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ABSTRACT Excess properties of mixing of the thermodynamic theory for the compositional variation of 
glass transition temperatures are shown to be determined uniquely by the internal consistency of the general 
solution relations used in the theory. For the glassy state these excess properties involve solution properties 
and pure constituent properties of this state alone. Excess properties for the liquid state are likewise 
phase-consistent. From the entropy, volume, and enthalpy, general and equivalent tautological relations are 
derived for the compositional variation of glass transition temperatures. These reduce to separate and specific 
relations of approximate predictive use for in turn random, volume-additive, and athermal solutions. The 
formal consequences of the simultaneous validity of two or more of these different predictive theories demonstrate 
that such overlap would not be at all general. 

Introduction 
A classical thermodynamic approach I have used to 

provide a theory for the compositional variation of glass 
transition temperatures'+ has been said by Goldsteinlo to 
be incorrect. In particular, he contends that for the excess 
entropy of mixing of the glass the pure-constituent en- 
tropies should not all be of the glass but should be of the 
actual states a t  the conditions of interest. On the basis 
of this contention he claims that the predictive entropic 
relations I have used do not have a basis in thermody- 
namics per se. Their origin and success are attributed 
instead to the Gibbs-DiMarzio molecular theory of the 
glass transition," a quasi-macroscopic version of which12 
can give relations identical in form with those I have used. 

That an entropic relation of the thermodynamic ap- 
proach does not always give exact agreement with the data 
is offered as support for the view that this approach is not 
correct. Also, the predictive entropic, volume-based, and 
enthalpic theories, which are particular versions of the 
corresponding tautologies, are compared as if these were 
equivalent general descriptions and as if the conditions of 
their consistency were an essential consequence of the 
thermodynamic approach. Problems are also imputed to 
the tautologies themselves. For example, the transition 
behavior of the excess volumes of mixing required by the 
corresponding tautology is said to be implausible. 

These various claims, assertions, and interpretations are 
taken up below in a summary of the elements of the de- 
rivation of general thermodynamic relations for the com- 
positional variation of glass transition temperatures and 
the restrictions necessary for these to be of predictive use. 

The Model of the Glass Transition 
Here, as previo~sly,'-~ the glass transition is treated 

formally as if it were equivalent to an Ehrenfest transition 
of second order.13 In this context the only feature specific 
to the glass transition in the discussion below is notational. 
In this discussion properties of the liquid and glass are 
denoted by the superscripts 1 and g, respectively. 

The aim of the thermodynamic theory to be outlined is 
the provision of relations between the glass transition 
temperature, Tg,  of a single-phase solution of fixed but 

arbitrary composition and the glass transition tempera- 
tures, T,, of the pure constituents from which the solution 
is formed. In the thermodynamic model the solution en- 
tropy, volume, and enthalpy, in turn s, V, and H, are 
continuous at  Tg and various first derivatives of these 
undergo characteristic and finite disc~ntinuities.'~ Simi- 
larly, a t  the T ,  the variables Si, Vi, and H, of the separate 
pure constituents are continuous and various first deriv- 
atives of these undergo characteristic transition discon- 
tinuities. It is these general features of second-order 
transitions that are used in conjunction with the general 
solution relations to derive thermodynamic relations for 
the compositional variation of Tg. 

Derivation of the Tautologies and Their 
Predictive Versions 

The Entropic Relations. Because the nature of the 
excess entropies of mixing of the solution relations used 
in the theory is an essential point, the entropic theory is 
considered first. For each of the two states of the glass 
transition a formal connection is defined between the so- 
lution entropy and the phase-identical pure constituent 
properties in the same amounts, Xi, that these are present 
in the solution. In these solution relations'JO 

S' = CXiS;' + AS,,' (la) 

S g  CXiSig + ASmixg (1b) 
the terms ASmi: and AS& are the excess entropies of 
mixing of the liquid and glass, respectively. The sum in 
eq 1 and in all other relations of this paper are over all of 
the constituents of the solution. 

