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comparable but slightly weaker hydrogen bonding near the 
protein surface.* Similar conclusions are drawn from IR 
measurements. It has also been deduced that the binding 
of water directly onto the surface of poly[2-(2-hydroxy- 
ethoxy)ethyl methacrylate] is not much stronger than the 
average mutual interaction between water molecules in the 
bu1k.l' A lack of information on the precise contribution 
of plasticized polymer to the type B signal precludes 
quantification of the number of water molecules per NVP 
or MMA unit. 

In conclusion, comparison of DSC and NMR data pro- 
vides interesting insight into the role of water in a range 
of hydrated P(NVP/MMA) samples. Three types of water 
are detected: tightly bound (type B), more loosely bound 
(type A), and bulk water. Both type A and type B water 
are nonfreezable in the accepted sense of the term but 
undergo glasslike transitions at  170-200 K. NMR is sen- 
sitive to both type A and type B water whereas DSC is 
sensitive only to type A. A scheme drawn up in terms of 
five thermodynamic equilibrium states facilitates the in- 
tercomparison of NMR and DSC data and clarifies the 
hysteresis effects observed in hydrated P(NVP/MMA). 
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ABSTRACT Collated brcad-line NMR and DSC measurements sensitively probe the behavior of water in 
hydrated poly(hydroxyethy1 methacrylate) (PHEMA). NMR reveals that bound water becomes mobile at - 180 K in keeping with observations in many other hydrated polymers; DSC is insensitive to  events a t  these 
temperatures. In samples with a high water content, a fraction of this mobile water subsequently freezes 
between 230 and 260 K. The amount of freezable and nonfreezable water in hydrated PHEMA is determined 
quantitatively. Preliminary cross-relaxation experiments at 253 and 293 K indicate that  NMR spin-lattice 
relaxation rates for water will be overestimated if the effects of cross-relaxation between the polymer and 
water proton spin systems are neglected. Although PHEMA is less hydrophilic than poly(N-vinyl-2- 
pyrrolidone/methyl methacrylate), studied in part 1, the relative fraction of bound water is significantly higher. 
Hysteresis effects in hydrated PHEMA are investigated in some detail. 

Introduction (hydroxyethyl methacrylate) (PHEMA), whose properties 
Part 1 of this study,' the preceding paper in this issue, differ in a number of intriguing ways from those of P- 

briefly reviewed the general literature on hydrogels and (NVP/MMA). 
examined specifically the role of water in poly (N-vinyl- PHEMA has received wide attention primarily due to 
2-pyrrolidone/methyl methacrylate) copolymer P(NVP / its biological c~mpatibil i ty.~-l~ Swelling experiments'O 
MMA). T h i s  paper reports on a second hydrogel, poly- indicate a secondary noncovalent structure superimposed 
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on the principal covalently bonded cross-linked network. 
I t  has been attributed to hydrophobic interactions between 
a-methyl groups and/or chain ba~kbones ,~  hydrogen- 
bonded hydroxyl groups,1o or interactions involving both 
hydroxyl and carboxyl groups.14 

In experiments where water is incorporated at  the po- 
lymerization stage and the concentrations reported are 
relative to the hydrated polymer, gels are homogeneous 
and clear for water contents up to 40 wt % and are het- 
erogeneous and visually t ~ r b i d ~ J - ~ J l  a t  higher levels of 
hydration. Three types of water have been proposed in 
hydrated PHEMA: bound water (S20 wt %) corre- 
sponding to an average of two water molecules hydrogen- 
bonded to each repeat unit;"J5 interfacial water, attributed 
to dipole-dipole interactions with hydroxyl groups14 or 
hydrophobic interactions with polymer segments,16 and 
freely diffusable water in samples where the level of hy- 
dration exceeds 35 wt 9%. The fraction of each type of 
water is influenced by the degree of cross-linking,14 and 
hysteresis effects are observed." An ability to distinguish 
between different types of water in hydrogels facilitates 
understanding of their transport properties.12 

In keeping with the general approach enunciated in part 
1, coordinated NMR and DSC experiments lead to a 
clearer understanding of the role water in PHEMA. In 
addition, a comparison of results for PHEMA and P- 
(NVP/MMA) reveals characteristic subtleties in the way 
in which water behaves in each system and cautions against 
overgeneralization. 

