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ABSTRACT: A method is proposed for determining the thermodynamic characteristics of macromolecules 
grafted on an inert plane. Based on Flory's theory for macromolecular solutions and gels, the swelling of such 
a grafted phase by a solvent is calculated. Results are applied to evaluate the partition coefficient of a solute 
between grafted molecules and a solvent. Variations of this coefficient with the molecular sizes of the solvent, 
solute, and grafts and with the interactions between these molecules are studied. 

The  behavior of a macromolecule in the vicinity of an 
interface is useful for understanding the adsorption of 
po lymer~l -~  and for explaining the fractionation observed 
in gel permeation chromatography (GPC).4-6 

In the particular case of a macromolecule attached by 
one of its ends to a surface, numerous applications are 
suggested: liquid-liquid chromatography, selective ab- 
sorption of pollutants, compatibilization of prosthesis with 
blood, stabilization of polymer emulsions, supported ca- 
talysis, etc. 

The thickness of the polymer layer adsorbed on a surface 
and its variation with molecular weight has been exper- 
imentally The segmental distribution of 
grafted macromolecules has been evaluated both theo- 
retically and by ~ i m u l a t i o n ~ ~ ' ~  but their thermodynamic 
characteristics have not been systematically studied. These 
characteristics should allow one to better understand the 
behavior of grafted materials. Hence, we investigated the 
problem and using Flory's theory on macromolecular 
solutions,13J4 we calculated the swelling by a solvent of a 
macromolecular phase grafted on a plane and we deduced 
the partition coefficient of a solute between the two phases 
of such a system.15 

Model 
As depicted in Figure 1, we take as our model N3 

nonentangling polymer chains grafted onto an inert plane. 
That  is, chains are independent and there is no adsorption 
effect on the wall. 

According to the lattice liquid theory13J4 solvent and 
polymer molecules are assumed to be constituted of 
segments of identical volume. Thus, each molecule of 
solvent is composed of rl segments and each molecule of 
polymer is composed of r3 segments. 

This rough model, representative of graft phases used 
in practice, requires the specification of only a few pa- 
rameters and the resulting expressions can be easily ap- 
plied to experimental data. For example, it elucidates the 
behavior of chemically bonded stationary phases which 
have gained increasing importance in liquid chromatog- 
raphy. 

Free Energy  of Mixtures  

solvent with the grafted phase is AF 

I F  = A F M  + A F E L  

The free-energy change involved in the mixing of a 

( l a )  

in which A F M  is the free energy of mixing 

AFM = AHM - T A S M  ( Ib)  

and A F E L  is the elastic free energy due to the molecular 
expansion of the grafted chains in the solvent. 

1. Computing En t ropy  of A S M  Mix. Consider a 
solution consisting of N ,  molecules of solvent and N3 
molecules of polymer. The number of permissible patterns 
of the two kinds of molecules in such a system is Q. 

When the polymer molecules have one end attached to 
a surface, the pattern number becomes Q'. Q' is smaller 
than Q: 

Q' = QPP' (2) 

P is the fraction of all the configurations that would still 
remain available if the position of one end of all the 
polymer molecules were fixed in the solution. P' is the 
fraction of these permissible configurations when all such 
fixed points are on a plane bounding the solution. The 
symbols Q',,, Qo, Po, and P i  denote the corresponding 
quantities for pure compounds. 

a. Calculating P .  Using a lattice model, any solution 
of N3 polymer molecules (r3 segments) and N1 solvent 
molecules (rl  segments) comprises Nl + (r3/rl)N3 cells. We 
consider all the permissible configurations of this system. 
We can choose N3 cells to be occupied by one polymer 
chain end. For each specific choice of N3 cells, the number 
of permissible configurations is the same. Hence for a 
given choice of N3 cells, the corresponding fraction of the 
total number of configurations is: 

For our purpose, a solution of N3 one-end-bonded mac- 
romolecules and N1 solvent molecules corresponds to a 
particular choice of N3 cells. Thus P is derived from eq 
3. 