The solution relations of eq 1 are formal devices through 
which solution and pure constituent properties of the same 
phase are connected. In each of these relations both the 
solution entropy and the pure constituent sum are spec- 
ified; the single remaining term in each of these linear 
relations is thereby completely determined and cannot be 
fixed independently. Explicitly, from eq l a  the excess 
entropy of mixing of the liquid is the unique solution of 
this relation in terms of the quantities specified, 

and 
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8. First, the formal supposition that for random solutions 
the difference between the excess entropies of mixing is 
dominated by the difference between the combinatorial 
contributions to these quantities. Second, the familiar 
approximation that these combinatorial contributions can 
be written completely and explicitly as a function of the 
compostion alone. An example of such a function is the 
Flory-Huggins expression,15 although for the present 
purpose the actual function is not needed. For random 
mixing problems in some generality, then (including the 
particular case of miscible blends of high polymers, for 
which15 ASmix N 0) the tautology of eq 8 becomes the 
approximate predictive relation 

and from eq l b  the excess entropy of mixing of the glass 
is the unique solution of this relation in terms of the so- 
lution entropy and the pure constituent sum, 

ASmixg = Sg - CXiSig (2b) 
Equally, eq 2a and 2b are the explicit consequences of the 
absolute requirement that eq l a  and l b  are each self- 
consistent. 

Thus, the excess entropies of mixing are fixed entirely 
by the properties prescribed in the solution relations and 
are the phase-consistent quantities of eq 2. For the glass 
the excess entropy of mixing is the difference between 
properties of the glass alone, just as the excess entropy of 
mixing of the liquid involves properties of this state alone. 
A corollary of this result is that the use in eq 1 of other 
than the phase-consistent excess properties of eq 2 is never 
correct. In particular, Goldstein's claimlo that the excess 
entropy of mixing of the glass in eq l b  involves the en- 
tropies of the pure constituents "...in whichever state, 
liquid or glass, that is the usual state ..." at  the conditions 
of interest is incorrect as this would violate the internal 
consistency of the solution  relation^.'^ 

The solution relations of eq 1 are used as follows in the 
derivation of a general relation between the solution glass 
transition temperature and the Tgi. At fixed pressure the 
solution glass-transition occurs a t  temperatures Tg such 
that 

S1(Tg) = Sg(Tg) (3) 

From eq 1, this can be rewritten identically as 
CXiSi' + ASmk' = EXiSf +ASmixg (4) 

The pure constituent entropies in eq 4 are referred to their 
corresponding T through the use of the isobaric heat 
capacities Cp,>J3 hxplicitly, for the liquid and glassy states 
respectively 

and 

From eq 5, the pure constituent conditions 

S)(Tg) = SP(Tgi) (6) 

(7) 

and the definitions 

C,: - Cp: = ACPi 
eq 4 can be written as 

Z X i J T ' ( A C p i / n  dT + ASmi: - ASmixg = 0 (8) 
TKi 

In the thermodynamic model eq 8 is equivalent to eq 4, 
which in turn is identical with eq 3, the defining condition 
for the solution transition. The excess entropies of mixing 
of eq 8 are the phase-consistent quantities of eq 2, carried 
through from the solution relations of eq 1. While it is 
general for single-phase solutions, eq 8 is, however, a formal 
tautology because the solution relations used to derive it 
are tautologies. 

This establishes that the excess properties of mixing in 
the entropic tautology for the compositional variation of 
TB., from which the predictive theory I have used is ob- 
tamed, are indeed phase-consistent quantities. There are 
two parts of the derivation of a predictive version of eq 

E X i S y " ( A C p i / T )  d T  = 0 
TKi 

As outlined above, the basis of eq 9 lies in classical 
thermodynamics and in the nature of approximate rela- 
tions for excess entropies of mixing derivable from sta- 
tistical thermodynamics. Consequently, the predictive 
theory for the compositional variation of Tg embodied by 
eq 9 has a basis in thermodynamics alone, independent of 
any molecular theory or interpretation of the glass tran- 
sition. 

As discussed later, the entropic theory for the compo- 
sitional variation of glass transition temperatures has been 
taken to be quite widely applicable to solutions on the 
premise that many of these might reasonably be expected 
to be largely random. For problems not of solutions per 
se (for example, the effect of copolymerization on T 6, it 
has been used on the premise that these can be mockeled 
in terms of equivalent random solutions. 