Experimental Section 
The experimental procedures used in the acquisition and 

analysis of NMR and DSC data are discussed fully in part 1.' 
Briefly, proton spin-spin (T2), spin-lattice (TJ, and rotating frame 
(T1J relaxation times were recorded on a Bruker SXP spec- 
trometer operating at 40 MHz. More sophisticated pulse se- 
quences to probe specific aspects of water behavior are alluded 
to in later discussion. DSC thermograms were recorded on a 
Perkin-Elmer DSC-4 differential scanning calorimeter interfaced 
to a thermal analysis data System. 

The PHEMA material, available commercially as Polymacon, 
contained trace amounts of ethylene glycol dimethacrylate (0.4 
wt %) and benzoin methyl ether (0.2 wt %). Hydration proce- 
dures and nomenclature are as reported in part 1:' samples 
designated S(W) contain W wt % water relative to the 100 wt 
% dry polymer, S(0). In this study, water is incorporated after 
polymerization. Unless otherwise specified, all data were recorded 
as a function of increasing temperature after quenching the sample 
in liquid nitrogen. 

Results and Discussion 
NMR Results. Proton Tl, T2, and T1, vs temperature 

for the dry polymer S(0) are presented in Figure 1. Again 
a-methyl group motion dominates Tl and Tlp relaxation 
at -280 and -200 K, respectively. I t  is interesting that 
the T1 minimum at  150 K in poly(ethy1 methacrylate) 
(PEMA) is absent in PHEMA confirming the earlier as- 
signment of this relaxation in PEMA to motions involving 
side-chain methyl groups.17 

NMR data for the water-saturated polymer S(53) are 
portrayed in Figure 2. Note that PHEMA can support 
much less water than P(NVP/MMA). The Tl minimum 
at 225 K, the lower of the two Tlp minima at -200 K, and 
the onset of the long, T2L, component a t  about 180 K are 
characteristic of glasslike water. The shoulder in T1 at  
-280 K and the longer minimum in TlP at 200 K denote 
a-CH3 relaxation. The fact that the magnitude of this TlpL 
minimum is less than half its magnitude in the dry polymer 
implies that relaxation associated with the water glass 
transition and the a-CHs motion are coupled.18 The 
hysteresis in TU, and Tl, the nonexponential decay in TIP, 
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Figure 1. Proton Tl (a), Tlp (M) (Hl = lOG), and T2 (A) results 
for dry PHEMA, S(O), as a function of temperature. 
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Figure 2. Proton T1 (O) ,  Tl, (M) (H, = lOG), and T2 (A) for 
saturated PHEMA, S(53), as a function of temperature. The 
dashed curves denote the decreasing temperature cycle. TlpL and 
TU. component intensities in the high-temperature region are as 
indicated on the left-hand side of the diagram. Iwp is the cal- 
culated water proton intensity (see Table I). 

and the increase in the short, T2s, component by about a 
factor of 2 between 240 and 280 K are all characteristic 
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Figure 3. Proton Tl (e), Tlp (W) (Hl = lOG), and T2 (A) for 
PHEMA saturated with D20 as a function of temperature. 

of complex behavior as was observed in P(NVP/MMA) 
in this temperature range. The increase in T2s and 260 
K is the first manifestation of plasticization, leading ul- 
timately to a premature onset of general motions in satu- 
rated PHEMA relative to the dry polymer (Figure 1). The 
temperature dependence of T2s and T2i above room tem- 
perature is reminiscent of selective plasticization in PVC.lg 
Assignment of T2L to water behavior is dictated by the 
excellent agreement between the computed fraction of 
water protons and the intensity of T2L (and T l p L )  in the 
high-temperature regime (Figure 2). The broad T2L min- 
imum above room temperature is in accord with Resing's 
predictions for chemical exchange between different water 
sites in the polymer20 and represents an average over a 
heterogeneous distribution of water environments above 
273 K .  

