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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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Local Configuration of Poly(L-proline) in Dilute Solution 
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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 

0 1982 American Chemical Society 
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119. L 118' 

H H 
Figure 1. Bond lengths and angles between bonds for poly(L- 
proline). This figure is taken from ref 13. 

poly(L-proline) would have been near 30 if this region were 
the only accessible feature on the conformational energy 
surface. However, there is a second, more restricted, and 
somewhat higher, energy minimum displaced from the 
major minimum by about 180'. This second feature of the 
conformational energy surface causes the computed 
characteristic ratio to move into the range defined by ex- 
periment. These results clearly demonstrate that the 
unperturbed dimensions of poly(L-proline) in solution 
demand occasional occupancy of a second region of low 
energy on the conformational energy surface. The nec- 
essary reduction in unperturbed dimensions might also be 
supplied by the presence of a few randomly located cis 
placements about the peptide bond,14 particularly in 
aqueous s~lut ion. '~  However, random cis placements are 
not observed in organic solvents such as trifluoroethanol,le 
in which the characteristic ratio is 18-20." 

One objective here is examination of the manner in 
which features of the conformational energy surface de- 
scribed by Mattice et al.13 affect the local structure of 
representative poly(L-proline) chains. Special attention 
will be given to the extent to which the local structure of 
the chain in solution retains a threefold helical confor- 
mation reminiscent of that adopted in the solid state. A 
second objective is characterization of the behavior of the 
average projection of a unit vector along the last virtual 
bond onto a unit vector along the first virtual bond. 
Calculations 

Bond lengths and angles between bonds are depicted in 
Figure 1, and the conformational energy surface is depicted 
in Figure 2. This conformational energy surface differs 
from the 71 map described by Mattice et al.13 only in 
adoption of the convention in which dihedral angles be- 
come zero in the fully extended polypeptide chain. Rep- 
resentative chains were generated using a pseudo random 
number generator and the assumption that prolyl residues 
behave independently. The probability p,,, that a prolyl 
residue would occupy a specified conformation was 

p4,, = exp(-E,,/RT) / E Cexp(-E,,,/Rr) I (1) 

Several representative chains were generated for each 
conformational energy surface and found to have similar 
characteristics. For example, squared end-bend distances 

4 ,  

'i 

Figure 2. Conformational energy surface for a prolyl residue in 
poly(L-proline). This conformational energy surface is the one 
labeled y l  by Mattice et d.l3 Contours are drawn at energies 1, 
2, 5, and 10 kcal/mol above the minimum energy. 

for representative chains differed only slightly from the 
( r2)o evaluated for the conformational energy surface in 
use. Representative chains selected for description here 
are those in which, from the viewpoint established by the 
plotting routine, the features of interest are most easily 
seen. 

The average transformation matrix for a prolyl residue 
was calculated as 

(T) = T,CCp,,T,T, (2) 
4 ,  

where Tu, T,, and T, denote transformation matrices for 
the peptide, Ca-N, and Ca-C' bonds, respectively.12 A loo 
increment was used in evaluation of all summations. 
Conformations where the energy exceeded the minimum 
energy by more than 10 kcal/mol were excluded. All of 
the remaining conformational energy surface was included 
unless stated to the contrary. The average projection of 
a unit vector along the final virtual bond onto a unit vector 
along the first virtual bond is 

( A z x )  = row (1, 0, O)(T)%-' col (1, 0, 0) (3) 

Results and Discussion 
Figure 3 depicts a poly(L-proline) chain in which all 

residues adopt the conformation with 4, rC, = 103.7', 325.1O. 
The rodlike nature of this configuration is readily apparent. 
The chain depicted shows a very slight deviation from a 
helix with precisely three prolyl residues per turn. This 
deviation becomes apparent if every third pyrrolidine ring 
is traced from one end of the chain to the other. The slight 
deviation from a helix with precisely three prolyl residues 
per turn presumably arises from slight differences between 
bond angles used in our chain and those assumed by Sa- 
sisekharan3 in his characterization of form I1 in the solid 
state. 