Comparison of predicted and observed values of Tg is 
through the use of integrated forms of eq 9. This requires 
specific assumptions about the temperature dependence 
of the AC,, a dependence which is not generally known. 
Consequently, integrated versions of eq 9 are inexact re- 
lations. The expression derived in the (zeroth order) ap- 
proximation that the AC,, are uniformly independent of 
temperature, 

CXiACPi  In Tgi 
F V  A n  

In Tg = 
L A i A L p i  

has met with For certain plasticized polymers, 
when the Tgi are rather far apart, the temperature de- 
pendence of the ACpi must be incorporated in eq 9 to give 
reasonable agreement between calculated and observed 
values of Tg.I6J' The assumption that the AC,, are in- 
versely proportional to temperature is convenient here as 
it is consistent with the tendency of these to diminish as 
a function of increasing temperature1* and leads to a re- 
lation free of adjustable parameters, 

In eq 11 the ACPc are a t  their corresponding Tg, and thus 
can be determined directly. Here it is useful to emphasize 
that notwithstanding the success of eq 10 and 11 the two 
associated relations between the AC,, and temperature are 
simply convenient methods for the estimation of the in- 
tegrals of eq 9. Neither dependence has a compelling 
general basis and there may well be problems for which 
neither of these two methods is acceptable. 

The entropic theory, in the form of eq 9 and integrated 
verions thereof, is a compromise between the disparate 
aims of predictive simplicity and a fair measure of a priori 
applicability. Even for solutions that are largely random, 
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eq 9 is not exact. Therefore, the use of the theory is an 
approximate exercise with an innate heuristic element. In 
circumstances of this kind it is to be expected that the 
theory will not always give exact agreement with the d a h m  
To imply, as Goldstein does, that the approach is flawed 
in an essential way if eq 10 does not give exact agreement 
with the data for all systems is wrong. Exact agreement 
between theory and experiment is required only of ther- 
modynamic relations that are general, rigorous, and exact 
or, for specific theories, when all assumptions are met 
exactly. 

The Volume-Based Relations. Again, for each of the 
two states of the glass transition a relation is prescribed 
between the solution quantity and the phase-identical pure 
constituent quantities. These relations, the volume ana- 
logues of eq l, are 

v' = cX,V,'  + AV,,; (124 

Vg = CX,V,P + AVm,xg (12b) 
Equations 12 determine the excess volumes of mixing 
uniquely in terms of the properties specified as 

AVml; = V - CX,V,'  (13a) 

AVmixg = Vg - C X , V f  (13b) 
That is, for eq 12 to be self-consistent the excess volumes 
of mixing for the liquid and the glass are both phase- 
consistent quantities given uniquely by eq 13. This means 
that the volume solution relations, eq 12, are tautologies, 
as are the entropic solution relations, eq 1. 

In terms of the volume, the defining conditions of the 
isobaric glass transition for the solution is that this occurs 
a t  temperatures T g  such that 

v'(Tg) = V V g )  (14) 

This condition can be rewritten from eq 12 as, identically, 

and 

and 

CX,(V, '  - V,g) + AV,,,' - AVmlxg = 0 (15) 
To introduce the TgI,  these are used as reference temper- 
atures for the pure constituent volumes in eq 15 in con- 
junction with pure constituent volume expansivities, 
This use, the conditions 

V / ( T g )  = V?(Tg,) (16) 

(V,a,)' - ( V l a J g  = A ( v p , )  (17) 
give that a t  T g  the pure constituent differences of eq 15 
are 

(18) V,' - V? = JTg, A(V,a,)  d T  

and the definitions 

TE 

From eq 18, eq 15 can be rewritten as 
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objects, through an appeal to sentiment.21 To illustrate 
directly the origin of this exact compensation, from eq 12 
in the form of eq 13, generally 

AVmil - AVmixg = (V - Vg) - C X i ( V :  - Vig) (20) 
From eq 14, a t  Tg this reduces to 

Z X i I T g A ( V i a i )  dT + AVmi; - AVmixg = 0 (19) 
TEZ 

In the thermodynamic model of the glass transition this 
formal tautology is equivalent to the defining condition 
for the solution transition, eq 14. The excess volumes of 
mixing of eq 19 are the phase-consistent quantities of eq 
13. 