Proton data for P H E W  saturated with D20 (Figure 3)  
confirm these general perceptions. NMR features asso- 
ciated with a glasslike water response are largely absent, 
but the short Tips component ( I  = 0.15) at  -200 K may 
well be due to residual water in the sample. The onset of 
T2L at  -260 K ,  the subsequent increase in T2s, at  -320 
K ,  the corresponding Tlp minima at about 325 and 335 K ,  
and the observation that T1 is generally shorter than T1 
for S(0) above room temperature are all manifestations of 
extensive polymer plasticization. The dominant low-tem- 
perature T1, minimum ( I  = 0.85) and the modest increase 
in T2 at  -200 K reflect (u-CH, group relaxation. 

More sophisticated NMR experiments can be deployed 
to probe further the way in which water behaves in 
PHEMA. Consider, for example, the Goldman-Shen pulse 
sequence (Figure 4a) used in earlier studies to monitor spin 
diffusion in solid polymers21 and cross-relaxation between 
different phases in hydrated collagen and elastin.22 In a 
composite system characterized by short and long T2 !e- 
laxation times, the choice of 71 which satisfies the condition 
T2s << 7 1  << T 2 L  randomizes the proton spins associated 
with T2s without unduly perturbing the phase coherence 
of the more mobile spins. The magnetization remaining 
after 71 is realigned along the laboratory magnetic field by 

Figure 4. (a) Goldman-Shen pulse sequence. (b) Free induction 
decays for saturated PHEMA at 253 K, where 71 = 70 ps and, 
proceeding vertically, 72 = 0.1,5,20,70,100, and 500 ms. (c) Free 
induction decays for saturated PHEMA at 293 K where 71 = 70 
ps and, proceeding vertically, 72 = 0.1, 5, 8, 50, and 500 ms. 
Successive traces in a and b are displaced vertically for clarity 
of presentation. 

using the 90°, pulse where subsequent transfer of spin 
energy to the more mobile component via cross-relaxation 
is monitored at subsequent times r2 with the third, go",, 
pulse. Typical results for saturated PHEMA at 253 and 
293 K are presented in parts b and c of Figure 4, respec- 
tively. When insufficient time (short 72) is allowed for 
cross-relaxation to equilibrate the two phases, only the long 
T2 decay is observed. At longer 72  the change in the shape 
of the decay, due to the reappearance of the short T2 
component, without significant increase in the initial in- 
tensity of the FID, signifies a transfer of spin energy from 
the short to the long T2 component. Inspection of the two 
sets of data reveals that the cross-relaxation process is first 
detected on a time scale of few milliseconds, which is in 
keeping with similar observations in hydrated elastin.22 
For much longer 7 2 ,  the return to equilibrium is governed 
by T1 as shown in the inserted plots of M ( a )  - M(72) vs 
72, from which T1(253K) = 70 ms and T1(293K) = 110 ms, 
in agreement with the Tl results in Figure 2. 

A second experiment devised by Edzes and Samulskils 
has been exploited to great effect in monitoring cross-re- 
laxation in hydrated collagen. In their "selective hydration 
inversion technique", the length of the 180' pulse, 7180, in 
the 18Oo-7-9O0 sequence usually employed to measure T1 
is manipulated to achieve full inversion of the water proton 
magnetization and partial inversion of the macromolecular 
magnetization. This occurs when T2,,,,, < 7180 << T,,,,. 
Typical data at 293 K showing the change in the magne- 
tization decay of the water and macromolecular protons 
in saturated PHEMA as a function of rlm (Figure 5)  can 
be analyzed to give a number of important relaxation 
parameters by using the following expressions:ls 

mi(t) = Ci+ exp(-Rl+t) + C; exp(-R1-t) (1) 

2Rlf  = R1i + R1j + ki + kj f 
[(Rli - Rlj + ki + kj)' + 4kikj]1/2 (2 )  

CF = (R1+ - R1-)-' f 
[mi(O)(Rli - R1") f (mi(0) - mj(0))kil (3)  

(4) 