Long chains cease to have the overall architecture of a 
rod when each prolyl residue has access to the conforma- 
tional energy surface depicted in Figure 2. This conclusion 
is supported by the representative chain of 60 prolyl res- 
idues depicted in Figure 4. The value of r2/n,1,2 for the 
representative chain is 11, which is close to the asymptotic 
limit of 12.4 (Table I) obtained for C when averaging takes 
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Figure 3. Poly(L-proline) chain of 30 residues in which all 6 are 
103.7' and all $ are 325.1'. This figure depicts all C-C and C-N 
bonds. 

Table I 
Characteristics of Poly( L -proline) Chains Sampling 

Different Conformational Energy Surfaces 
os- 

cilla- local 
surface C 1 /7 tionso maxima turnsc 

all 1 2 . 4  8 40 0 2 
region B 29 29 150 3 2 
c J =  110" 9.5 5 30 0 2 
cJ = 110", 4 2  2 0  160 3 3 

region B 
a Approximate np at which oscillations in ( A x x )  are no 

longer detectable on the scale used in Figures 5, 7, 9, and 
11. 
for chains with 3i t 1 virtual bonds. Largest number of 
turns in a single threefold helix in the representative chain 
depicted in Figures 4 ,  6, 8, and 10. 

Local maxima at np > 1 when (A,,) is examined 

Figure 4. Representative poly(L-proline) chain of 60 residues 
in which the conformational energy surface accessible to each 
residue is that depicted in Figure 2. The chain in (b) depicts all 
C-C and C-N bonds, while that in (a) shows only those C-C and 
C-N bonds in the main chain. Coordinates of the last C" atom 
are X = -7.58 nm, Y = 1.7 nm, 2 = -5.78 nm, and ?/n,1,2 is 11. 

place over all chains in the ensemble. While this repre- 
sentative chain clearly has the overall shape of a random 
coil, short segments can be found that have a conformation 
reminiscent of the threefold helix found in the solid state. 
These short segments are more easily identified if pyr- 
rolidine rings are included in the depiction of the repre- 
sentative chain. Identification of threefold helical seg- 
ments containing a t  least two turns can be achieved by a 
search for cases where pyrrolidine rings i, i + 3, and i + 
6 lie along a straight line and have the same orientation 
with respect to this line. The best example in the repre- 
sentative chain depicted in Figure 4b is provided by prolyl 
residues 8,11, and 14. These prolyl residues are identified 
by asterisks. No threefold helical segments can be found 
that contain as many as three turns. 

The helical segments including prolyl residues 8,11, and 
14 becomes continuously disordered as one proceeds from 
residue 8 to residue 1. The chain is seen to undergo a sharp 
turn as one proceeds in the other direction from residue 
14 to residue 20. The sharp turn arises because prolyl 
residue 18 in this chain adopts a conformation found in 
the low-energy region denoted by A in Figure 2. Residues 
adopting a configuration in this region are denoted by A 
in the depiction of representative chains. A second sharp 
turn is apparent at residue 45, which also adopts a con- 
figuration in the smaller region of low conformational 
energy. The continuous bending and the sharp turns 
contribute to the overall architecture being that of a ran- 
dom coil rather than a rod. They also impose an upper 
limit on the number of residues in a sequence whose 
conformation can accurately be described as a threefold 

V 
0 

1 01 23 u o  60 80 100 
N U M B E R  OF B O N D S  - 1 

Figure 5. Average projection of a unit vector along the last virtual 
bond onto a unit vector along the first virtual bond. Prolyl 
residues sample the conformational energy surface depicted in 
Figure 2. The plot in (a) shows every virtual bond, while that 
in (b) depicts virtual bonds 3i + 1. The smooth curve in (b) is 
the exponential curve exp[-7(np - l)] described in the text. 

helix. Relative importance of the continuous bending and 
sharp turns will be brought out by other representative 
chains to be discussed below. 

