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Finally, comparing eq 23, 25, and 26 reveals that the 
equilibrium glass-transition temperature, T,, is mainly 
determined by the stiffness of the polymeric chain, which 
is consistent with the conclusion of the GD theory. The 
combination of eq 25 and 15, where the first term domi- 
nates, gives 

(27) 
th - AnT, e -h, = 0.139 

kT* 
which has the form of the Simha-Boyer equation.2>8 
V. Conclusions 

We have replaced the idea of the second-order phase 
transformation in the Ehrenfest sense postulated by the 
GD theory, yet retained its successful features in our new 
approach to T,. The original Flory lattice model is used 
as the starting point in our analysis. The "equilibrium" 
freezing temperature is treated as the thermodynamic 
anomaly at  which the most stable hole configuration is 
reached under the cooperative constraint of linear chain 
molecules. The results of our calculation compare well 
with the molecular parameters of polymers obtained from 
the GD theory by many other authors. The ubiquitous 
nature of the glass formation has been explained by our 
model even for nonpolymeric systems, while. the 5' = 0 
theory breaks down. The spin-related Ising anomaly and 
the free volume originated Simha-Boyer expression are 
among the special cases of the present interpretation. The 
equilibrium theory reported here serves as the foundation 
from which the role of chain conformation in kinetics will 

be discussed in the following paper in this issue. 
Registry NO. PVAC, 9003-20-7; PVC, 9002-86-2; PS, 9003-53-6. 
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ABSTRACT: We have incorporated the role of the conformational energies of polymer chains in the kinetic 
theory of glasses by extending the equilibrium analysis developed in the first paper of this series. Under the 
cooperative constraints of hole distributions, a large number of conformational energy states are also introduced 
for the purpose of analyzing the nonequilibrium behavior. The departures from equilibrium for holes and 
flex bonds are then treated as a non-Markovian stochastic process. The theory shows how the kinetics of 
holes and bond rotations affect the enthalpy relaxation. The calculation reveals that the conformational 
activation energy is between 1 and 2 orders of magntiude lower than the hole activation energy. As a result, 
the enthalpy relaxes much faster than the volume at short times but approaches the same relaxation rate 
of volume at long times. 

I. Introduction 
There has been considerable interest in the structure 

relaxation and physical aging of glass-forming systems in 
recent years?"' Free volume has played a central role in 
the molecular interpretation of the glass transition and the 
glassy state of polymers."1° The concept has been gen- 
eralized quite successfully in describing the volume re- 
laxation and recovery processes. However, in the first 
paper" (which will be denoted as 1) of this series, we have 
seen that free volume alone cannot provide an adequate 
description of the glass temperature and enthalpy behavior 
of polymers. The role of chain conformation must enter 
the physical picture in order to gain a molecular under- 
standing of the enthalpy relaxation in polymers. There 
is very little theoretical development in this area. 

The purpose of this paper is to incorporate the effect 
of chain conformation in the kinetic theory of glasses by 
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extending the equilibrium consideration developed in 1. 
In our earlier studies,l0 the kinetics of free volume over 
the glass-transition region is found as a result of the col- 
lapse of a series of free volumes having different levels of 
energies of hole formation. Its mean value determines 
thermodynamic equilibrium and intermolecular interaction 
and is equal to the hole energy used in 1. The same idea 
will be extended to the conformational energy. The con- 
formational kinetics will be treated as a series of relaxa- 
tional processes governed by a nonequilibrium transi- 
tion-state theory. Both the volume and enthalpy relaxa- 
tions will be calculated and compared. The success and 
the limitation of the free volume concept will be discussed. 

11. Internal States 
As mentioned in 1, we consider a system of n holes (or 

free volumes) and n, polymer molecules of x: monomer 

0 1989 American Chemical Society 
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entropy production per unit time inside the system serves 
as the thermodynamic driving force for structure relaxation 
in the polymer glass. 

