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ABSTRACT: Many water-soluble polymers are chemically modified versions of insoluble base materials such
as cellulose. A FloryyHuggins model is solved to determine the effects of heterogeneity in modification on the
solubility of such polymers. It is found that heterogeneity leads to decreased solubility, with the effect increasing
with increasing blockiness. In the limit of extreme blockiness, the nature of the phase coexistence crosses over
to a polymer-polymer demixing transition. Some consequences are discussed for the synthesis of partially modified
polymers and the experimental characterization of such systems.

Many water-soluble polymers are made by chemically whereg is the total polymer segment concentration anis
modifying insoluble base materials such as starches and gumsthe concentration of chemically modified segments, given
for example, a wide class of water-soluble polymers is obtained respectively by
from cellulosel? It is often possible to vary the degree of
modification of the base polymer to obtain water-soluble — _ — .
polymers with, in principle, continuously variable properties. ¢ NZ P NZ Pi%% )

A basic characteristic of these polymers is their solubility, but
given the essentially stochastic nature of the chemical modifica-
tion step, what is the effect of heterogeneity in modification on
the solubility of the resulting materials?

The first term in eq 1 is the ideal free energy of mixing. The

second term is the usual Fler{Huggins configurational chain

- T entropy. The third term is the free energy cost of the unmodified
In the present paper, this question is approached from apolymer segments at a concentratipr- ;7 coming into contact

theoretical point of view by setting up a Flerjduggins model  \jth solvent (water) at a concentration-1 ¢. Typically one

for the phase behavior of a polymesolvent mixture} where  expectsy > 1/, for this interaction to represent the repulsion

the polymers have a random degree of modification. In this petween unmodified segments and water which leads to phase

of determing the phase coexistence between a dissolved aqueougis is the onlyy-parameter that is retained in the problem.
phase and an undissolved (water-poor) phase. The solubility is

then formally given by the polymer concentration in the aqueous Equation 1 has the structure. qmoment free energpince
phase. Determination of the full phase behavior for a multi- the excess free energy, comprising the second and third terms,
component Flory-Huggins theory is an onerous task though, ©nly depends o andy, which aremoment densitiesSuch a
and a simpler approach is to examine the spinodal stability of SyStém can be analyzed using the methods developed by Sollich
the system, which can be taken to be representative of the fulland co-worker§-*! In particular, ref 11 describes how the
phase behavior. This is the approach taken in the present paperspinodal stability conditions for systems with an excess free
It is arguably more insightful than a full calculation of the phase energy can be expressed in terms of moment densities, general-
behavior since closed-form analytic expressions can be obtainedzing various truncation theorems obtained by earlier work-
for the spinodal stability limit. The approach taken is similar to ers!?13| now summarize the relevant results, translated into
models for the phase behavior of random block copolymer melts terms suitable for the present problem. Let us consider such a
which have been developed in the phastThere has been rather  system with a free energy= Yipi log pi + f ©)(¢® ... ),

little work though on random copolymers which also include a where the excess free energy depends on moment densities of
solvent, apart from a brief example described by Sollich _§t al. the formg®) = ZiPiWi(r) (r = 1..1), with thevvi“’ being species-
AI.SO' the present approach does.not .a”(.)W fpr the possibility of dependent weights. The fundamental idea is that the moment
microphase separation, although in principle it could be eXtende‘jdensities can be treated as effective species concentrations. In

=7
to encompass th@ ) particular, it can be proved that spinodal stability corresponds
In the model, it is supposed that the system comprises a largeyg the positive-definiteness of the matilik of second partial
num_b_er c_>f species of polymerswith gllffermg d‘?gre.e? of derivatives of the free energy with respect to the moment
modification 0< a; < 1 and concentrations. For simplicity, densities. In ref 11 it is shown thAl = My + Me, where
length polydispersity is neglected, and all the polymers are PN WOWC) — 28 (©X)Ah() An(S
assumed to have the same numiiesf segments. The system  (Mid s = ZipWi "W and Medrs = 1Yo 0 9¢. The
g y limit of spinodal stability is given by dé¥l = 0. This condition

is then described by the following (mean field) Fletduggins 7 . .
free energy density usually corresponds to the vanishing of a single eigenvalue of

M, with an eigenvectoA¢® that satisfies (M )sAp®© = 0. It
_ _ _ _ _ is shown in ref 11 that the spinodal instability direction in the
f= Zpi log o + (1= ¢) log(1 = ) +2(6 = (1~ ¢) space of species concentrations is given Ay, = 3 spi
(1) Wi(r)(M id)rsA¢(S)-
For the present problem, there are two moment densjties
* E-mail: patrick.warren@unilever.com. andy, defined respectively witaY) = N (a constant) and/{?)
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= No; (the number of modified groups on thith species).
Application of the above theory to eq 1 leads to

Z P;iQ

My t=N " 3
’ ZPiOLi z IOiOLi2 ©

and l I
Moy = (;1 BRI g) @)

After some algebra the condition det = O reduces to

1 1
ASErS

where

2y(1 — 00 — ¥°Ne(lo’C— D=0 (5)

Zpiaiz
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Izpi

zpiai

= ——

IZloi

(6)

| emphasize that, despite being remarkably simple, eq 5 is exact.