From eq 19, any discontinuity that might occur in AV- 
at  T g  is balanced exactly by a discontinuity in the pure 
constituent sum of this relation. This is a consequence of 
eq 19 pointed out by Goldsteinlo and one to which he 

which is identical with eq 15. As eq 20 and 21 demonstrate, 
the exact compensation is the condition of the continuity 
of the solution volume at  T g  as expressed through the 
solution relations. Equation 19 is merely a further and 
useful particularization of this condition, through the use 
of eq 18. In view of the StraightforwaTd, in one sense, 
trivial nature of the compensation as a restatement of a 
tautology, eq 19 offers no difficulty in interpretation. 

Were the excess properties of mixing of the entropic and 
enthalpic analogues of eq 19 to be discontinuous at  the 
solution glass transition, an exact compensation precisely 
analogous to that for the volume relation must occur. 
Again, this is no more than a reflection of the continuity 
of the corresponding solution quantity a t  TB' 

To consider the circumstances for which the volume- 
based tautology would reduce to a predictive relation, first 
it should be noted that it is generally to be expected that 
solutions have nonzero excess volumes of mixing. Perti- 
nent to this, solution theory provides no expression for 
AV,, in say composition alone (analogous to that for 
ASmk) to indicate that in any generality this may be con- 
tinuous at a second-order transition. The absence of any 
evident basis for supposing that eq 19 usually reduces to 
a predictive relation is taken to indicate that it does not. 
This tautology, though, necessarily becomes predictive 
when the excess volumes of mixing for the liquid and glass 
both vanish or are negligible. Thus, only for solutions for 
which eq 19 it is a t  least approximately true that 

(22) AVmi: = 0 = AVmixg 
does the relation 

arise and are predictive volume-based relations for T g  
obtained. The simplest integrated form of eq 23 for such 
volume-additive solutions arises if the A( Viai) are taken 
as temperature-independent. The solution glass transition 
temperature is then approximately 

The Enthalpic Relations. For the liquid and glass 

H1 = C X i H )  + AHmi; (25a) 

Hg CXiHig + AHmixg (25b) 
From eq 25, the excess enthalpies of mixing are uniquely 

AHmi: = H1 - CXiH,' (264 

AHmixg = IIB - CXiHig (26b) 
Thus, as for all excess properties of mixing of theories using 
phase-identical solution relations of the form of eq 1, the 
excess enthalpies of mixing are phase-consistent quantities. 

The isobaric glass transition occurs at temperatures Tg 
such that 

respectively 

and 

and 
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H1(Tg) = Hg(Tg) (27) 

which, from eq 25, is identically 

CXiH,' + AHmi2 = CXiHig +AHmixg (28) 
The use of pure constituent heat capacities and of the 
condition 

H,'(Tg,) = Hig(Tgi) (29) 

allows eq 28 to be written as 

E X i s T g A C p i  d T  + AHmi: - A H m i x g  = 0 (30) 
TE, 

In eq 30 the ACp8 are given by eq 7 and the excess en- 
thalpies of mixing are those of eq 26. 

Parallel to the situation for the volume-based tautology, 
there is no evident basis for the enthalpic tautology to 
become predictive unless the excess properties of mixing 
vanish or are negligible. Thus, only for solutions for which 
in eq 30 it is a t  least approximately true that 

AHmi: 0 = AH mix . g (31) 

does the enthalpic tautology give rise to the relation 

~ X i S T g A C , ,  dT = 0 
Tgi 

The simplest integrated form of this athermal solution 
relation arises if the AC , are taken as temperature-inde- 
pendent and is eq 11. I? the ACpi are taken as inversely 
proportional to temperature, the relation 

CXiACpiTgi  In Tgi 
In Tg = (33) 

C X i  Acpi Tgi 

is obtainedaZ2 The ACpi in eq 33 are a t  their corresponding 

+he Three Theories. The tautologies for the compo- 
sitional variation of glass transition temperatures of eq 8, 
19, and 30 are thermodynamic restatements of the con- 
tinuity of $, V, and H ,  respectively, a t  the solution tran- 
sition. They are tautologies because the solution relations 
of eq 1,12, and 25 used to introduce the pure constituent 
properties are tautologies. Because the continuity of S ,  
V ,  and H is general for second-order transitions and the 
solution relations are tautologically correct, eq 8,19, and 
30 are general and equivalent relations for the composi- 
tional variation of second-order transition temperatures. 