111. Hole Kinetics 
The departure from equilibrium for holes in response 

to molecular motion and thermal fluctuations is treated 
as a non-Markovian stochastic process. When all interlevel 
correlations are ignored, the kinetic behavior is governed 
by 

(6) 

where the transition probabilities per unit time for hole 
creation and hole annihilation are represented by Axi and 
Ai=, respectively. Equation 6 is based on the idea of con- 
tinuous conversion of the number of holes and the number 
of phonons. When further analysis of eq 6 is carried out, 
the departure from equilibrium, 6 = h - h, for a system 
started from equilibrium islo 

dni/dt = nxAxi - niAix (i = 1, ..., L )  

segments each. The total system consists of N sites with 
each site occupying a unit volume cell (u) .  The change in 
hole population with time ( t )  and temperature ( T )  de- 
termines the hole relaxation process. Following the notion 
of continuous conversion between holes and phonons,5J0 
we have introduced the physical picture of quantized hole 
energy states ch(i) with i = 1 , 2 ,  ..., L. The problem is to 
determine the distribution of the ensemble characterized 
by a set of hole numbers with Cini = n. Minimizing the 
excess configurational Gibbs free energy with respect to 
ni, we obtain the equilibrium hole number iii - exp- 
(-chcn/ kT)  in a clustering state i which has the form of the 
average number of phonons at higher phonon energies.12 
Similar to phonons, holes are created by raising the tem- 
perature and eliminated by lowering it. The ratio of ni/N 
= hi is defined as the ith contribution to the free volume 
fraction (h = Cihi) with its equilibrium valuelo 

where the mean energy of hole formation is q, = &,%i/h, 
k is the Boltzmann constant, and the subscripts h and r 
refer to the hole and the condition at  T = T,, respectively. 
The reference temperature is chosen to be the glass tem- 
perature discussed in 1. The equilibrium fraction of bonds 
( f )  for all molecules in the higher conformational energy 
state having the mean flex energy (€3 will also be quantized 
under the cooperative constraints of hole distributions. In 
the analysis of the nonequilibrium behavior, the system 
is assumed to have a set of intramolecular energy levels, 
0 and cf(j), with j = 1, 2, ..., M.12 The partition function 
of the “Fermi oscillators” is 

where p is the chemical potential and the subscript f refers 
to the flex bond. Hence, the equilibrium fraction of the 
flex bonds is 

and the mean flex (intramolecular) energy is 
a l n  (8-1) M 

;=l 
t f = p + k T 2  aT = C€f(j)f;/f (4) 

where 7;. is the equilibrium bond fraction in a internal state 
j with the flex energy tf(j). One important difference be- 
tween holes and conformers (rotamers) needs to be em- 
phasized. The number of holes is not conserved, but the 
number of conformers in high- and low-energy states is 
constant. 

In the nonequilibrium case, the time derivative of the 
configurational entropy can be written as 

which is a microscopic expression for the second law of 
thermodynamics. In contrast to the S = 0 theory,13 the 

where q is the cooling (<O) rate, 7;) = Th(i)xh = Ai;’ is the 
ith relaxation time, and the local shift factor (time scale) 
in the vicinity of the glass transition is 

] (8) Ah = exp - 

with a, = (dh/dT),. In the above equation, the first term 
is controlled by the local activation e_nergy Eh = th/h, ,  and 
the structural-dependent term 6/h,2 is related to the 
nonequilibrium entropy fluctuations in glasses.1° In the 
case of isothermal annealing followed by quenching from 
an elevated liquid temperature To to T below the glass 
transition, eq 7 becomes 

(9) 

[ a,(T i r A  + 6 

6 ( t )  = V m O )  - h(T) ld t )  
with the normalized relaxation function for holes 

where gi = t h ( i ) h i / t h h  is the distribution of holes energies 
a t  a given state and is related to 4 by a discrete Laplace 
transform. By letting 

the summation in eq 10 can be written as an integral 

f#) ( t /Th)  = ~mg(U)e-ut / rh  du (12) 

When the distribution is the 6 function, g(u) = 6(u - l) ,  
the distinction between the local and global (ah) shift 
factors disappears and the relaxation function decays ex- 
ponentially. Equations 11 and 12 reveal that the local and 
global relaxation times cannot be the same when g(u) has 
a broader distribution and is not limited to a value at  u 
= 1. 

