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ABSTRACT: Glasses are known to undergo spontaneous densification during isothermal annealing. This 
volume recovery process can be viewed as collapse of free volume. We have modeled this change in free volume 
during annealing as a vacancy diffusion process, where the diffusion constant depends on the local free volume 
(as defined by the Simha-Somcynsky theory) through the Doolittle equation. Good agreement was obtained 
with estimates of experimental volume recovery results for poly(viny1 acetate). Since volume recovery is 
sample-size independent, the characteristic length for diffusion cannot be identified with macroscopic dimensions. 
Several possibilities exist that can reconcile a diffusion picture with the known sample-size independence 
of the volume recovery process. These possibilities include internal annihilation of vacancies, density fluctuations, 
and a coupling of diffusive and uniform lattice motions. 

Introduction 
It is well-known that glasses can undergo spontaneous 

changes in density during annealing below their glass 
transition temperature. As shown by Kovacs,l this volume 
recovery process exhibits both nonlinear and thermal 
history effects. Kovacs and co-workers2 have developed 
a phenomenological model that reproduces most of the 
experimental observations. The essential feature of their 
model is a distribution of relaxation times, each of which 
depends upon the instantaneous deviation from the 
equilibrium volume. In the present investigation, we 
propose a microscopic interpretation for the volume re- 
covery process. Specifically, we consider the kinetics of 
this process to be controlled by diffusion of free volume. 
The essential features of our model are that the free 
volume is localized in the form of vacancies, and these 
vacancies diffuse to (or from) a boundary where they are 
annihilated (or created). 

Recently, Robertson developed a molecular model for 
the relaxation of internal energy"" and volume3b in polymer 
glasses. In this model, Robertson considers the detailed 
conformational changes of the backbone chains which are 
coupled to discrete local free volume states. These coupled 
motions were analyzed as a stochastic process and the 
results agree with many of the features observed in volume 
recovery experiments. In our theory we also allow the local 
free volume to change. Whereas Robertson considered the 

'Supported by US. Department of Energy Contract No. DE- 
AC04-76 DP00789 and NSF Grant DMR-80-12232, Polymers Pro- 
gram. 

local free volume to vary by virture of c h a i n  conforma- 
t ional  changes, we allow the local free volume to change 
by a free volume diffusion process. In essence, we replace 
Robertson's stochastic equation, which contains the 
structural details of the chains, by a diffusion equation. 
Thus in our approach we suppress the structural details 
considered in the Robertson model. 

The idea of free volume diffusion has been applied to 
glasses before by Hirai and Eyring,* who assumed that 
vacancies can be annihilated by conversion to phonons and 
vice versa. The entire diffusion and annihilation process 
was modeled as an activated rate process with an unspecific 
activation energy. As pointed out by Kovacs,l difficulties 
are encountered when one compares this theory with ex- 
periment. 

In our approach we describe the spatial free volume 
distribution by a nonlinear diffusion equation. The only 
adjustable parameter in our theory is related to a length 
scale for diffusion. The introduction of this length scale 
is somewhat arbitrary since there is no obvious molecular 
interpretation for it. We will discuss some possible in- 
terpretations later in this paper. 

Free Volume Diffusion 
Although many different quantitative definitions of free 

volume have been proposed, the qualitative concept of free 
volume has been useful in explaining many properties of 
polymer liquids and gla~ses .~ In this work we will define 
the free volume fraction as the fraction of empty lattice 
sites or holes in the theory of Simha and SomcynskyG for 
equilibrium polymer liquids. We have recently generalized 
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VACANCY PROPAGATION 

. . . c f - m . .  

