clearly 
indicate increased diffusion coefficients at low concen- 
trations. This is due to the reduction of the average size 
of diffusing polymer molecules as a result of dissociation 
of polymer multimers accompanied with dilution pro- 
cess. These results are in agreement with the prediction 
of the association model developed in this work. The 
theoretical curves were determined based on eq. (10). 
Two parameter theory [9] and Kirkwood and Riseman 
[10] theory were used to calculate values for all the 
parameters except K which was estimated by fitting the 
equation to the diffusion data. For these calculations we 
have set the Mark-Houwink parameters k and a to be 
0.131 ml/g and 0.6 respectively, bl=0, Vpo:= 1.114 
cma/g and ro/M1 =8.6 x 20-2nm. 
The values for K rod Do are listed in Table 2. 
As mentioned before the initial slope of the D/D0 vs pp 
curve can be negative depending on the magnitude of K 
and Ml. 

The theoretical prediction shows that the diffusion 
coefficient increases sharply with decreasing polymer 
concentration in dilute associating polymer solutions. 
There exists a very narrow range of effective association 
strength K/M~ within which the association of polymer 
molecules is detectable. For low K/M~ the association el- 
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Concentrat ion dependence  of  d i f fus ion  

coe f f i c i en t s  of  a s s o c i a t i n g  P T H F -  BB 

s o l u t i o n s  a t  34.0  ~ C. 

P T H F - B 1  in B B ' " V ,  P T H F - B 2  in 
B B ' " / ' , .  (The curves were determined 
based on eq. (10)) 

Table  2. Summary  of di f fus ion c o e f f i c i e n t  data  

for P T H F - B B  s y s t e m s  at  34 .0~  

Polymer- K/Mn :< 10-' Do Y 10 ~ 
SoIvent (cc/gm) (cm2/see) 

A 1 - BB --- 0. 1516 

A 2 - BB -- 0. 3936 

B 1 - BB 0. 065 0. 8009 

B 2 - BB 0. 200 1. 8250 

fect would be insignificant compared to other interac- 
tion. On the other hand, if K/MI is high, the association 
effect would be complete at such low concentrations that 
accurate diffusion measurements are not possible. The 
effect of association on diffusion rate becomes much less 
significant at higher concentration than it is in the in- 
finitely dilute region. 

The finding that the diffusion coefficient increases 
sharply with decreasing polymer concentration in dilute 
polymer solutions casts doubt on the reliability of some 
Do values reported in the literature, since these values 
have been obtained by linear extrapolation. Unfor- 
tunately accurate measurements of diffusion coefficient 
in the infinitely dilute region is difficult (or impossible in 
some cases) by using traditional apparatus. The associa- 
tion phenomena might therefore be overlooked. It is in- 
teresting to point out that the limiting diffusion coeffi- 
cients of associating systems have values about 1.5 to 
2.0 times as much as they will be if the non-association 
model was to be applied. Tbis might also explain the 
lack of agreement between Do values observed in some 
laboratories and those predicted by theoretical con- 

siderations [11, 12]. 

CONCLUSIONS 

An association model is presented which provide an 
explanation for some conflicts between experimental 
observation and existing thermodynamics and diffusion 
theories of nonassociating systems. The diffusion equa- 
tion based on the association model predicts that for 
associating polymer-solvent systems, the diffusion coef- 
ficient should first decrease with increasing polymer 
concentration and then increase slightly, remain cons- 
tant, or decrease slowly with concentration depending 
on the intermolecular interaction. This prediction is con- 
sistent with the experimental observations. 
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NOMENCLATURE 

a :Mark-Houwink parameter 
ai :coefficient in series given by eq. (9a) 
A21 :second virial coefficient of unimer 
A2" :second virial coefficient defined by eq. (6) 
bl :coefficient in series given by eq. (913) 
C, : molar concentration of i-mer 
Cp molar  concentration of polymer defined by eq. (4) 
D :mutual diffusion coefficient polymer 
Do : mutual diffusion coefficient at zero polymer concen- 

tration 
fs~ :friction coefficient of polymer molecule difined by 

eq. (9c) 
L~,o :friction coefficient at zero polymer concentration 
Ki :association constant of the formation of i-mer 
K :association constant 
k :Mark-Houwink parameter 
ks :coefficient in series given by eq. (9c) 
Mt : molecular weight of unimer 
Mp :number average molecular weight defined by eq.(4) 
Ms : molecular weight of solvent molecule 
N A :Avogadro's number 
p : pressure 
R :gas constant per mole 
r0 :end to end distance of unperturbed chain 
T : temperatue 
Vs :partial molar volume of solvent 
9~, :partial specificvolume of polymer 
V s :partial specific volume of solvent 
V~:partial specific volume at zero polymer concentra- 

tion 
~/~0 :partial specific volume of solvent at zero polymer 

concentration 
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// :osmotic pressure 
:parameter defined by eq. (7) 

~u s :chemical potential of solvent per mole 
p ,, : polymer cocentration 
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