In order to understand how the local and global relax- 
ation time scales are related, we have to discuss the motion 
of holes. According to eq 9, holes are frozen in a none- 
quilibrium state at t = 0 when the system is quenched from 
To to T. During isothermal annealing, the relaxation 
function, @), is interpreted as the holes having not 
reached their equilibrium states. By Considering that holes 
diffuse on a fractal structure, the hole motion in an energy 
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IV. Conformational Kinetics 
A similar approach is extended to analyze the none- 

quilibrium behavior of bond rotations. The governing 
equations are 

state is described by a stochastic process. The spatial- 
dependent master equation (eq A-2) serves as the equation 
of hole motion, and the motion is then expressed in terms 
of the mean square displacement (A?) (see Appendix). 
I t  is important to mention that the calculation is under 
the assumption of self-similar, which is a common feature 
for all scaling ana1y~es.l~ 

The probability of a hole in the ith energy state having 
reached equilibrium within a time interval t can then be 
written as 

(n i /n) (  ( Arj2)''2/0 (13) 

Here the hole density is ni /n  N 1/L, and ( Ar?)'I2/1 is the 
probability for a hole traveling a distance 1 within the time 
interval t ,  where 1 is the average length (size) of an energy 
state. Thus, we write 

exp(- (Ar2)'l2/l) as L - (14) 

where (A?) averages over holes in all states. Comparing 
eq 12 and 14, we obtain a basic relationship between the 
hole motion and the hole energy spectrum 

( Ar2) = 12(ln xmg(u)e-ut/Q du)2 (15) 

When the hole energy spectrum is given, the motion of 
holes and the relaxation function are determined. In ad- 
dition, we also find that (A?) is inversely proportional to 
Ah2 (see eq A-8 in the Appendix), which helps us in es- 
tablishing the link between the local and global relaxation 
time scales. As a first example, g(u) is chosen to be the 
6 function mentioned earlier, and eq 15 gives 

(Ar2) = ( 1 / ~ ~ ) ~ t ~  (16) 

In the second case, we consider a Gaussian spectrum 
which confirms that ah = Ah, and r#~ = exp(-t/q,). 

which has the form 

where l l u  is defined in eq 11 as the nondimensional hole 
relaxation time. Substituting eq 17 in eq 15, we obtain 

(A?) = (l2/7h)t (18) 

When g(u) is non-Gaussian, eq 16 and 18 suggest that 
which gives ah = Ah2, and q5 = exp[- ( t /~~) ' /~] .  

the mean square displacements should have the form 

(Ar2)  = (12/~h28)t28 0 < /3 I 1 (19) 

This is consistent with Mandelbrot's notion of self-simi- 
larity in fractal s t ru~ture . '~  In analyzing the equation of 
state and physical aging data on the basis of our hole model 
for relaxation in glasses, we found that /3 = 1/2 for most 
amorphous polymers16 and it is much smaller than ' I 2  for 
cross-linked polymers." This is due to the tenuous 
structure in a fractal lattice. The random motion of holes 
will encounter many dead ends and be forced to return. 
Thus, holes will need more time to travel ( A?)lI2 than they 
would need on a Gaussian lattice. Equation 19 leads to 

+(t) = exp[-(t/rhah)@] 0 < 0 I 1 (20) 

and 

Here the j th  relaxation time 7&j)  = 7fr(j)Xf with the local 
shift factor 

where Ef is the activation energy controlling the local ro- 
tational relaxation, and SSf is conformer's contribution to 
the change of entropy related to the nonequilibrium 
fluctuations in glasses.1° The Doolittle equation relates 
the segmental mobility to free volume.'* By extending this 
idea to fvf where uf is the flex volume introduced in 1, the 
dependence of Xf on f can then be written as 

where 0 = f - f. Upon comparing eq 23 and 24 in the 
vicinity of the glass transition, we obtain 

(25) 

6Sf/k = 0/f:  (26) 

Ef = dl  - f r ) / f r  

and 

Substracting both sides of eq 22 using 

dfj/dt = ~ ( d f j / d T ) ,  = qtfcj'fj(1 - f j ) / kT2  (27) 

we obtain 

dOj/dt = -0,/7&j) - q ( d f j / d T ) ,  (28) 

The solution of eq 28 for a system started from equilibrium 
is 

( j  = 1, ..., M )  

If the same discussion that led to eq 19-21 is followed, the 
motion of rotamers is considered as a random walk of 
barriers to rotation on a fractal lattice and is expressed in 
terms of the mean square angular displacement similar to 
eq 19. Therefore, the normalized relaxation function for 
rotamers has the form 