Each tautology reduces to a differential relation of 
predictive use when the transition difference between the 
relevant excess properties of mixing vanishes a t  the tran- 
sition of the solution. This reduction does not occur for 
arbitrary solutions and therefore the versions of the tau- 
tologies of predictive use, eq 9,23, and 32 and their inte- 
grated forms, are not general. The conditions that give 
rise to the three predictive theories, in effect restrictions 
on the behavior of pure constituent properties alone at the 
solution transition, are connected only by the requirement 
that they coincide at  the extremes of composition, X i  = 
1, where Tg = Tgi. Thus, the three theories are required 
to be equivalent only for what is in effect the trivial 
problem, when all predictive relations for Tg vanish iden- 
tically. Consequently, the predictive entropic, volume- 
based, and enthalpic theories are both specific and dif- 
ferent. 

Of practical interest in connection with the prediction 
of the compositional variation of Tg is whether one of the 
three conditions associated with a predictive theory is 
appropriate in some generality for real solutions. The 
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Figure 1. Calculated and observed values of Tg for PS/PPO 
blende vs. mass percent of PPO. The lower curve is the prediction 
of the entropic theory in the form of eq 10. The upper curve is 
the prediction of the volume-based theory in the form of eq 24. 
Experimental values of TB reported by Friedz5 are indicated as 
triangles. Data for the calculations: T from Fried;% ACp from 
Fried;z5 A(Viai) from Richardson an8 Savi1lZ6 (PS) and Jau- 
hiainenz7 (PPO). 

assumption of random mixing is widespread, almost gen- 
eral, in solution theory, whereas it is not usual to assume 
that excess volumes or heats of mixing vanish. On this 
basis, the entropic predictive theory would seem a priori 
to be of the widest use. This said, it is clear from eq 9 and 
32 that there will be problems for which the predictions 
of the entropic and enthalpic theories may differ little. As 
among other things the integration of these relations is 
approximate, the use of one or the other of these two 
theories might then seem to be largely a matter of choice. 
However, quantitative considerations aside, the use of the 
enthalpic theory would be disjoint with the usual as- 
sumptions of solution theory and the expected nature of 
real solutions. Whichever is used, these and indeed all 
three predictive theories are essentially different. 

In principle, the difference between the predictions of 
the volume-based theory and of either the entropic or 
enthalpic theories may lie anywhere between severe and 
negligible. No a priori statement other than this is certain. 
It is instructive though to compare predicted and observed 
values of Tg for blends of polystyrene (PS) with poly(2,6- 
dimethyl-1,4-phenylene oxide) (PPO), as these are in 
several essential respects model miscible and, 
also, data are available for the use of both the volume- 
based theory and the entropic (or enthalpic) theory. As 
shown in Figure 1 the entropic theory gives good agreement 
with the observed dependence of Tg on composition, 
whereas the theory based on the premise of volume ad- 
ditivity fails to account even qualitatively for this depen- 
dence. This does not mean that the difference between 
the two theories is invariably of this kind, but it does 
suggest that the volume-based theory ought not to be taken 
as valid in any generality. 

While the three predictive theories are not equivalent, 
their possible overlap is of interest as it gives rise to con- 
nections between pure-constituent glass transition prop- 
erties. However, the class of solutions for which this occurs 
is necessarily far more exclusive than that for which any 
one of the associated theories is valid. 

The general condition for all three predictive theories 
to be valid simultaneously is that 

T& = Tg, (344 

for all i, j .  This is also the condition for the entropic and 
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predictive and fairly general means that the theory is 
heuristic. In addition, the predictive relations are ap- 
proximate. Quite apart from these points there is the 
question of the relation of the glass transition itself to an 
Ehrenfest transition of second order. For the present 
purpose it seems sufficient to say that the broad similar- 
ities between the two, the simplicity of the thermodynamic 
model, and the overall degree of success enjoyed by the 
predictive theory make the formal parallel drawn here 
useful. Nevertheless, even for the formal tautologies there 
is a heuristic element in the relation of the thermodynamic 
equations to the problem of the actual compositional 
variation of Tg.  
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discontinuity at  Tg,, and of equal magnitude and opposite sign 
to the discontinuity in AV- in order to cancel exactly the bad 
behavior of AV,,. It is hard to believe in the reality of this 
effect." 
Equation 33 can be simplified further by reuse of the assumed 
relation between the AC and T and the assumption that the 
constant of proportionaflty is the same for all pure constitu- 
ents, to give 