Rlf and Ci* are the observed relaxation rates and com- 
ponent intensities (Figure 51, Ri is the spin-lattice relax- 
ation rate of the i phase in the absence of cross-relaxation, 

p .k .  1 6  = p.k.  I 1  



Macromolecules, Val. 21, No. 11, 1988 Water in Hydrogels. 2. 3201 

Table I 
Pertinent T2 Intensity Data for PHEMA (Figure 7) 

relative fraction 
experimental intensities of each componentb 

sample IwPa I L l  IL2 IL4 ILlIIwP ILI I IwP 

S(46) 0.40 0.35 0.32 0.46 0.88 (40) 0.80 (37) 
S(20) 0.23 0.24 0.22 0.22 1.0 (20) 1.0 (20) 
S(9) 0.11 0.12 0.12 0.12 1.0 (9) 1.0 (9) 

0.77 (41) S(53) 0.43 0.42 0.33 0.48 0.98 (52) 

'Fraction of water protons. bThe numbers in parentheses denote the corresponding weight percentages relative to the dry polymer. The 
error in the relative &action of each component -is of the order of 15% 

- 
Y - 
I: 

Figure 5. 

0 100 2 0 c  300 
t [ m s ]  

Effect of the 180' pulse length, T~~', on the proton 
spi&attice decay for the water magnetization m,(t) (upper w e s )  
and the macromolecular magnetization m,(t) (lower curves) in 
PHEMA. The data are fitted to eq 1 by using the parameters 
given in the text. Method I1 of Edzes and Samulski's papeP waa 
used to record these data. 

ki is the rate of transfer of magnetization out of the i phase, 
and pi is the fraction of protons in the i phase. Fitting eq 
1 to the experimental data in Figure 5 provides Ri = 9.0 
f 0.9 s-' and R1+ = 65 f 7 s-l. As reported later in Table 
I, pm = 0.57 f 0.06 and pw = 0.43 f 0.06. The results for 
PHEMA saturated with DzO (Figure 3) indicate that R1, 
= Tim-' = 17 f 2 s-l a t  293 K. With this information, the 
following additional parameters are determined from eq 
2-4: R1, = 7 f 2 s-l, k, = 22 f 6 s-l, and k, = 16 f 7 s-l. 

An important conclusion of this experiment is that the 
true water spin-lattice relaxation rate R1, is overestimated 
by about 29% if it  is equated to the measured rate Ri as 
would be the case if cross-relaxation effects were neglected. 
A more comprehensive analysis of cross-relaxation in hy- 
drated PHEMA is contemplated in a later publication. 

Figure 6 describes the dependence of T2 on water con- 
tent. TB is essentially invariant to the degree of hydration 
below the transition beginning at  -260 K after which 
plasticization is evident in samples of higher water content, 
culminating in the premature onset of general polymeric 
motions above -310 K. Mobility in the glasslike water, 
as reflected in TZL, sets in a t  a marginally lower temper- 
atures in the more heavily hydrated samples, and the way 
in which T2L increases subsequently with temperature 
depends on the level of hydration. At  low water concen- 
trations the slow and nonuniform increase in T2L reflects 
a broad distribution of correlation times typical of motions 
that are, on average, much more constrained than in sam- 
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Figure 6. Proton T2 for hydrated PHEMA as a function of 
temperature and water content. 

ples of PHEMA with higher water contents. As with 
P(NVP/MMA), there is no dramatic change in T2 as 273 
K is approached although appreciable hysteresis in TZL is 
observed in S(53). This hysteresis is particularly significant 
and will be explored further a t  a later point in the dis- 
cussion. 

The minimum in Tu. associated with chemical exchange 
is centered at  -310 K in S(53) and S(46), and there are 
the first signs of a similar minimum at  a higher tempera- 
ture in S(20). (Data were not recorded at higher tem- 
peratures to avoid loss of water from the hydrated poly- 
mer.) The magnitude of T2L above room temperature in 
the fully hydrated sample S(53) representing water aver- 
aged over all environments is significantly less than TZL 
for saturated P(NVP/MMA) but of comparable magnitude 
in P(NVP/MMA) samples of similar water content. This 
implies that water is less bulklike and more tightly asso- 
ciated or bound in saturated PHEMA. Whereas PHEMA 
is less hydrophilic than P(NVP/MMA), the relative 
amount of water that is tightly bound in fully hydrated 
PHEMA is very much higher than in saturated P- 
(NW/MMA). These differences in affinity for water arise 
from factors intrinsic to the polymer and also from ex- 
perimentally controlled parameters such as the degree of 
cross-linking, as alluded to in Part 1.l 

