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wherew; andw; are the weight fractions of components 1 and
2 with Ty and Ty, respectively. This equation is also used to
predict theTy of copolymers.

For some miscible polymer blends interacting with strong
specific intermolecular and intramolecular forces, it has been
reported that the compositional dependenceTgfshows a
maximum behavior, exhibiting a positive deviation from linear-
ity with blend compositiod#1% This unusual behavior was
ascribed to the significant hydrogen-bonding interactions be-
tween two polymers in those papers. Thgof such polymer
blends is of special interest from a practical and academic point
of view18 In this study, we propose a simple, molecular
thermodynamic model ofy in polymer blends based on the

Polymer blends have received much attention since blending configurational entropy mod€t2° and Flory-Huggins theor§

is a simple, effective approach to develop new materials to predict the glass transition behavior in polymer blends with
exhibiting combinations of properties that cannot be obtained and without specific interaction between polymers. Thus, the
by individual polymers.? Miscibility between two components  preseniTy model encompasses not only the maximum behavior
is governed by the thermodynamics represented by the Gibbsin the polymer blends with specific interactions but also the

free energy of mixXingAGmix = AHmix — TASqix). The mixtures
are miscible when the value &fGnx is negative, i.e., low value
of AHnix and high value ofASyix. Immiscibility is a rule in
polymer blends because both tidHnix and the AS;ix are
unfavorable. TheASix is unfavorable because there are few
molecules of large molecular weight per unit volume. Tidx

is also unfavorable because the van der Waals dispersion force

is of the form of—AB/r® (A andB are the Hamaker constarits)
so that compared to the reference state we have\Fyix

A — B)?
AHp, = —28B 4 AA BB_(AZBF
r r r r

which is always positive. However, when the specific interac-
tions such as hydrogen bonding, dipel#ipole interaction, or
ionic interaction are established, the miscibility between two
polymer mixtures can be achieved.

The glass transition temperaturg) reflects the molecular

simple linear relationship against composition.

Model Development
Gibbs and DiMarzio suggested that glass formation is a result
of the system’s loss of configurational entrops)(*’
Sc — giquid _ Sglass (3)
whereSiauid and F'assindicate the configurational entropies of
the liquid and glass states, respectively.
It has been assumed th&@s{n;,0,T) = '2s{n;,n,, T) = 0
and thatAC, is independent of temperature and compositiofi.
The change in the glass transition temperature produced by
blending polymer 1 and the polymer 2 can be describé@y?3
T 1
mF%=-—ﬂ%%%ﬂ—%%mﬂ (4)
Ty AC,

rearrangement rate in supercooled liquid and thus is one of thewhereTgl andTy2are theTgs of the pure polymer 1 and of the

ations in polymers. Measurement ©f is one of the easiest
determinations of whether they are miscible or immiscible in
polymer mixtures:® A single Ty between individual two
polymers appears for miscible blends whereasTysoare shown
for immiscible blends. WhefTy of miscible polymer blends

shows the linear relationship against the polymer composition,

the value ofTy is adequately expressed by the widely used Fox
equation’~13
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difference in the heat capacity between the supercooled liquid
and the glassy andn, are the numbers of molecules of polymer
1 and polymer 2, respectively.

S for polymer blends consists of the disorientation entropies
of polymer 1 Gis-1) and polymer 2 &jis—2), the mixing entropy
(Smix-12), and the specific interaction entrop$sfe-12).

S (MM, T) = Sis1 1 Stis—2 T Shixe12 T Spe12
S(n,0.T) = Syis1

Substitution of eqs 5 and 6 into eq 4 yields

(6)
(6)

© 2006 American Chemical Society

Published on Web 01/06/2006

Ccbv



1298 Notes Macromolecules, Vol. 39, No. 3, 2006

Tng 1
|n(-|—_1) == E[Sjis—z + Shic-12 + Spe-12] 7 —a— =500 @T, T,=30°C
’ P 3204 —5— =300

Since the specific interactions such as hydrogen bonding,
dipole—dipole interaction, or ionic interaction between two
polymers reduce the overall entropy, the valueSge-12 is
negative. However, other entropy terms increase the overall
entropy, thereby being positive values. The entropy terms are
expressed as follow&:25

Tg12(K)

Seo=kenfnr -0 ®©

Siice12 = —kg[nyn ¢, + N, In @] (9) 0.0 0.2 0.4 0.6 0.8 10
Volume fraction of component 1

%p&lZ = Vspé<B ln(iL)((%l In ¢1 + % In ¢2) (10)

e
5004 —=—y=500 (b) Tg1-T92 =200°C
wherekg is the Boltzmann constanéy = riny/(ring + rany) :f:Y:?gg
and ¢, = rany/(ring + rony) are the volume fractions of "
components 1 and 2, respectivety.= v1/vg andr, = volvy, 400 -

wherev; andv, are the molar volumes of components 1 and 2,
respectively, andy is the unit lattice volumez is the lattice
coordination numberyspe is @ proportionality constant repre- 300
senting the specific interaction such as hydrogen bonding,
dipole—dipole interaction, or ionic interaction between two
polymers.