One already reaches a significant conclusion from this. The
first three terms in eq 5 are what one would expect from standard
Flory—Huggins theory,with an effectivey-parameter given by
the product of the originay-parameter and the fraction %

[o.[of unmodified segments. These terms therefore take account

of themeandegree of modification. The final termineq 5 is a
correction due to the heterogeneity. Since the varianég—

(@[ is positive, this term is always negative. The effect is that
heterogeneity in modificationeducesthe solubility, over and
above what would be expected from the mean degree of
modification.

To make further progress, it is convenient to specify a model
for the distribution of they;. In particular, such a model can be
used to examine the effect of blockiness in modification which
is expected to play an important role. In previous work on
random block copolymer®® a Markov model was used to
characterize the correlations between different kinds of seg-
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Figure 1. Spinodal curves calculated from eq 9 for polymers of length
N = 1, for three values of the mean degree of modificagiprand

for block sizesM — 0 (uniform limit, solid line),M = 1 (dashed line),

M = 10 (dash-dot line),M = 100 (dash-dot—dot line), andVl = 1¢°
(dash-dash-dot line). The system is spinodally unstable above the
indicated curves. Note the change in shape ofithe 1 curves: for

p = 0.1 and 0.5 the minimum is at — 0, whereas fop = 0.9 the
minimum is at¢ ~ 0.25.

The formal limitM — O corresponds to a vanishing variance

ments. While such a model may be appropriate for the stochasticand a completely uniform distribution of modified segments,
nature of the synthetic route for such random block copolymers, as though each monomer has undergone an identical fractional
I argue below that it is probably not appropriate in the present modification by a fractiorp, rather than being modified or not
case. | therefore consider instead a very simple model for the with probabilityp and 1— p. As noted already above, this limit
heterogeneity in which the modified segments occur in blocks corresponds to simple FlorsHuggins theory with an effective

Of S|ZeM, Where 1<M <N.In '[hIS mOde|, itis Supposed that X_parameter equa' t@(l — p) For |argeN’ th|s |ndlcates the

each block has an equal probabiljtyof being modified, and absence of phase separation j¢t — p) < 1/2 orp > 1 —
there are no further correlations. Then, for any particular species, 1/(2).

o = (1/N)2jN:”\1"Meij, wherej labels the blocks anéj; is zero or
one with probability 1— p andp, respectively. Thus, the; are
drawn from scaled binomial distribution, with

=p, B0 mzk%p(l—p) 7
Equation 5 becomes
Ll a-p) - Mepl-p=0 (8)
Ng 1= TP Mep(l—p

This is a quadratic equation fgr, and the appropriate root is

G e ey B

I now examine the consequences of this result.

©)

Now let us consider eq 9 for block siké =1 . In this case,
individual segments are modified randomly with no correlations.
For M = 1 and largeN in eq 9, there are two behaviors
depending on the value @f Forp < 4/5, there is an absence
of phase separation fgi(1 — p) < 1/2, just as for thevl — 0
limit. For 4/5 < p < 1, the behavior is more complicated. To
be precise, the location of the minimum value of th@)
spinodal shifts frompmi, ~ N~2for p < 4/5 to a nonvanishing
0 < ¢min < 1 forp > 4/5. (It is the examination of eq 9 in the
limit ¢ ~ N~12 that gives the crossover poipt= 4/5.) The
change in behavior can be seen for Me= 1 curves (dashed
lines) in Figure 1 and is shown explicitly in the upper plot of
Figure 2.

Let us next consider the limit of extreme blockindds= N.
This limit is strikingly different from thevl = 1 case. For large
N and p > 0, one can show that there is an absence of
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0.5 The corresponding spinodal instability direction in the space
. of species concentrations is
0.4
ol Ap;  [0°TAP — [BAY + o;(Ay — [BAP)
£ 2 (020 @)
0.2 Ad
; = 7(1 + xNg(Lo— o)) (11)
0.1+ !
0.0 where the second line follows by inserting the result for the
ratio An/A¢. These results should be evaluated on the spinodal.
They are all exact for an arbitrary distribution af.
10.0 For the instability direction to lie along a pure dilution line,
one should haveApi/p; independent of speciels One can
= conclude that this only happensAf)/A¢ = [al]in other words
>§ 1.0 if the varianceld?(1— (&[4 vanishes. In such a case, the phase
. . transition is purely associative, or solvent-driven, meaning that
ol ] the compositions of the coexisting phases remain the sApie (
A¢ = pil¢).
! ! ! . If one specializes to the model of blockiness described above
0002 04 06 03 10 by inserting the value of corresponding to the spinodal stability
p limit, the instability direction becomes
Figure 2. Location of the numerically determined minimum of the
spinodal curves from eq 9 is plotted as a functiorppfor polymers An 1—pf Mgp( 1 1 12
of lengthN = 10° and block sizeM — 0 (uniform limit, solid line), =1- {1 + =+ )} - 1] (12)
M = 1 (dashed line)M = 10 (dash-dot line),M = 100 (dash-dot— PA¢ pll7 1-pNgp 1-9