It follows that for pure compounds: 

b. Calculating P'. The fraction p :  of all conformatins 
of a polymer chain ( r3  segments) that  are still available 
when one end of the chain is fixed a t  a distance x of an 
impenetrable plane boundary has been evaluated by 
Casassa16 

in which b is the length of one of the r3 / r1  units of the 
polymer chain. 
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Figure 1. Depiction of grafted chains using a lattice model. 

The flexible portion of a polymer chain terminally at- 
tached to a plane begins a t  a distance b from the plane. 
Thus we shall consider that in our case x = b,  after which 
applying eq 5 gives P'b,o, i.e., 

When the attached molecule is swollen by a solvent, its 
volume fraction is $3 and the average distance between two 
points of the chain is multiplied by $3-1/3. As the pinning 
distance is unmodified, Casassa's result leads to: 

Here, Pb,o  and Pb,l  refer to one molecule. When N3 
identical but non-entangling macromolecules are grafted, 
the total number of configurations is: 

R' = fiP(p'b,1)N3 = QPP' 

c. Expression of the Entropy of Mixing ASM. The 
expression of the entropy of mixing is: 

R' P 
a0 

ASM = K In 7 = K 

According to Flory's lattice theory of polymer solu- 
tions,13J4 the term In (R/Ro) is expressed by In (R/Ro) = 
-(Nl In $1 + N 3  In $3). Substituting Stirling's approxi- 
mations for the factorials appearing in the expressions for 
P and pb, l  leads after some simplification to: 

A S M  - = -N1 In $1 + Y 
11 [ N 3 ( ;  - 1) + Nl]  In (1 - ; $ 3 )  - 

2. Evaluating A S E L .  By analogy with Flory's theory 
on ge1s,13,14 we must find the probability REL that the N3 
grafted chains will occur spontaneously in a specified 

conformation, following a deformation which is charac- 
terized by an expansion parameter a and is constrained 
in the following ways: the ends of N3,i chains are within 
a differential volume element Ax AyAz located about point 
(xi,yi,zi); a chain end having components (xi/a,yi/a,zi /a) 
has components (xi,yi,zi) after deformation. 

When the deformation process is swelling, cy3 = l/$ in 
which $3 is the volume fraction of the polymer in the 
swollen phase. The probability that any given grafted 
chain has components (zi,yi,zi) within the range (Ax,Ay,Az) 
is: 

wi = W(xi,yi,zi) Ax AyAz 

in which 

and 

Flory's calculation for N3 chains leads to: 

in which N3,i is given bf 

xi y i  zi AXAYAZ 
N3,i(xi,yi,zi) = N3w -,-,- - 

a3 

Taking logarithms and introducing Stirling's approxi- 
mation for the factorials: 

Substituting the summation by appropriate integrations 
we obtain 

In Rar = 

[p2(1/a2 - 1)(x2 + y2 + z 2 )  + In a3] dx dy dz (14) 

i.e., 

1 
The entropy change involved in deformation is obtained 
by substracting from k In REL the value of S for a3 = 1: 

3. Computing Term AHhl.  We can assume that the 
interaction energy between a polymer segment and a 
solvent molecule remains unchanged after grafting. Hence, 
A H M  is the classical enthalpy of mixing calculated by 
F10ry:'~J~ 

mhl = kTX13N1(b3 (16) 
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Figure 2. Swelling of grafted phase (43) vs. xi3 for various values 
of r3 and by taking r1 = 1. 

in which x i 3  is Flory’s interaction parameter. 

vious equations the expression of AFM is: 
4. Evaluating the Swelling. According to the pre- 

AFM = k T [  N 1  In Cpl - [ N 1  + N3( :  - l ) ]  In (1 - 

5 d 3 )  7.3 
+ N 3 ( ;  - 1) In (1 - 2) - 

Hence solvent activity in the swollen phase is: 

It follows that: 

At the swelling equilibrium, In a, = 0. In Figure 2, x I3  
is plotted against 93 for each value of r3 (rl = 1). We 
mention that the swelling of the grafted phase increases 
with r3 and decreases with ~ 1 3 .  