T2 component intensity data presented in Figure 7 
display the following features and in some respects differ 
from the results for hydrated P(NVP/MMA): (i) Mobility 
sets in a t  170 K and, ultimately, IL attains a value that is 
in reasonable agreement with the calculated water proton 
fraction. (ii) A minimum in IL vs temperature is observed 
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Figure 7. T2 component intensity data as a function of tem- 
perature and water content: IL (O) ,  Zi (A), Z, (0). The dashed 
lines denote the calculated fraction of water protons. 

a t  -250 K in S(53) and S(46), but, in contrast to P- 
(NVP/MMA), the loss of intensity from IL  is reflected in 
a proportionate increase in Is  rather than in the creation 
of a second, somewhat less mobile water plus plasticized 
polymer component. These observations are consistent 
with the formation of ice as the temperature is increased 
from 230 to 260 K, a process that has been termed deui- 
trificutiomB (iii) The modest extent to which I L  increases 
in the vicinity of 273 K, even in saturated material, further 
confirms that the amount of bulklike water in PHEMA 
is small. 

Following the nomenclature and procedures used in part 
1, the maximum intensity of the mobile T2 component 
below 273 K is denoted IL1, the intensity at the minimum 
near 260 K is IL2, and IL4 is the magnitude of I L  in the 
high-temperature regime. The relevant data in Table I 
confirm that the bulk of the water in hydrated PHEMA 
is rendered mobile at low temperatures, characteristic of 
bound water. Between 240 and 260 K, however, some 10% 
of the mobile water in S(53) and -3% in S(46) freezes 
again. The significance of these results will be discussed 
later when the DSC data are considered. 

Reverting to the T2L hysteresis in S(53), Figure 8 pres- 
ents data for a number of sequential thermal cycles on a 
freshly prepared saturated sample, S(56). The original 
results for S(53) (Figures 3 and 5) are represented by the 
dashed lines in Figure 8. 

Cycle A. The sample is quenched from room temper- 
ature (open circles) to the desired temperature under free 
cooling conditions. 

Cycle B. After quenching in liquid nitrogen from room 
temperature, the sample is heated in steps to room tem- 
perature (open triangles), and, as before, a shoulder in Tz 
is observed. I L  forms a minimum at 263 K, in keeping with 
earlier observations on S(53). 

Cycle C. In this final temperature cycle, the sample is 
first quenched in liquid nitrogen, subsequently annealed 
at  263 K for 30 min, and then progressively cooled in the 
spectrometer to give the data denoted by the open squares. 

On cooling from room temperature under cycle A, T2L 
remains long and the minimun in IL is shallow, in accord 
with the notion that no more than a modest amount of ice 
is formed. In cycle B, ice which is generated upon 
quenching in liquid N2 acts as a nucleating agent for the 
formation of more ice between 210 and 270 K. The ap- 
preciable mobility of bound water in this temperature 

t- ij 0 . 4  

c > 0.f /q f 

d 
I I I 

0' ' *bo ' 2 40 28 0 
T E M P E R A T U R E  (K) 

Figure 8. Effect of thermal cycling on TZL and 1, in hydrated 
PHEMA, S(56) (see text). 

range facilitates contact between the nucleating centers 
and mobile water. However, the fact that only part of the 
mobile water participates in the devitrification process 
supports the concept of a heterogeneous distribution of 
water sites with differing barriers to translational diffusion 
as proposed in Resing's model for water adsorbed in porous 
media.% The shoulder in Tu. and the much deeper min- 
imum in IL reflect a reduced contribution of the more 
mobile water to T2L, thus biasing the relaxation time to- 
ward longer correlation times and a shorter Ta Annealing 
the sample at 263 K (cycle C) maximizes the formation of 
ice from the mobile bound water phase, and once ice is 
formed at  263 K it does not melt again on subsequent 
cooling, as shown clearly in the intensity response (open 
squares). 