#( t )  = exp[-(t/~~,a~)Y] 0 < y I 1 (30) 

and the global shift factor (af) is linked to that of the local 
state (Af) by 

In af = In Xf/y = [(df/dT),(T, - T )  - 4/77: (31) 

A comparison of the hole, flex, and local activation encrgies 
is shown in Table I where the values of q, and h, for 
poly(viny1 acetate) (PVAc) and eq 25 in 1 are used. I t  
reveals that the activation energy for rotamers is between 
1 and 2 orders of magnitude smaller than that of holes. 
Assuming a Gaussian distribution, y = 1/2, the temperature 
dependence of log af for PVAc quenched from T = T, + 
5 K and annealed at different temperatures and times is 
shown in Figure 1. An Arrhenius-type temperature de- 
pendence with the global (macroscopic) activation energy 
equal to 3.88 kcal/mol is reached in 12 min _as the con- 
tribution from the nonequilibrium term 0/7f,2 in eq 31 
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Figure 1. Shift factor at as a function of annealing time and 
temperature. 

Table I 
Hole, Flex, and Local Activation Energies 

hole conformer 
thermodynamic 'h = 2.51 kcal/mol cf = qJ2.16 = 1.16 

ref fraction hr = 1/30 7, = 0.374 
barrier for local 

equilibrium kcal/mol 

kinetics kcal/mol kcal/mol 
E h  = cJhr = 75.3 Ef  = cf(1 - f , ) / f ,  = 1.94 

diminishes. The theoretical result is in good agreement 
with an experimental obser~ation'~ that the significant 
conformational changes occur only in the initial stage of 
annealing process. Figure 2 shows that the isothermal 
annealing has a stronger effect on a h  rather than on af. For 
a long annealing time in the glassy state, we see a power 
law relationship between a h  and t. In the glass-transition 
region, there is no such simple relationship as illustrated 
by the curve at T = T, - 5 in Figure 2. The nonequilibrium 
effect on log ah approaches zero for T > T,. Physically, 
this is quite similar to that for log af, the difference is that 
it takes much longer for 6 to approach equilibrium. 

V. Enthalpy Relaxation 
The time-dependent change in the enthalpy of polymers 

has been There is an indication that volume 
and enthalpy relax differently. The conformational con- 
tribution has shown a strong effect on the equilibrium 
enthalpy as discussed in 1 and is included here to estimate 
the nonequilibrium changes. In accordance with our 
model, the total volume is 

V = ON = ON + O(n - i i) + ~ f N ( f -  f )  + ... (32) 
Thus, the departure from equilibrium is 

-- v -  - 6 ( t )  + (;)ow 
V (33) 

From eq 6 in 1, the nonequilibrium configurational en- 
thalpy is determined by 

Equations 33 and 34 are expressed in terms of the time- 
dependent hole and conformational changes. The concept 
of free volume has been quite successfully extended to 
describe volume relaxation because uf << D, but it becomes 
inadequate for enthalpy relaxation due to t f / t h  = ' I2  For 
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Figure 2. Effect of isothermal annealing on the shift factors ah 
and al. 

a system starting from equilibrium, eq 34 can be written 
more explicitly as 

1 

where $(t) and $(t) are given by eq 20 and 30, respectively. 
In the case of quenched and annealed glasses, eq 34 be- 
comes 

All the input parameters for holes (th, hr, T ~ ,  p) and ro- 
tamers (ef, fr, Tfr, y ) and the relationships between them 
and T, have been discussed. Upon use of these prede- 
termined parameters for PVAc, the calculated enthalpy 
relaxations at different annealing temperatures are shown 
in Figure 3. The rapidly decreasing rate for the broken 
lines is due to the significantly lower conformational ac- 
tivation energies (local and global) shown in Table I and 
Figure 1. Such a rapid change in enthalpy is observed by 
Filisko (see p 900 of ref 3). As we have seen from eq 33 
and 34, the solid curves are the approximations for the 
volume relaxations. The calculation reveals that enthalpy 
relaxes faster than volume at short times but approaches 
the same relaxation rate of volume at  long times. This is 
consistent with the recent finding22 that the activation 
energies controlling the effective relaxation times, which 
characterize the long time behavior, for volume and en- 
thalpy are very close to each other. Finally, it is worthwhile 
to mention that the equilibrium number of lattice sites 
appearing in eq 36 is not a linear function of temperature 
as has often been assumed in the glassy state but is given 
by16 