....0.. 
Figure 1. Schematic illustration of vacancy propagation. The 
free volume represented by an open circle moves to the right in 
response to a particle (filled circle) moving to the left. 

this theory to polymer glasses by allowing the hole fraction 
to depend on timea7 Using this approach, we were able to 
successfully predict the shift in the viscoelastic relaxation 
spectra of polymer glasses during physical aging from 
volume recovery experiments. The time-dependent free 
volume fraction was extracted from volume measurements 
with the aid of the Simha theory and then used in the 
Doolittle equation8 to estimate the shift factors. Good 
agreement was found with viscoelastic  measurement^.^ 

In the original theory6 of Simha, the free volume of 
equilibrium liquids was found by minimizing the free en- 
ergy. In our recent generalization7 to nonequilibrium 
glasses, this free energy minimization no longer holds and 
the free volume was simply viewed as a function to be 
extracted from experiment. In the present work we at- 
tempt to make this theory more complete by specifically 
addressing the time-dependent free volume, rather than 
regarding it as an experimentally determined parameter. 

A rigorous description of the free volume changes must, 
in general, depend on the detailed molecular dynamics of 
the system. A considerable simplification can result if it 
is assumed that the free volume is localized in the form 
of holes or vacancies, as suggested in the original Simha 
theory. These vacancies would then diffuse in response 
to molecular motion (see Figure 1). As mentioned earlier, 
we will suppress the details of this molecular process by 
assuming that vacancy motion can be described by a dif- 
fusion equation. Thus we assume that the free volume 
fraction f is given by 

af/at = V . ( D V ~  (1) 

where D is the diffusion constant for holes and would, in 
general, depend on free volume. This equation implies that 
the driving force for vacancy diffusion is a free volume 
gradient. I t  should be noted that eq 1 is not tied to the 
lattice model used in the Simha theory: although the 
Simha equation of state will be used throughout this paper 
for converting volume to free volume and vice versa' (see 
below). 

A reasonable form to choose for the free volume de- 
pendence of the diffusion constant is given by the well- 
known Doolittle equation8 

(2) 

where for convenience the reference state is taken to be 
the glass transition temperature and B is a material con- 
stant. A theoretical basis for eq 2 is provided by the Co- 
hen-Turnbulls theory of liquids. Equation 2 shows that 
the vacancy diffusion constant can be a very strong 
function of the free volume. Given appropriate initial and 
boundary conditions, eq 1 and 2 can then be used to 
predict the spatial and time dependence off.  The free 
volume of the sample 7 can then be calculated by averaging 
over the volume. 

D = D, exp[-B(f-' - f;l)] 

f ( t )  = Sf(r, t)  d i  (3) 

In this simple picture, we have assumed that a single or 
average diffusion mechanism for vacancies applies. In 
general, we would expect a distribution of such diffusion 
mechanisms, corresponding to the various molecular 
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motions responsible for causing vacancies to move. This 
complexity could be introduced into eq 2; however, it 
would not fundamentally alter the results and is not in- 
cluded in the present investigation. Thus the present 
model is a single ordering parameter theory with a single 
relaxation mechanism. 

The initial and boundary conditions on the free volume 
fraction will, of course, depend on the thermal history of 
the sample. In the case of the conventional volume re- 
covery experiment,l the sample is equilibrated at  tem- 
perature To before an instantaneous temperature jump AT 
is applied. Thus it is reasonable in this case to take the 
initial condition as 

f(r,O) = fo (4) 

where fo is extracted7 from the Simha theory, making use 
of the experimental volume immediately after quenching. 
The question of the appropriate boundary condition is a 
more difficult one. In the present investigation we assume 
there exists some boundary at  which equilibrium is 
maintained. This allows us to write the boundary con- 
dition 

f(1,t) = f.. t > 0 (5) 
in spherical coordinates, where 1 is a characteristic length 
for diffusion and fm is the equilibrium free volume fraction 
at To + AT. One possibility would be to identify the 
characteristic length with the macroscopic dimensions of 
the sample, in which case vacancies diffuse to (or from) 
the surface where they are annihilated (or created). At the 
present time, however, the length 1 will be kept arbitrary. 
We will postpone the discussion of this point until we have 
compared the theory with experiment. 