DSC Results. Representative endothermic peaks for 
PHEMA are presented as a function of water content in 
Figure 9. Unlike hydrated P(NVP/MMA), a sensitivity 
to scan rate was observed; peaks recorded at  5 K m i d  
developed structure, and the associated heats of fusion 
were higher. This is shown rather vividly in Figure 10 for 
sample S(40) subjected to successive heating and cooling 
cycles of 20 and 5 K mi&, respectively. The data for S(49) 
in the insert of Figure 9 are typical of heavily hydrated 
PHEMA in the way that a broad rather shallow exother- 
mic trough between -230 and 260 K precedes the for- 
mation of the sharp endotherm associated with the thaw- 
ing of frozen water during the heating cycle. This supports 
the earlier conclusion that ice is formed. 

Collated endothermic results for PHEMA presented in 
Figure 11 show the integrated change in enthalpy as a 
function of water content. Data recorded at  20 and 5 K 
min-l respectively predict 27 f 4 and 25 f 4 wt % as the 
maximum amount of nonfreezable water in PHEMA. 
These values agree within experimental error. The dif- 
ferential heats of fusion, AHf, for the higher and lower 
scanning rates are 17 f 4 and 23 f 7 cal g-l, respectively. 
One sample, S(52), which contained an unusually high 
amount of water for PHEMA exhibited what appeared to 
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Figure 9. DSC endothermic peaks for a range of hydrated 
PHEMA samples. Scan rate = 20 K min-'. Note the shallow 
exotherm between 223 and 263 K; it is most clearly evident in 
S(49), as shown in the insert. 

20.00 doglnln 

I I  

I /  
I 1  

5.00 d s g h l n  A 5.00 d s g h l n  

I I I I 

13 2L3 253 2 6 3  273 i 
TEMPERATURE (K) 

Figure 10. Effect of thermal cycling and scan rate on the DSC 
response for PHEMA sample S(40). 

be an anomalously high value for AHf, more characteristic 
of bulklike water. It is interesting to note that data re- 
corded at  the lower scan rate extrapolate to a comparably 
high AHf, indicating that differences in scan rate become 
less important for water which is more bulklike, as was the 
case for hydrated P(NVP/MMA). 

The broad exothermic troughs generated in the cooling 
cycles fall within the temperature range 230-255 K and 
reflect small changes in enthalpy (Figure 10). The corre- 
sponding heat of fusion is AHf = 6 f 2 cal g-l, and, in 
contrast to hydrated P(NVP/MMA), the maximum 
amount of nonfreezable water predicted in the heating and 
cooling cycles is of comparable magnitude, 25 f 3 wt % . 

0 10 20 30 A0 50 60 
WATER CONTENT (wtsld 

Figure 11. Plot of AH vs water content for endothermic peaks 
at 20 K min-' (e), 5 K min-' (O), and exothermic troughs (A). 
Regression fits to the data are as follows: (0) AH = 0.17 W - 4.54 

- 1.49 (R = 0.98). Both AH and water content are relative to the 
dry polymer weight. 

As in earlier measurments, DSC is insensitive to events 
below 230 K where NMR reveals a much higher fraction 
of water that becomes mobile a t  -180 K. This insensi- 
tivity does not imply that freezing or thawing is not taking 
place, merely that the associated change in heat capacity 
is too small to be detected by DSC. The glasslike water 
is characteristically heterogeneous and again departs from 
P(NVP/MMA) behavior in the way that part of the mobile 
bound component subsequently freezes or devitrifies 
during the heating cycle. The DSC estimate of the non- 
freezable fraction (25 f 4 wt 70) is lower than that pre- 
dicted by NMR (39 f 6 wt %) at  comparable tempera- 
tures. This is not particularly surprising since T2L in this 
case includes contributions designated type B in part 1 to 
which DSC is insensitive. 