Calculation of the Partition Coefficient KD of a 
Macromolecular Solute between a Grafted 
Polymer and a Solvent 

1. Free-Energy Formula. Extension of the previous 
equations to a system of three components, using r2, for 
example, to characterize the solute, leads to the free-energy 

change A F  involved in the mixing of a solute with the 
swollen grafted phase: 

A F M  = L W M  - T(ASM + ASEL) 

in which 

aHM = X13N143 + xl2Nl42+ X23r3N342 (19) 

and 

x12 is Flory’s solvent/solute interaction parameter and ~ 2 3  
represents the interaction intensity between a segment of 
the grafted chains and a segment of the solute. 

2. Computing A S w  According to Flory’s theory,13J4 
if the ternary system were composed of N1 solvent mol- 
ecules, N 2  solute molecules, and N3 chains in solution, the 
total number of configurations of this system would be 

In (9/Q2,)  = - [ N ,  In 4, + N2 In d2 + N3 In 431 (21) 

I t  has been shown above that fl becomes 9’ when the N 3  
polymer molecules are actually grafted on a plane: 

9‘ = 9PP’ 

Disregarding the steric constraint of the wall, the dis- 
tribution of the solute in the grafted phase would be 
homogeneous. 

Assuming the grafted phase to be a layer of a swollen 
polymer of thickness e,  the probability of finding one end 
of a solute molecule between distances x and x + dx from 
the wall is d9’ = 9 dxle .  

In fact the vicinity of the wall decreases this number of 
permissible configurations by the factor p :. According to 
Casassa’s calculation: 

Assuming thickness e of the grafted phase to be the 
diameter of the equivalent sphere of a dissolved macro- 
molecule having the same swelling as the grafted mac- 
romolecule, then 

e = a( ?)l i2b 

Extenting the steric effect of the wall to all the grafted 
molecules, the total number of permissible arrangements 
9” of the solute becomes 

= ~ ” ~ 9 ’  (23) 
a(r3 / r l )  l /zb 

After integration one finds 
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It follows that 

1 P P b , l  

P b,O 
+ N3 In 7 + N2 In p”1 

(25) 

Lastly, 

- -  - -NI In $I - N 2  In $2 t 
ASM 
k 

[ N3(? - 1) +N1]  ln (1 - 3J3) 
N3(: - 1) ln (1 - :) + 

?$32/3)1’2 

N31n [ *] _ _  + 

2 r3 

3. Computing the Partition Coefficient KD. From 
the previous equations one finds the activity of the solute 
in the grafted phase and in the solvent. The following 
substitutions can be made assuming the solute is con- 
sidered as very dilute: 

$2 (6’2 0 

f$Jfl 1 

Hence. 

and 

The condition a2 = u ‘ ~  must be satisfied to arrive a t  
equilibrium of the solute between the two phases. This 
equality gives the expression for the ratio In KD N ~ $ ~ / 4 ~ ~ :  

(L! 

Discussion 
Partition coefficient KD is a function of the size of the 

three different kinds of molecules. I t  largely depends on 
the relative magnitude of the interaction terms xi? If there 
is no enthalpic effect (x, = 0), KD varies from 0 to 1 as the 
molecular weight of the solute decreases from 00 to 0. 
Figure 3, in which the logarithm of the molecular weight 
of the solute ( M 2  taken as 100 r2)  is plotted versus KD, 
illustrates this prediction. The curves are similar to  the 
calibration curves of gel permeation c h r ~ m a t o g r a p h y . ~ ~  
The solubility of high molecular weight solutes increases 
with the molecular weight of the grafted chains. 

The role of the solvent depends not only on the size of 
its molecules but mainly on its interactions with the solute 
and the gel (xlz and ~ 1 3 ) .  When we consider a series of 
solvents all of which swell the grafted molecules identically 
(Le., the grafted molecules/solvent interactions are con- 
stant) but which have various affinities for the solute, the 
solubility of the solute into the grafted phase can be 
appreciably altered as shown on Figure 4. In this figure, 
curves for the logarithm of the molecular weight ( M ,  = 
100r2) as a function of KD are plotted for the values xI3 
= x 2 3  = 0, x12 = 0 (or 0.5), r3 = 10, and r3 = 500. 