dot line), andM = 10° (dash-dash-dot line). ForM = 1 (dashed
line) the upper plot shows clearly thatin ~ N=%2~ 0.03 only holds This confirms that the spinodal instability lies along a dilution
forp < 4/5=08. line (Ay/A¢ = [@O= p) only in the limit M — 0, which
formally corresponds to a vanishing variance. Kb 1 (and
phase separation only for «/Np(1—p) < 2 . In the largeN M < N in general) the phase transition has a mixed character.
limit, this inequality is always violated, indicating that the system The interesting case occurs whigh= N (or M O N in general)
alwayshas a tendency to undergo phase separation in the limitfor which An/A¢ ~ (—=)N¥2in the limit of largeN. One can
of extreme blockiness. Since the unmaodified polymer system write this asA¢/Ay — 0 asN — . This shows that the phase
itself only phase separates fgr> 1/2, this suggests that the  transition tends toward being purely segregative, meaning that
phase separation has the nature of a polyrpetymer demixing  the overall polymer concentration in coexisting phases remains
transition rather than a solvent-driven phase separation. Thisthe sameA¢ = 0). This confirms the suggestion above, that in
insight is confirmed by analysis of the spinodal instability the fimit of extreme blockiness the system tends toward a
direction below. , segregative polymerpolymer demixing transition.

For largeN and generaM in eq 9, one would expect that Let us now try to draw some conclusions. The main effect
the above two cases represent the two classes of behavior. Iny¢ randomness is to reduce the solubility of partially modified
the_1‘|rs§ case, the .beha!v'” fod < N should be similar to t'h.e polymers beyond what would be expected from the mean degree
m;} é grgéto\ggecraeslgd{xg%Eghsg?\%gefztrsma[{jesrﬁgﬂgrgg g%?l'gred' of modification. The extent to which this occurs depends on

' the blockiness in substitution. For fine-grained blockiness, the

to theM = N limit of extreme blockiness. Figure 1 shows typical hase behavior is expected to be similar to a system for which
spinodal curves calculated from eq 9 for various valuep of p . P oo y
there is no randomness, albeit with a somewhat reduced

andM . The location of the minimumggin,xmin) Of the spinodal . ; ! ;
curves can be numerically determmjl,ng;lng)ﬁgure Zpshows howsolubility. For coarse-grained blockiness, where the block size
this depends op. is comparable to the polymer length, the nature of the phase

The results show first that fdvl < N increasingp leads to trans_itio_n ch'anges to a polymepolymer de_mixing transition._
increasing solubility as the value gf required to reach the N this situation, one expects that the modified polymers (being
spinodal instability is increased. Moreover, a decrease in @most fully modified) will partition into the aqueous phase,

solubility between a uniform modeM — 0) with no hetero-  leaving the unmodified polymers behind. _ _
geneity and a model with fine-grained blockiness € 1) is The reason for considering the two extreme kinds of blocki-
apparent. The major effect arisesMs— N though, where the ness is now clearer: namely, one can envisage two different
tendency for phase separation is greatly enhanced. mechanisms of chemical modification. (This is the reason why

The above analysis is augmented considering the spinodald Markov model for the distribution of modified segments has
instability direction associated with the spinodal stability limit not been used.) Fine-grained blockiness would arise if monomers
which can provide a useful mechanistic insight. As explained are equally accessible to the modifying agent, irrespective of
above, the spinodal instability direction is characterized by the their surroudings. If this cannot be achieved in a one-step process
eigenvector that corresponds to the vanishing eigenvalue (for the reason described below), it could perhaps be achieved
responsible for the vanishing spinodal determinant. For the in a two-step process, by fully modifying the polymers and then
present problem, from eqgs 3 and 4, one finds the instability removing a random fraction of the derivative groups. Extreme

direction is characterized by blockiness on the scale of the polymer chain itself would arise
if the modifying agent was present only in the aqueous phase
An _ - 2 and as such only able to access polymer which had already been
A¢p (60— yNe([6T3 mﬁ) (10) solubilized. This would lead to a mixture of polymers which
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