Figure 5 depicts the average projection of a unit vector 
along the last virtual bond onto a unit vector lying along 
the first virtual bond. The chain depicted in Figure 4 is 
representative of the ensemble treated in Figure 5. Figure 
5a shows an exponential decay on which is superimposed 
a threefold oscillation at small np. Oscillations remain 
detectable up to np slightly above 40 on the scale used in 
this figure. Hence they extend over a number of residues 
which is about f as large as the degree of polymerization 
of the representative chain depicted in Figure 4. In Figure 
5b data are restricted to those chains in which np is 3i + 
1. The curve is nearly that described by a critically 
damped harmonic oscillator. It can be approximated as 
exp[-r(n, - l)], with T = 0.128, as shown in Figure 5b. If 
1 f 7 is treated as a correlation length, its value of 7.8 is 
comparable to the number of residues that can be found 
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Y 50 

Figure 6. Representative poly(L-proline) chain of 70 residues. 
Prolyl residues are restricted to the low-energy region labeled B 
in Figure 2. Coordinates of the last C" atom are X = 8.73 nm, 
Y = 10.50 nm, 2 = 5.00 nm, and ?/np1,2 = 21. 

in a threefold helical segment in the representative chain 
depicted in Figure 4. Results to be presented below dem- 
onstrate that the agreement between 117 and the length 
of a helical segment is fortuitous. 

Exclusion of the Second Minimum. Figure 6 depicts 
a representative poly(L-proline) chain in which the small 
low-energy region labeled A in Figure 2 is forbidden. For 
this representative chain, r2/nplpz is 21, which is slightly 
smaller than the asymptotic limit for C (Table I) for this 
ensemble. This representative chain shares several fea- 
tures with the one depicted in Figure 4. Both chains 
contain recognizable segments of threefold helix covering 
a span as long as residues i, i + 3, and i + 6. Residues 4, 
7, and 10 in Figure 6 show this feature. Significantly longer 
segments with a precise threefold nature are absent. 
Flexibility of the chains in both Figures 4 and 6 is sufficient 
to produce the overall shape of a random coil. The major 
difference in the two representative chains lies in the ab- 
sence of sharp turns in the one depicted in Figure 6. The 
sharp turns seen in Figure 4 arise from occasional residues 
that occupy the small energy minimum, and consequently 
such turns must be absent in the chain depicted in Figure 
6. Sharp turns are of sufficiently rare occurrence in Figure 
4 that their deletion from the chain does not significantly 
alter the maximum length of threefold helical segments. 
Therefore the limitation on the length of threefold helical 
segments arises from the flexibility associated with the 
major low-energy region in the conformational energy 
surface. The occasional sharp turns seen in Figure 4 do 
produce a much more compact overall configuration, as 
expected. The asymptotic limit for C falls by more than 
a factor of 2 when the minor minimum is included in the 
conformational energy surface (Table I). 

Figure 7 depicts ( A x x )  when each prolyl residue is re- 
stricted to the major low-energy region in the conforma- 
tional energy surface. Oscillations are still detectable in 
Figure 7a when the number of virtual bonds exceeds 100. 
Inclusion of the minor low-energy region would have 
caused (Axx)  to decay to zero before np becomes as large 
as 100 (Figure 5a). Attention is restricted to chains con- 
taining 3i + 1 virtual bonds in Figures 5b and 7b. Ex- 
clusion of the minor minimum from the conformational 
energy surface is seen to change the behavior from that 
of an oscillator which is very nearly critically damped to 

I !  
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m 2-1 1 
I !  
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Figure 7. Average projection of a unit vector along the last virtual 
bond onto a unit vector along the first virtual bond. Prolyl 
residues are restricted to the major low-energy region of the 
conformational energy surface depicted in Figure 2. The curve 
in (a) shows every virtual bond, while that in (b) depicts virtual 
bonds 3i + 1. . 

X 

h &* 

Figure 8. Representative poly(L-proline) chain of 70 residues 
in which each residue has 4 = 110'. Coordinates of the last C" 
atom are X = 6.42 nm, Y = -0.50 nm, 2 = -6.55 nm, and ?/nplp* 
= 8.5. 

that of an underdamped harmonic oscillator. The best 
exponential fit to the decay of the midpoint about which 
oscillation occurs in Figure 7b yields 7 = 0.035. The re- 
ciprocal is nearly 30, which is clearly much larger than the 
length of any recognizable helical segment in the repre- 
sentative chain depicted in Figure 6. The fourfold decrease 
in 7 from Figure 7b to Figure 5b reflects the large effect 
occupancy of a state much different from that of the 
threefold helix can have on correlations between the first 
and last virtual bond. 