On the other hand, as the affinity of the solute toward 
the grafted phase increases (Le., for decreasing values of 
x23) ,  the curves log M 2  = f(KD) become warped and 
particularly when the solute/grafted chain interactions are 
very strong KD becomes greater than 1. Figure 5 shows 
the change for xi3 = 0.5, x12 = 0, and r3 = 10. 

Validity of the Proposed Model 
Our calculations are based on the lattice theory of 

polymer solutions developed by Flory13J4 and by Huggins.17 
The theory assumes that the interactions between the 
various species do not permit the formation of complexes 
which cannot easily be dissociated by thermal agitation 
a t  the experimental temperature (hypothesis of “regular” 
systems). I t  is also assumed that xi3 values are inde- 
pendent of 43, which is not always valid.I8 

Several assumptions on the nature of the grafted phase 
have been made. The number of configurations has been 
calculated assuming r 3 / r l  >> 1. The Surface bonded to 
the grafted chains is equated with an inert plane, Le., i t  
does not constrain segments of the grafted molecules to 
lie along i t  preferentially. As a general rule, we assume 
that no adsorption occurs a t  the various interfaces of the 
system. In practice the validity of this assumption depends 
largely on the nature of grafts, surface, and For 
polystyrene deposit on silica, it has been shown experi- 
mentally that even in a 8 solvent, the greater part of the 
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Figure 3. log M2 (M2 taken as 100r2) vs. KD (partition coefficient) 
for various values of r3. Curves plotted with rl = 1 and x I 2  = xi3 
= x23 = 0. 

Figure 4. log M2 (M2 taken as 100r2) vs. KD (partition coefficient) 
for various values of x I 2  [(- - -1 x I 2  = 0, (-1 x I 2  = 0.51 plotted with 
r3 = 10 or 500 and x I 3  = x23 = 0. 

segments of the adsorbed polymer molecules are far from 
the adsorbing surface and the thickness of the adsorbed 
layer varies like the radius of gyration of a macromolecule 
in s o l ~ t i o n . ’ ~ - ~ ~  

The  grafting of a macromolecular chain increases its 
extension perpendicular to the plane. The opposite effect 

KD 
a5 
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Figure 5. log Mz (M2  taken as 100rz) vs. KD (partition coefficient) 
for various values of x23. Curves plotted with r3 = 10 and x12 = 
X I 3  = 0. 

is observed when adsorption of the macromolecule occurs 
on the surface. Smitham and NapperIg found tha t  the 
thickness of the attached layer corresponds to 2-2.5 times 
the unperturbed end-to-end distance of a polymer chain 
(Le., 2b(r3/ri)II2. Experimental results of Dorokowski and 
LambourneZ2 lead to a thickness for the attached layer 
varying from 0.43b(r,/r,)1/2 to 2.7b(r3/r1)1/2.  For our 
calculation we chose (Y b ( r 3 / r J 1 l 2 .  

The distribution of polymer segments into the grafted 
phase is assumed to be homogeneous. A factor expressing 
the correction for inhomogeneity of the solution can be 
introduced, but mathematical expressions would be 
considerably more c ~ m p l i c a t e d . ’ ~ ~ ~  