The nonlinear diffusion equation in eq 1 and 2 can now 
be solved using eq 4 and 5 for specified thermal histories. 
The equilibrium free volume in eq 5 can be computed from 
the Simha theory6 through free energy minimization. Once 
the spatial and temporal free volume fractions have been 
obtained, the average free volume can be computed from 
eq 3 as a function of time. The time-dependent specific 
volume can then be calculated from the average free 
volume using the Simha theory according to the method 
outlined in our previous p~bl icat ion.~ The reducing pa- 
rameters in the Simha theory, T* and V*, as well as B in 
the Doolittle equation can be determined from measure- 
ments on the equilibrium liquid.' The only adjustable 
parameter we will have in the glass is the characteristic 
time 7, defined by 

T = 12/D, (6) 

Experimental Results for Poly(viny1 acetate) 
Rather than reading the volume measurements from 

published figures, we deemed it more convenient to com- 
pute the specific volumes by means of the phenomeno- 
logical theory of Kovacs et al.z This empirical repre- 
sentation is thoughtzb to reproduce most of the important 
features of the experimental data. The relevant parame- 
ters for poly(viny1 acetate)2a are shown in Table I. In 
addition, the distribution of relaxation times in the phe- 
nomenological representation was taken from Figure 5 of 
ref 2a. 

For comparison with the theoretical results, the specific 
volumes obtained from the phenomenological represent- 
ation were then converted to free volume fractions f(t), 
using the Simha theory as outlined in ref 7. This procedure 
is equivalent to, but computationally simpler than, con- 
verting the theoretically obtained free volumes to specific 
volumes for comparison. Thus in the present investigation 
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Table I 
Experimentally Determined Parameters for PVAc 

type values ref 

0083 - 

phenomenological Acu = 4.0 X K-'  2a, p 1114 

Simha theory T* = 9471 K 11 

Doolittle equation B = 10.5 11 
present theory 

model e = 1.0 K-I  
x = 0.4 

V* = 0.81386 cm3/g 

T = l l /Dr = 7800 s 

t (min.) 
Figure 2. Comparison of free volume fractions during volume 
recovery of poly(viny1 acetate) predicted by the phenomenological 
theory (circles) and the present diffusion model (curves). The 
upper points (and curve) correspond to a sample equilibrated at 
38 O C  and brought to 35 "C at t = 0. The lower points (and curve) 
correspond to a sample equilibrated at 32 O C  and brought to 35 
O C  at t = 0. The parameter T was adjusted to 7800 s in order to 
fit the data. 

a comparison is made between the free volume fractions 
derived from experiment and those computed on the basis 
of the diffusion model. 

The required Simha parameters T* and V* were de- 
termined from equilibrium volumetemperature values for 
the liquid. These data were estimated from the thermal 
expansion coefficient (al = 6.9 X lo4 K-l, ref 11, p 159) 
and specific volume at 35 "C (ul = 0.8445 cm3/g, ref 11, 
Figure 15) of poly(viny1 acetate) from the data of Kovacs, 
Ferry, and Stratton." V* and T* were found by a least- 
squares fit of In V vs. W2, making use of the approximate 
relationship12" 

In V = In V* - 0.1033 + 23.834(T/T*)3/2 (7) 

which is valid in the range 0.0165 < TIT* < 0.0703. The 
parameters resulting from this procedure are shown in 
Table I. The values agree with those obtained by 
McKinney and Simha12b (V* = 0.8141 cm3/g, T* = 9419 
K) on poly(viny1 acetate). 

The results from the above procedure are shown as 
points in Figures 2 and 3 for simple volume recovery ex- 
periments on poly(viny1 acetate). These figures represent 
experiments in which equilibrated samples were jumped 
to 35 "C from above and below. 

In previous studies,'S2 volume recovery data were ana- 
lyzed in terms of an effective relaxation time, defined as 

= -d In 6/dt (8) 

where 
6 = V ( t ) / V ,  - 1 

This effective relaxation time, which is related to the slopes 
of the curves in Figures 2 and 3, is though to be a more 
sensitive test for a volume recovery model than the 
time-dependent volume itself. Teff was obtained directly 

0.083 { 

0.077 
1 P T T O ~  10-1 12 lo! 5 8  

t (min.) 
Figure 3. Comparison of free volume fractions during volume 
recovery of poly(viny1 acetate) predicted by the phenomenological 
theory (circles) and the present diffusion model (curves). The 
upper points (and curve) correspond to a sample equilibrated at 
40 "C and brought to 35 "C at t = 0. The lower points (and curve) 
correspond to a sample equilibrated at 30 O C  and brought to 35 
"C at t = 0. The parameter T was the same as in Figure 2. 