Restriction of r#~ to l l O o .  Figure 8 depicts a repre- 
sentative chain in which all prolyl residues have 4 re- 
stricted to l l O o .  The pyrrolidine ring is therefore con- 
sidered to be rigid. Both low-energy regions in Figure 2 
contribute to the residue configuration partition function. 
The representative chain has ?/np1,2 = 8.5, which stands 
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Figure 9. Average projection of a unit vector along the last virtual 
bond onto a unit vector along the first virtual bond. Each prolyl 
residue has 6 = l l O o .  The curve in (a) shows every virtual bond, 
while that in (b) depicts virtual bonds 3i + 1. 

Y 

X 
Figure 10. Representative poly(L-proline) chain of 70 residues 
in which each residue has = l l O o  and + is restricted to 330 & 
30O. Coordinates of the last C" atom are X = 11.86 nm, Y = 9.90 
nm, Z = -10.66 nm, and r2/n,lP2 = 35. 

in excellent agreement with C = 9.5 (Table I). Sharp turns 
are again present. They are more frequent than was the 
case in Figure 4 because has been restricted to the value 
that yields the minimum energy in region A of the con- 
formational energy surface in Figure 2. Behavior of ( A x x ) ,  
depicted in Figure 9, is reminiscent of that seen (Figure 
5) when the entire conformational energy surface was ac- 
cessible. The best value for 7 is about 0.21. 

Simultaneous Restriction to the Major Low-Energy 
Region and 4 = l l O o .  Figure 10 depicts a representative 
chain in which all prolyl residues have 4 = l l O o  and + is 
restricted to the major low-energy region on the confor- 

c 0 

ii u 0  50 120 160 200 
NUMBER OF B O N O S  - 1 

Figure 11. Average projection of a unit vector along the last 
virtual bond onto a unit vector along the first virtual bond. Prolyl 
residues have 4 = l l O o ,  1c. = 330 & 30'. The curve in (a) shows 
every virtual bond, while that in (b) depicts virtual bonds 3i + 
1. 

mational energy surface of Figure 2. The representative 
chain depicted has r2 /n  lP2 = 35, while the average over 
all chains in the ensembfe yields C = 42. Sharp turns are 
absent, and recognizable stretches of threefold helix can 
now be found that extend for as many as three turns 
(asterisks in Figure 10). The behavior of ( A x x )  (Figure 11) 
is reminiscent of that seen when all prolyl residues were 
restricted to the major region of low conformational energy 
(Figure 7). 

Correlates with Maximum Threefold Helix Length. 
Table I summarizes limiting characteristic ratios, features 
seen in the behavior of ( A x x ) ,  and a somewhat subjective 
measure of the longest threefold helix seen in represent- 
ative chains. Many of these features (characteristic ratio, 
117, value of np a t  which oscillations in (Ax.) cease, and 
number of local maxima in ( A x x )  for chains with 3i + 1 
virtual bonds) are seen to be most sensitive to the inclusion 
or exclusion of the minor region of low conformational 
energy. Each of these four parameters assumes larger 
values when the minor region of low energy is excluded. 
These properties are reduced by the occasional sharp turns 
produced when a prolyl residue occupies a configuration 
in the minor region of low conformational energy. 

The maximum number of turns in a recognizable 
threefold helix in the representative chains is a more 
subjective quantity than the others listed in Table I. In 
recognition of its subjective character, entries in Table I 
for this term might be treated as being essentially indis- 
tinguishable. That in itself would be an important 
statement, for it would assert an insensitivity of the 
maximum helix length in poly(L-proline) in solution to 
changes in the conformational energy surface which are 
responsible for marked alteration in other configuration- 
dependent properties. 