The expressions proposed for the swelling and for the 
partition coefficient KD obtained for the grafted phases 
should be compared with those which were calculated for 
gels.24 Substituting the length between two cross-linkages 
of the gel for the length of the grafted molecules, the 
behavior of grafted materials and of gels appears to be 
similar. Hence, as for gels, our results should allow one 
to better understand the separation mechanisms on grafted 
phases involved in liquid-liquid chromatography. Such 
experimental studies have been performed in our labo- 
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Conformation of Block Copolymers in Dilute Solution. 3. 
Determination of the Center-to-Center Distance between 
the Two Blocks by Light Scattering1 
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ABSTRACT: The conformation of an AB diblock copolymer in dilute solution may be characterized by the 
mean-square radii ( S 2 ) A  and ( S 2 ) B  of the two blocks and the mean-square distance (G’ )  between the centers 
of mass of them. It was previously established that (S2)K (K = A or B) is almost identical with the radius 
( S 2 ) H - K  of the equivalent K homopolymer, unless the A-B interactions are attractive. In such a situation, 
it is possible to determine ( G2) by light scattering with a solvent having large refractive index increments 
for the two homopolymers. Experiments were conducted on polystyrene-poly(methy1 methacrylate) diblock 
copolymers in 2-butanone. The parameter u representing the extent of “segregation” of the two blocks, u 
= (G2)/(2(S’), + 2(s2)B),  was evaluated with due regard to the sample heterogeneity. The influence of 
heterogeneity was found to be unexpectedly large even for a fairly homogeneous sample, say M J M ,  < 1.1, 
and without adequate correction to this effect, the conclusion drawn from such an analysis could be misleading. 
It was found that g lies very close to 1.2. This shows that the conformation of the block copolymer is almost 
the same as that of the homopolymers. Models like “segregated” and “core-in-shell’’ conformations are utterly 
at variance with reality. 

Despite the enormous effort so far made to understand 
the chain conformation of block copolymers in dilute 
solution, the progress until recently has been highly un- 
satisfactory.2a This is due, on the one hand, to crucial 
difficulties of dealing with the problem theoreticallyzb and, 
on the other hand, to lack of effective experimental 
techniques which provide unequivocal information. This 
situation has given rise to considerable confusion regarding 
the simplest picture of block copolymer conformation, and 
thus various models, typified by the “quasi-random coil”, 
“segregated’, and “core-in-shell” conformations, have been 
proposed, without clear definitions for them.l 

Very recently, considerable success has been gained by 
computer “ e ~ p e r i r n e n t s ” . ~ ~  One of the important con- 
clusions drawn thereby3 was that the mean-square radius 
( S z ) K  (K = A or B) of the individual block in an AB di- 
block copolymer is almost the same as the radius ( S 2 ) H - K  
of the equivalent K homopolymer, insofar as the A-B 
interactions are assumed to be nonattractive. More 
precisely, it  was shown that the ratio YK given by 

ranges from 1.00 to 1.02 in a common good or 8 solvent 
for the two  homopolymer^.^ Existing Monte-Carlo data 
on homopolymers3 and those on block copolymers recently 
reported by Bendler et  al.5 are quite consistent with this 
conclusion. 

Interestingly, an artificial “segregated” chain which was 
simulated by a random walk biased by the presence of an 
impermeable, noninteracting plane passing through the 
A-B junction was found to give a value of YK = 1.03.8 
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The parameter YK can be unambigously determined by 
light-scattering experiments: For a homogeneous diblock 
copolymer, the light-scattering apparent radius ( is 
given by 

( S 2 ) , p p  = I L A ( ~ ’ ) A  + I L B ( ~ ’ ) B  + ILAPB(G’) 

PA = 1 - ILB = X A ~ A / ( X A ~ A  + XBVB) (2) 

where ( G 2 )  is the mean-square distance between the 
centers of mass of the two blocks, and XK and V K  are the 
weight fraction and the refractive index increment of the 
K block, respectively. With a solvent in which vB = 0, for 
example, we have ( 9 ) A  ( ~ ( p ) ~ ~ ~ ) .  Obviously, this method 
is applicable also to a heterogeneous block copolymer, for 
which the z-average radius of the A block is obtained. An 
analysis of existing light-scattering data of this kind led 
to the conclusion that YK is unity within an experimental 
uncertainty of, say, f l O %  .3 More recent neutron-scat- 
tering data of Benoit et al.9J0 appear to be consistent with 
this conclusion. As far as we are aware, the only coun- 
terevidence for this is found in the paper of Han and 
Mozer.lla However, these experiments seem to leave room 
for criticism.llb 

For all these reasons, it  is firmly believed that YK is, in 
a practical sense, equal to unity for a block copolymer 
showing repulsive interactions between the two blocks. 
Under such a situation, eq 2 may be well approximated 
by 

( s ’ ) a p p  = P*(S’)H-A + ILB(S’ )H-B + ILAILB(G’) (3) 

With independently determined values of ( S’)H-K, we can 
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