2 
-4.0 -20 0.0 20 

6 x 103 
Figure 4. Comparison of T , ~  of poly(viny1 acetate) at 35 O C  

predicted by the phenomenological theory (points) and the present 
diffusion model (curves). The temperatures from which the 
samples were brought are shown. The parameter T wtu the same 
as in Figure 2. 

from the phenomenological model for poly(viny1 acetate) 
at 35 "C and is shown as the points in Figure 4. 

An interesting example1 of the temperature-history 
dependence of the physical aging process is provided by 
the "memory experiment". In this case a glass is allowed 
to relax isothermally at  some temperature below Tg. Be- 
fore the glass reaches its equilibrium volume, it is heated 
to the temperature a t  which the volume is at its equilib- 
rium value. It is typically observed' that the volume, even 
though it is at ita equilibrium value, first increases and then 
decreases back to the equilibriiun value. The behavior of 
poly(viny1 acetate), as predicted by the phenomenological 
model and expressed in terms of free volume fraction, is 
shown in Figure 5. 

Predictions of the Diffusion Model for Poly(viny1 
acetate) 

The diffusion equation in eq 1 and 2 is highly nonlinear 
and not amenable to analytical solution. As a result we 
resorted to numerical techniques. For this purpose we used 
a finite element codelo which was applicable to nonlinear 
two-dimensional or axisymetric problems. For simplicity, 
a spherical geometry was assumed. 

In order to utilize eq 2 for the diffusion constant, we 
determined the parameter B for poly(viny1 acetate). This 
was found from shift factors obtained on equilibrated 
poly(viny1 acetate) in the region of the glass transition." 



1624 Curro, Lagasse, and Simha 

o o m  - 

1.4- 

00798 - 

0.0795 - 

Macromolecules 

At T = 35 "C, eq 10 fits V ( t )  to within cm3/g, for 
V/Vt < 1.002 with A = 0.7558. Equation 8 can then be 
written as 1 0 OB02 

(t-tl) (min.) 

Figure 5. Comparison of the free volume fractions during a 
memory experiment on poly(viny1 acetate) predicted by the 
phenomenological thoery (points) and the present diffusion model 
(curve). The results correspond to a sample equilibrated at 38 
"C, quenched to 32 "C, and held for a time tl = 9.12 min. At t 
= tl the sample is brought to 35 OC, where the average free volume 
is at its equilibrium value. Note that f first increases and then 
decreases to the equilibrium value. The parameter T waa the same 
as in Figure 2. 

/ 
- 1  I I I 

-0.4 -0.2 0.0 0.2 

f-1 -f -1 

Figure 6. Determination of the B parameter in the Doolittle 
equation for poly(viny1 acetate). log aT from ref 11. Free volume 
fractions from equilibrium Simha theory.6 A least-squares fit 
yields B = 10.5. 

These shift factors (log uT) were calculated for different 
temperatures from an equation that represented mea- 
surements obtained by Kovacs, Stratton, and Ferry." The 
equilibrium free volume fractions f m (  2') were then com- 
puted at these temperatures from the Simha theory. B 
was obtained from a least-squares fit to an alternate form 
of the Doolittle equations8 

log aT = 0.4343B([fm(T)]-' - [fm(308 K)]-'j (9) 

A plot of these data is shown in Figure 6. Although the 
value of B is higher than often quoted values, it  is nev- 
ertheless consistent with the free volume quantity em- 
ployed by us.' 

The results from solving the nonlinear diffusion equation 
for poly(viny1 acetate) are shown in Figures 2 and 3 as the 
solid lines for the simple volume recovery experiments. 
The characteristic time 7 in eq 6 was determined from the 
3 "C temperature jump data in Figure 2 by shifting along 
the log (time) axis. The value of 7 obtained is shown in 
Table I and was held fixed in the remainder of this study. 