If the differences between two and three turns in the last 
column in Table I are deemed significant, they point to 
a role of the accessible range for 4 in determination of the 
maximum helix length. The threefold helix must be com- 
posed of prolyl residues that occupy the major low-energy 
region in the conformational energy surface. The minor 
minimum contributes only about 6% of the residue par- 
tition function. Occupancy of the minor minimum will not 
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place the upper bound on the length of a threefold helix. 
The average number of prolyl residues separating those 
occupying the minor region of low conformational energy 
is about 17, which is significantly larger than the 7-8 
residues found in the longest threefold helices in the rep- 
resentative chain depicted in Figure 4. Therefore the 
origin of the upper limit must lie in the major region of 
low conformational energy. 

The shape attributed to the major region of low con- 
formational energy depends on the choice of the contour 
line used to define that shape. The shape is nearly rec- 
tangular if the contour used is that at 5 or 10 kcal/mol. 
For present purposes the boundary of this region is better 
described by the 1 kcal/mol contour line. Most prolyl 
residues will adopt conformations within this contour, and 
the local configuration required for propagation of a pre- 
cisely threefold helix is to be found here. The upper limit 
to the number of turns in a recognizable threefold helix 
is provided by the slight flexibility about + when 4 is held 
constant at l l O o  and the minor region of low conforma- 
tional energy is ignored. The representative chain depicted 
in Figure 10 shows this upper limit to be about three turns. 
A significant fraction of the prolyl residues adopt 6 near 
130' when the constraint on 4 is relaxed. There is then 
an additional disordering influence on the chain and 
consequent reduction in the maximum length of recog- 
nizable threefold helix from three turns to two. Since a 
change in 6 requires an alteration in geometry of the 
pyrrolidine ring system, the flexibility of this ring plays 
a role in establishing the upper limit for the length of 
recognizable threefold helices for poly(L-proline) in solu- 
tion. The pyrrolidine ring of poly(y-hydroxy-L-proline) 
is less flexible than that in poly(~-proline). '~-~~ Conse- 

quently, the maximum length of recognizable threefold 
helices should be somewhat larger in poly(y-hydr0xy-L- 
proline) than that found here for poly(L-proline), 
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Orthorhombic vs. Monoclinic Structures for the a 
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Recently, we investigated the crystal structures of the 
a, y, and 6 crystal forms of poly(viny1idene fl~oride). l-~ 
This effort was precipitated by the realization that the 
crystal structure of the y phase originally proposed by 
Hasegawa et d.5 was inconsistent with the X-ray fiber (and 
powder) diffraction pattern of that material-l Our struc- 
ture analysis of the y phase2 appeared simultaneously with 
a short communication from Takashashi and Tadokoro6 
describing the results of a new investigation into the 
structure of the y phase. The results of the two investi- 
gations are summarized in Table I. While the two 
structures are basically very similar, a few significant 
differences do exist. The most significant discrepancy is 
that the structure proposed by us is orthorhombic, while 
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that proposed by Takahashi and Tadokoro belongs to the 
monoclinic crystal system. The higher symmetry of our 
proposed structure is due to the statistical parallel-anti- 
parallel chain packing we believe to be present; if this 
packing were replaced by exclusively parallel chains, as is 
the case in the structure of Takahashi and Tadokoro, the 
symmetry of the resulting structure would be monoclinic 
even though the cell remained orthogonal. 

After determining the structure of the y phase, we in- 
vestigated that of the 6 phase and found that statistical 
parallel-antiparallel chain packing appeared to be present 
in that material as wells3 These results suggested that this 
sort of statistical packing might also be present in the a 
phase of PVF2, and so we reinvestigated that structure. 

Two investigations into the structure of the a phase had 
already been performed: one by Doll and Lando7 and, 
shortly thereafter, one by Hasegawa et al.5 In our rein- 
vestigation we employed the observed intensity data set 
of Hasegawa et al.5 because it was the more complete of 
the two available. Our investigation confirmed the fol- 
lowing points: the chain conformation proposed by Ha- 
segawa et al. was preferable to the slightly different con- 
formation originally proposed by Doll and Lando. The 
orientation of the chains about their axis is such that the 
component of the net chain dipole moment normal to the 
chain axis is directed in exactly the [loo] direction, in 
agreement with the results of Hasegawa et al. and con- 
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