In Tg = E X i  In TBi 

Similarly, eq 11 in the entropic derivation can be rewritten as 
the Fox relationz3 

l / T g  = C X i / T g ,  (R2) 

Fox, T. G. Bull. Am. Phys. SOC. 1956, 2 ,  123. 
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Structure control in copolymer synthesis is a continuing 
challenge for the polymer chemist, a situation that cer- 
tainly holds true in the synthesis of segmented copolymers 
by conventional step polymerization techniques. Rarely 
does one attain a narrow molecular weight distribution for 
both segments within such copolymers, though this very 
goal is actively sought by at least two other research groups 
today.1*2 In this research we are attempting the synthesis 
of highly regular segmented copolymers, i.e., those with 
narrow molecular weight distributions within each seg- 
ment, by combining chain and step propagation procedures 
into one synthetic scheme. The thrust of this synthetic 
strategy focuses on synthesizing a highly regular teleche- 
lomer (a high molecular weight monomer) by anionic po- 
lymerization that in turn is converted into a copolymer of 
high molecular weight by step polymerization techniques. 
Figure 1 depicts the approach as it applies to segmented 
copolymers. 

Let “A” represent the repeat unit within one segment 
and “B” the repeat unit within the other segment. The 
initiator, ”I”, contains a masked functionality that will be 
used later in step polymerization. Anionic (chain) initia- 
tion and polymerization leads to a monodisperse segment 
of monomer “A”. Then either monomer “B” can be added 
directly or the nucleophilicity of the anion “A” can be 
altered prior to the addition of the second monomer to 
facilitate the formation of a monodisperse segment of “B”. 
This new anion, the “B” anion, is then quenched by using 
chemistry that removes the mask from the initiator, thus 
creating the desired telechelomer, which can be rigorously 
purified at  this point in the synthetic scheme, followed by 
mild condensation (step) polymerization to high polymer. 

This methodology could be applied to a variety of “A” 
and “B” monomers to obtain a series of highly regular 
segmented copolymers containing segments of narrow 
molecular weight distributions. If the two segments are 
incompatible, the polymers will exhibit good phase sepa- 
ration and the surface of the polymer will be richer in the 
segment that has a lower surface energy. Proper selection 
of monomers, therefore, will lead to polymers having 
controlled surface properties such as biocompatibility, 
adhesion, and weathering. If one segment is hard and the 
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Figure 1. Illustration for chainfstep polymerization using 5 “A” 
units and 4 “B” units. 
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Figure 2. Chainfstep synthesis of poly(oxyethy1ene-co-pivalo- 
lactone). 

other is soft, the segment lengths could be varied to obtain 
thermoplastic elastomers having good mechanical prop- 
erties. The surface and mechanical properties of these 
copolymers could then be compared with those of ABA and 
AB block copolymers. 

We have selected ethylene oxide (EO) and pivalolactone 
(PVL) as our first monomer pair. A general description 
of the chemistry used is shown in Figure 2. A masked 
initiator, I-O-K+, anionically polymerizes ethylene oxide, 
and the resulting anion is reacted with pivalolactone ( P a )  
to give a polymeric anion still containing the masked in- 
itiator fragment. The product is then acid hydrolyzed to 
give an oxyethylene-pivalolactone telechelomer, which on 
step polymerization will give the segmented copolymer. 

In this paper we describe the chemistry needed to syn- 
thesize an acetal-masked potassium alkoxide initiator for 
the chain polymerization aspect of the research, and we 
describe how this acetal-masked initiator readily polym- 
erizes ethylene oxide while keeping the mask in place. 
Acetal-masked lithioalkoxides have been previously re- 
ported by Schulz et al. for butadiene polymerization3 and 
by Lefebvre for hexamethylcyclotrisiloxane polymeriza- 
t i ~ n . ~  

Experimental Section 
Acetaldehyde 3-Chloropropyl Ethyl Acetal (1) and Its 

Organolithium Salt 2. The  chloroacetal 1 was prepared ac- 
cording tQ the procedure of Eaton et al.: using 3-chloro-1-propanol 
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