The diffusion model prediction for the effective relax- 
ation time is obtained by numerically differentiating the 
curves in Figures 2 and 3. In order to compute 7,ff ac- 
cording to eq 8 we make use of the approximation 

(10) V(t )  = Vm(T) + AU - f m )  

7,ff was calculated for our diffusion model using eq 11 and 
the curves in Figures 2 and 3. The slopes were obtained 
numerically using cubic splines. These results are shown 
in Figure 4 as the solid lines. Considerable numerical 
difficulties in evaluating 7,ff wer experienced near 6 = 0 
since the calculation in eq 11 involves taking the ratio of 
two quantities which are both approaching zero. In order 
to overcome these difficulties, the diffusion equation in 
eq 1 and 2 could be solved to yield 7eff directly; however, 
this is beyond the scope of the present investigation. 

The predicted results for the memory experiment are 
shown in Figure 5 for poly(viny1 acetate). The thermal 
history of the memory experiment was incorporated into 
the theory by using the following initial and boundary 
conditions. For the initial recovery from the 38-32 O C  

temperature jump we used 
f(r,o) = fo (124 

f(2,t) = f J 3 2  "C) (12b) 

for 0 < t < tl. At the time t = tl the temperature was 
instantaneously jumped to 35 "C. The free volume also 
experiences an instantaneous response A 

f(r,tl+) = f(r,tl-) + A ( 1 3 4  

where tl- and tl+ refer to times just before and after the 
temperature is jumped to 35 "C. A was adjusted so that 
the average free volume matched the result derived from 
the experimental volume at tl+. The boundary condition 
for t > tl  is then given by 

f(2,t) = f J 3 5  "C) (1%) 

The characteristic time T was held fixed at the previous 
value shown in Table I. 

Discussion 
It can be seen from Figures 2 and 3 that good agreement 

is obtained between the predictions of the diffusion model 
and the phenomenological results. 

In the case of the average relaxation times in Figure 4, 
the diffusion model and phenomenological results are 
similar; however, significant deviations are seen to occur 
near equilibrium (6 = 0). The phenomenological model 
is known2 not to give quantitative agreement with exper- 
imentally determined 7,ff values. This can be seen by 
comparing the points in Figure 4 with the data of Kovacs 
shown in Figure 7. Note, in particular, the asymmetry 
between the down-jump and up-jump experiments and 
that the equilibrium (6 = 0) 7,ff depends on the starting 
temperature in the up-jump experiment. The phenome- 
nological model does not reproduce this last feature and 
predicts the same equilibrium 7,ff regardless of the starting 
temperature. Note also that the diffusion model predic- 
tions of 7,ff in Figure 4 seem to show some evidence of a 
temperature history effect at equilibrium for the up-jump 
experiment. We feel that we cannot say with certainty 
whether this effect is real or due to the numerical diffi- 
culties near 6 = 0 mentioned earlier. It should also be 
mentioned that the 7,ff derived from experimental dila- 
tometric data may also be subject to the same numerical 
uncertainties in the region of 6 - 0. 

We expect to fiid memory effects in the diffusion model 
since free volume gradients can exist in the glass even 
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Figure 7. Teff from experimental data of Kovacs' for poly(viny1 
acetate) at 35 "C. The temperatures from which the samples are 
brought are shown. Note the history dependence of reff at 
equilibrium (6 = 0) for the up-jump experiment. 

though the average free volume is at its equilibrium value. 
I t  can be seen in Figure 5 that the magnitude of the 
memory effect is significantly smaller than the phenome- 
nological prediction; however, the maximum occurs a t  the 
correct time after the second temperature jump. No new 
adjustable parameters are used in this calculation. We 
found that the amplitude of the peak in the calculation 
was insensitive to the value of r ,  B, or the Simha param- 
eters T* and V*. One possible source of the discrepancy 
(which we have not investigated) is the fact that our model 
contains only a single diffusion mechanism. 

It  can be seen by a comparison of the present diffusion 
model with the phenomenological predictions that our 
model is in semiquantitative agreement with the essential 
dilatometric observations made on glasses. We feel that 
this is significant in view of the simplicity of the model and 
strongly suggests that volume recovery occurs by a vacancy 
diffusion process. The only feature of this model that we 
find unsatisfying is the introduction of an arbitrary length 
scale for diffusion. We will now speculate on its possible 
origin. 