In summary, collated NMR and DSC data provide 
useful insight into the way in which water behaves in hy- 
drated PHEMA. Bound water which becomes mobile at - 180 K displays the characteristics of a glass in common 
with many other hydrated polymer systems.' A fraction 
of this low-temperature mobile component subsequently 
freezes. Water behavior is predictably complex in the 
vicinity of 273 K, and chemical exchange effects are readily 
apparent in T2L data above room temperature. Prelimi- 
nary cross-relaxation experiments indicate that the spin- 
lattice relaxation rate for water will be overestimated by 
about 29% if the effects of cross-relaxation are neglected. 
Although PHEMA is less hydrophilic than P(NVP/ 
MMA), the relative proportion of bound water is higher. 
Significant hysteresis effects are observed in the saturated 
sample. 
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ABSTRACT The universal part of the free energy of mixing of semidilute solutions of two polymers in marginal 
to good solvents is evaluated by using an Edwards' continuum model. Excluded-volume interactions between 
chains are modeled by the usual 6 function pseudopotentials, while polymer-solvent interactions are introduced 
via the Flory-Huggins lattice theory by requiring that the lattice and continuum theory free energies of mixing 
coincide at the 8 point. The free energy is calculated perturbatively near four dimensions (d = 4) as an expansion 
to first order in 4 - d.  A renormalized free energy is defined through the introduction of phenomenological 
osmotic second virial coefficients that absorb divergences in the perturbation expansion. By deriving expressions 
for the chemical potentials of the various components of the temary mixture, the Flory x parameters are obtained 
as functions of concentration, molecular weight, and temperature. They cannot be represented as pairwise 
additive polymer-solvent and polymer-polymer contributions because of the screening of excluded-volume 
interactions in semidilute solutions. Equations for the coexistence curves for phase separation are determined 
for two special limits, and the predictions are compared with the Flory-Huggins theory. A general theorem 
is proven that phenomenologically defined Flory x parameters of ternary mixtures must diverge in the limit 
that the volume fraction of one of the components vanishes, provided certain regularity constraints are obeyed 
by the chemical potentials in this limit. 

1. Introduction 
The study of solutions or blends of different polymers 

is important in a number of areas of polymer processing, 
including the development of composites, biological frac- 
tionation, and colloid As a result, these 
systems have been the subject of numerous experimental4 
and theoretical5 investigations. 

Our present understanding of the salient entropic and 
enthalpic changes accompanying the formation of polymer 
mixtures relies heavily on the early lattice theory of mixing 
of Flory, Huggins, and others6 for polymer blends. Blends 
are especially amenable to mean-field treatments of the 
Flory-Huggins kind as the composition fluctuations in 
these systems are small over a wide range of temperatures. 
However, Flory-Huggins-type approaches do not ade- 
quately describe the behavior of polymers in semidilute 
solutions, where long-range correlations lead to the 
emergence of altered power law dependences of effective 
interaction energies, osmotic pressures, etc., on concen- 
tration. Here we study the free energy of mixing of 
moderate to good solvent semidilute binary polymer 
mixtures using renormalization group methods to inves- 
tigate the concentration dependence of the Flory x pa- 
rameter and to explore the ramifications of the above- 
mentioned altered power-law dependences on the coex- 
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istence curve for phase separation. 
The systematic description of polymers in semidilute 

solutions has recently been made possible by the methods 
of the renormalization group' (for a detailed discussion, 
see, for example, ref 8). But the application of these 
methods to the study of mixtures has so far been somewhat 
limited.5dve For instance, there is presently no renormal- 
ization group treatment of demixing in the simplest system 
of a mixture of a polymer and a solvent. The difficulties 
of such a treatment are associated with the necessity of 
a t  least including both two- and three-body excluded- 
volume interactions in the t h e ~ r y . ~  No satisfactory way 
to do this is yet known for arbitrary values of the two 
interactions, i.e., away from the theta region. (But see ref 
10 for a mean-field treatment.) 

Renormalization group approaches are more readily 
applied to mixtures in which the effects of three-body 
interactions are unimportant. For example, Schafer and 
K a ~ p e l e r ~ ~  determine the renormalized spinodal for a 
ternary solution of two polymers in a solvent that is 
marginal to good for both polymers. Their calcualtion uses 
the "tree approxiamtion", however, and thereby neglects 
excluded-volume screening, which f i i t  appears only in the 
next order in excluded volume and which describes im- 
portant effects of long-range correlations in semidilute 
polymer solutions. Although even the mean-field calcu- 
lations of Schafer and Kappeler produce qualitative de- 
partures from the standard Flory-Huggins theory, Schlifer 
and Kappeler note that a complete description of critical 
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