Nr exp[2(ah + C U , ) ( T ~ / ~  - T,3/2)/3Tr1/2] 
N =  1 + a,(T - T,) (37) 

where a, is the lattice thermal expansion coefficient. 
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over the volume surrounding an individual hole 

hi@) = J C i ( i , t )  dr' (A-1) 

When the necessary condition of convergence is assumed, 
we rewrite eq 6 aslo 

m 

dC,(i:,t)/dt = C (-V),bi,(i:)Ci(r',t)/m! (A-2) 

where bi, in the mth moment of the transition rate Ai(i'lr3 
jumping from i: to 7': 

bi, = s(-' r - 7)"' Ai(F'l?) dr" (-4-3) 

When an amorphous melt is quenched from the liquid 
state, a highly nonequilibrium state of hole concentration 
is created. Under the influence of such a concentration 
gradient against the spatial-dependent local energy bar- 
riers, the excited holes start to jump locally with a drift 
velocity bil which is considered as the dominant term on 
the right-hand side of eq A-2. In the time interval At, 
which is orders of magnitude longer than the jumping time, 
the displacement of a hole in the ith state can be written 
from eq A-2 as 

Ari = 11 A X i  dFl = biAt (A-4) 

where bi = lbill = l/Th(ihh. Under the assumption of 
self-similarity (see p 118 of ref 14), the statistial average 
of displacements in different time intervals is independent 

(ArjArk) = 0 for j # k (A-5) 

m = l  

The mean square distance in the ith state is 

(Ari2) = K((biAt)2)  = t b t ( A t 2 ) / A t  (A-6) 

In this, the time interval (0, t )  is divided into K equal 
segments and K = t / A t  where t is much longer than At. 
Averaging over holes in all states and using eq A-6, we get 

-2  -I 0 I 2 -2  -I 0 I 2 
L O G ( t - O O l ) ,  HOUR 

Figure 3. Comparison of the volume and enthalpy relaxations. 

VI. Conclusions 
Free volume provides a good basis for the molecular 

interpretation of volume relaxation but becomes inade- 
quate for enthalpy relaxation. The role of conformational 
energies which defines the flexibility of polymer chains at 
thermodynamic equilibrium has to be included in the 
analysis. Having treated the glass transition as a coop- 
erative transition in 1, we have obtained the relationships 
between the hole and flex energies and T,. The present 
kinetic theory is an extension of the equilibrium analysis 
and takes into account the inter- and intramolecular in- 
teractions in a polymeric system. 

On the basis of the idea of continuous conversion of the 
number of holes and the number of phonons in a polymer 
lattice, the hole energy is quantized for the purpose of 
describing the kinetics of free volume over the glass 
transition region. Because of the cooperative constraint, 
the multiple conformational energy states are also intro- 
duced to analyze the nonequilibrium behavior. 

The departures from equilibrium for holes and bond 
rotations are treated as a non-Markovian process. The 
activation energies controlling the local relaxations are 
determined from the equilibrium (hole, flex) energies in 
Table I. When further analysis is carried out under the 
assumption of self-similarity, the distribution of the re- 
laxation times for holes or rotamers can be described by 
a fractal exponent, /3 or y, which also provides the im- 
portant link between the global and local relaxation time 
scales. 

The theoretical calculation reveals how the kinetics of 
holes and bond rotations affect the enthalpy relaxation. 
The conformational activation energy is found to be be- 
tween l and 2 orders of magnitude lower than the hole 
activation energy. As a result, the conformational change 
occurs only in the initial stage of the annealing process. 
Because vf/D << t f / t h  N 'I2, the dominant contribution to 
volume change is from holes. Under isothermal annealing 
followed by quenching, the theory predicts that the en- 
thalpy relaxes much faster than volume at  short times but 
approaches the same relaxation rate of volume at long 
times. 
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Appendix: ( A r 2 )  versus Ah 
To include the spatial vector (8 into the analysis, hi(t) 