Perhaps the most physically appealing approach would 
be to simply identify the length scale 1 with the macro- 
scopic dimensions of the sample. This would imply that 
vacancies would be annihilated or created at  the surface 
of the glass sample. If this were the case, however, the 
relaxation time r in eq 6 would depend on the dimensions 
of the sample. No evidence is found in the literature for 
such a size-dependent effect on physical aging experiments. 
In fact, a number of years ago Kovacs performed dilato- 
metric experiments13 on bulk and powdered samples of 
polystyrene and found no size dependence of the magni- 
tude predicted by eq 6. Note, moreover (from eq 6), that 
a macroscopic value for 1 (e.g., 1 - 1 cm) would require 
D, - lo4 cm*/s for poly(viny1 acetate), which appears to 
be an impossibly large value for a defect diffusion mech- 
anism. On the other hand, if we assume an internal length 
scale, e.g., 1 - cm, then D, - cm2/s. 

There are at least two possible speculations for the ex- 
istence of such an internal length scale: internal annihi- 
lation (or creation) of vacancies and inhomogeneous 
structure. The former mechanism would imply significant 
overlapping of the particles, resulting in enhanced local 
strain energy. Hirai and Eyring" suggested that vacancies 
can be converted to phonons which propagate to the 
surface at  the speed of sound and (vice versa). A similar 
idea was employed by Montrose and Litovitz,14 who in- 
terpreted ultrasonic measurements in liquids as a diffusion 
process with a characteristic time representing the lifetime 
of a hole. 

c ..... 
1 - 2  

L A T Y I C F  
....................... 0 c 

C O N T R A C T I O N  0 
....................... c 
C O N T R A C T 1  O N  

1 -  ....... ..... 

v 

Figure 8. Schematic illustration of coupling between uniform 
lattice contraction of holes and vacancy diffusion. Vacancies (open 
circles) in configuration C1 have a free volume determined by the 
minimum in the potential energy. Vacancies then diffuse slowly 
(as shown by arrows) to a new configuration Cz having a different 
potential energy minimum. The system responds quickly to this 
new minimum by undergoing a uniform lattice contraction, re- 
sulting in all the holes being reduced in volume by the same 
fraction. 

The question of inhomogeneous structure in glasses is 
controversial. Yeh15 and co-workers suggested such a 
nonhomogeneous structure in polymer glasses on the basis 
of electron microscopy results. This interpretation has 
been criticized by Thomas.lB Goldsteinl' has postulated 
an inhomogeneous structure in order to explain his results 
on small-molecule glasses. Others, based on computer 
simulation of dense packing,18 have suggested that large- 
scale amorphous structures are a possibility. I t  appears 
as if the possibility of structural inhomogeneities in glasses 
is still very much an open question.lg If, for example, 
spatial density fluctuations persist in the glass at equi- 
librium, then we would expect regions of high and low 
mobility. Because of the highly nonlinear diffusion con- 
stant, small fluctuations in density lead to large fluctua- 
tions in mobility. Based on the Doolittle equation, eq 2, 
with reasonable parameters, we estimate that a factor of 
10 change in diffusion constant can result from a fluctu- 
ation as small as 0.15% in density. Such small density 
fluctuations would be difficult to observe by most tech- 
niques. Diffusion in and out of these regions of low mo- 
bility (if they exist) could be the rate-determining process 
leading to changes in total free volume. It  sould be men- 
tioned that Robertson3" also introduced an internal length 
scale into his model. Robertson's length scale is associated 
with the size of the "relaxation environment" of a chain 
segment. 