Combination of egs #10 yields the following equation:

T _ 1 fé ® 0.0 0.2 0.4 0.6 0.8 1.0

g12] z— 1\\[P1 2

|n(_-|— 1) = 5[(1 - Vspem(_e ))(r_l In ¢, + r_z In ¢2) - Volume fraction of component 1
9

512K

200

é _ 1 Figure 1. Theoretical prediction ofgy as a function of volume fraction
—2[In r,+(r,— 1) |n(z_)] (11) of polymer 1 with varying specific interaction parametes,§ for blends
r, 2 2 e of polymer 1 and polymer 2. The physical parameters used gte=at
1.0,z=4.0,r, = 100, andr, = 100.
wheref = zR(MyACyp). R My, andACy, are the gas constant, _ _ _ _ N
the molecular weight of the repeat unit, and the isobaric specific 0), the Ty shows a linear relationship against the composition

heat of polymer 1, respectively. of polymer blends, which is consistent with the Fox equation.
When we limit the value of; to be zero, eq 11 would be  AS yspeVvalues increase, the maximum behavioTgbecomes
expressed as follows: more prominent with larger positive deviation, representing the

stronger specific interaction between two polymers. When the
T, — difference ofTy between two polymers is small, the positive
@2l__p z—1 9 poly . the p
I”(T_‘) - r—z[ln rp+(rz—1) In( )] 12) deviation becomes more noticeable.
g Figure 2 presents the comparison of the theoretical predictions
Equaﬂons 11 and 12 can be Comb|ned to provide a Configura_ Wlth eXperImenta| g|aSS tranSition temperature fOI’ b|endS Of
tional entropy theory for the glass transitions of binary polymer Poly(vinylpyrrolidone) (PVP) and poly(vinylphenol) (PVPh).

blends. Kuo an_d (;h_a_n@f investi_gated the hydrogen-bonding interaction
and miscibility behavior of blends of PVP and PVPh by
Tq12 B 7z — 1\\[P1 o, differential scanning calorimetry (DSC). They observed that this
In T_l =pl1- Vspem( _) r_l In ¢, + r_2 In ¢, |+ blend is able to form a miscible phase due to the formation of
g

T inter-hydrogen bonding between the carbonyl of PVP and the
b,In _92 (13) hydroxy! of P_\/Plh.. Interestingly enough, a singlghigher than
Tq that of either individual polymer was observed, presumably due
to the strong interaction between two polymers. As seen in the
From this model, we can predi€} for the polymer blends with figure, the new model eq 13 predicts accurately Tgevalues
various compositions. from the experimental results, but the Fox equation does not.
The value ofys,c0f eq 13 was obtained by nonlinear regression.
The higher value ofsye(= 288.1) for blends of PVP and PVPh
Figure 1 shows the theoretical predictionigfcalculated from represents the strong specific hydrogen-bonding interaction
eq 13 for polymer blends (polymer 1/polymer 2) with various between two polymers, which is coincident with the previous
specific interaction parametergsfd as a function of volume experimental results of FT-IR and solid-state NMR.
fraction of polymer 2. To simplify the system, the physical The new thermodynamic model @f was also applied to
parameters for theoretical calculation are assumed to have thethe system exhibiting a linear relationship against compositions
following values: 3 = 1.0,z= 4.0,r; = 100,r, = 100. When of polymer blends. Balsamo et &l prepared blends of poly-
there is no specific interaction between two polymersd= carbonate (PC) and pobkrcaprolactone) (PCL) in a Wid&DV

Results and Discussion
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Figure 2. Comparison of the theoretical predictions with experimental
glass transition temperature for blends of PVP(1)/PVPh(2). Open
squares are experimental data by Kuo and CHafdre solid line is
calculated from eq 13, whengy,.= 288.1,r, = 88.8,r, = 103.4,z=

4, My, = 111 g/mol, andACp, = 740.5 J/(kg K).
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Figure 3. Comparison of the theoretical predictions with experimental

glass transition temperature for blends of PC(1)/PCL(2). Open squares

are experimental data by Balsamo ef®aNew model equation is
calculated from eq 13, whetgpe= 2.74,r, = 222.8,r, = 100.0,z=
4.0, My, = 254 g/mol, andAC,, = 388.2 J/(kg K).
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equation based on conformational entropy changes. In that study,
the specific interactions were not considered, and thus they failed
to predict the experimentdly values well. This presents the
importance of a physical parameteyein the current thermo-
dynamicTg model.

In conclusion, a new mathematical model was derived on
the basis of configurational entropy and Fletgluggins theory
to predict theTy of miscible polymer blends. The new model
adequately predicts th& dependence on blend composition
for the cases of (1) maximum behavior with positive deviation
and (2) simple linear additivity obeying the Fox equation. More
importantly, the currentTy model does not include other
adjustable parameters exceppe and can be applied to any
miscible binary polymer blends with hydrogen bonding, dipole
dipole interaction, or ionic interaction. From this model, we can
directly compare the strength of specific interaction in each
system by the value ofspg i.€., the higher value ofpe for
polymer blends represents the stronger specific interaction and
vice versa.
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