is related to the hole concentration Ci(r,t)  by integrating 

- (Ar2 )  = -Eni(&:) 1 L  = t b2 (At2 ) /At  (A-7) 
ni=l 

where = Cib,2ni/n - l2/Xb2 Thus, we have 

( Ar2) - 1 / X h 2  (-4-8) 
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ABSTRACT 13C and %i CP/MAS NMR have been employed to characterize the filler, the matrix, and 
the interfacial regions of microcomposite samples. As the interfacial region is the most important in determining 
the properties of a composite, we have focused our attention on this region with the goal of gaining insight 
into the adhesive mechanism on a molecular level. Five samples have been studied: the pure matrix polymer, 
the polymer plus the coupling agent only, the polymer plus the filler only, and two “complete” composites, 
one prepared from the polymer plus filler pretreated with the coupling agent and a second prepared by integral 
blending of the three components. The microcomposites were prepared with glass microspheres, polyamide-6, 
and the coupling agent (y-aminopropy1)triethoxysilane. The spectra demonstrate differences between the 
interfacial layers of the composites that depend upon both the components which are present and upon the 
method of preparation. 

Introduction 
Composites are widely used as high-performance 

structural materials. Composites which consist of a particle 
or mineral-filled reinforced polymer matrix belong to the 
major class of microcomposites. The adhesion mechanism 
between the filler and matrix controls the transfer of stress 
and consequently strongly influences the final properties 
of the composites. Usually adhesion can be considerably 
enhanced by the addition of an appropriate bifunctional 
coupling agent such as a silane reagent (ca. 0.1-1% w/w). 
Various theories have been proposed to explain this phe- 
nomenon. One of these is the chemical bonding theory, 
which states that the formation of covalent chemical bonds 
between the coupling agent and the filler, and between the 
coupling agent and the matrix, leads to increased adhesive 
stability.’ However, this theory has been unable to ra- 
tionalize some of the properties of composites. An ex- 
tension of the chemical bonding theory is the interpene- 
trating network (IPN) theory, which states that the matrix 
can diffuse into the coupling agent interphase to form an 
entangled network: this also leads to increased adhesive 
stability. However, the adhesion mechanism has not yet 
been elucidated at the molecular level. Clearly a detailed 
knowledge of chemical and structural changes that occur 
in the composite, especially in the interphase region, is of 
interest for the optimization of composite properties. 
Solid-state NMR is ideally suited to this task since it allows 
one to nondestructively examine the environments of 
specific nuclei (29Si and lac) in the matrix and on the 
surface of the filler, i.e., in the interfacial region. The 
purpose of this study is to explore the details of the ad- 
hesive mechanism which are manifest in the NMR spectra 
of composite samples. 

We report here on a detailed investigation of micro- 
composites made of polyamide-6 (PA6), glass microspheres, 
and the coupling agent (7-aminopropy1)triethoxysilane 
(yAPS). Five samples were examined: pure PA6, PA6 
plus yAPS, PA6 plus glass microspheres, and two samples 
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containing all three components. The three-component 
composites were prepared in two different ways: (a) pre- 
treated glass microspheres were added to the PA6 and (b) 
the coupling agent was added to the glass microsphere- 
matrix mix in the melt in the “integral blending” process. 

The chemistry involved in the preparation of the com- 
posites comprises many reactions. It is well established 
that the ethoxy groups of y A P S  hydrolyze3 to give silanol 
groups which can then react further. 
H 2 N M S i ( O C 2 H 5 ) 3  + 3 H 2 0  - 

H 2 N M S i ( O H ) ,  + 3CzH5OH ( 1 )  

One of these reactions is the condensation reaction between 
molecules of hydrolyzed 7- APS to give a polysiloxane 
polymer. 

0 0 
H 2 N M S i O H  I + HO~I-NH, - 

I 

I I 
I I 

0 
0 0 

I 
0 

H 2 N M S i - 0 - S i M N H 2  + H20 ( 2 )  

0 0 

Reaction of the amine of 7-APS with the carboxylic end 
groups of PA6 gives an amide bond, the desired covalent 
linkage between the polymer and the coupling agent. 

0 

Covalent bonds between the surface of the glass micro- 

@ 1989 American Chemical Society 