Another vacancy diffusion mechanism that is not sam- 
ple-size dependent and does not involve an internal length 
arises from a coupling between lattice contraction and 
diffusion processes. Consider an amorphous system con- 
taining a distribution of hole sizes (free volume). If the 
temperature of the system is suddenly changed to some 
new value, the lattice will rapidly contract (or expand), 
resulting in a uniform contraction (or expansion) of the 
holes. One would expect that this contraction would be 
such that the potential energy at constant configuration 
would be minimized. If the holes are allowed to diffuse, 
a new constrained potential energy curve, characteristic 
of the new configuration, would result (see Figure 8). The 
system would then respond by undergoing another uniform 
lattice contraction, resulting in a further uniform reduction 
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in hole size. These two processes, hole diffusion and lattice 
contraction, would occur simultaneously in a relaxing glass. 
This uniform lattice contraction could be the mechanism 
by which the overall free volume changes. Since diffusion 
of holes would be expected to occur slowly in the glassy 
state, this hole diffusion would be the rate-determining 
step. Well above the glass transition the hole diffusion and 
uniform contraction would occur a t  comparable rates. 

Conclusion 
We have presented a simple, nonlinear diffusion model 

that semiquantitatively reproduces the major phenomena 
observed during physical aging of glasses. We have also 
speculated on how a diffusion picture can be reconciled 
with sample-size independence of these annealing effects. 
Further work clearly needs to be done to elucidate the 
details of the diffusion mechanism. Nevertheless, we feel 
that the agreement with the phenomenological model 
strongly suggests that volume recovery behavior in glasses 
is due essentially to a diffusion process. 
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ABSTRACT Representative poly(L-proline) chains containing peptide bonds in the trans configuration have 
been generated using a conformational energy surface that successfully reproduces the unperturbed dimensions 
in dilute solution. Representative chains have also been generated using selected portions of that surface 
in order to assess the influence of various features on the local conformation. Approach of the X component 
of the end-to-end vector to its asymptotic limit has been characterized for these same cases. In dilute solution, 
the overall configuration for chains containing as few as 70 prolyl residues is that of a random coil. Within 
the chain can be found a few short sequences that adopt a threefold left-handed helical structure reminiscent 
of that seen in the solid state. Threefold helices containing more than two turns are not seen in chains 
representative of the ensemble found in dilute solution. Helices do not extend further due to  a continuous 
bending of the chain and, to a lesser extent, because of the presence of occasional sharp turns. The flexibility 
of the pyrrolidine ring plays a role in limiting the size of recognizable threefold helices. 

Poly(L-proline) forms either of two ordered conforma- 
tions in the solid state. Form I is a rather compact 
right-handed helix in which peptide bonds adopt the cis 
configuration,’ and form I1 is a comparatively extended 
left-handed helix containing peptide bonds in the trans 
conf igu ra t i~n .~~~  In dilute solution there is a pronounced 
tendency for all peptide bonds to adopt the same config- 
~ration.~-lO A reversible interconversion between the two 
forms can be produced by appropriate changes in solvent 
compo~it ion.~,~J~ The configuration containing cis peptide 
bonds is favored in poor solvents. The tendency for ag- 
gregation in these solvents has prevented an extensive 
physical characterization of the solution conformational 
properties of form I. Good solvents support the chain 
configuration containing trans peptide bonds. Samples 
with weight-average molecular weights ranging from 4000 
to 100 OOO have been studied in five solvents that favor the 
form containing trans peptide bonds.ll Behavior of the 
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intrinsic viscosity over this molecular weight range dem- 
onstrates that the overall configuration is that of a random 
coil in a good solvent. The asymptotic limit for the 
characteristic ratio, C = (r2)o/nplp2, is found to be 14 in 
water and 18-20 in three organic solvents at  25 OC.ll Here 
( r2)o  denotes the mean square unperturbed end-to-end 
distance and n, is the number of virtual bonds of length 
1,. Virtual bonds extend from Ca of residue i to Ca of 
residue i + 1. They have length 380 pm.” 

Measured characteristic ratios are rationalized by a 
conformational energy surface that incorporates conse- 
quences of flexibility in the pyrrolidine ring.13 The major 
feature in the conformational energy surface is an area of 
low energy that includes the conformation adopted by a 
prolyl residue in the solid state. This low-energy region 
has an extension of about 80° for the C”-C’ dihedral angle, 
9, and an extension about half as large for the Ca-N di- 
hedral angle, 4. The limiting characteristic ratio for 
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