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ABSTRACT: Hoffman and co-workers! have recently suggested a strong connection between the lateral
surface free energy parameter o appearing in the nucleation-based treatment of polymer crystallization and
the characteristic ratio of polymer chain dimensions C.. = ({r?)¢/nl?),—.- appropriate to unperturbed, randomly-
coiling polymers in their melts and © solutions. They assumed that “s is closely related to the reduction in
entropy associated with the rate-determining localization of a polymer chain in proximity to the crystal
surface prior to its complete crystallographic attachment, which occurs in a rapid subsequent step”. The
entropy of a polymer chain loosely attached to, or localized at, the crystalline surface is reduced from its
randomly-coiling value in the melt, and these researchers “scale the total entropy of stem addition according
to 1/C. to approximate the entropy change associated with ¢ during the rate-determining localization of a
polymer chain”. The net result is the connection ¢ « 1/C., which we question here on the basis of the
independence between the dimensions (C-) and the conformational entropies observed and calculated for

a host of flexible, randomly-coiling polymers.

Introduction

Hoffman and co-workers! consider the localization of a
section of a molten, randomly-coiling polymer chain under
the influence of the crystal surface to be the rate-
determining step in the formation of the first crystalline
stem.2* The localized chain segment “has lost a certain
fraction of its entropy but is not yet attached, except
perhaps at a few points, to the surface in the crystallo-
graphicsense... and does not involve any significant degree
of the free energy of fusion”. The free energy correspond-
ing to the localization of a section of a randomly-coiling
polymer chain near the crystal surface is obtained from
the accompanying entropy reduction as ~T'AS, where it is
assumed that AS is proportional to the contour length ()
of the same chain section in the melt.

Localization of a section of a molten, randomly-coiling
polymer chain near the crystalline surface as envisioned
by Hoffman et al. is depicted in Figure 1, where lys, is that
part of the polymer chain that is localized or inactivated
by the surface, while /.. is active and free to adopt its
randomly-coiling conformations. Hoffman and co-work-
ers! then suggest that

beeg = Cols) M
where

C. = {(rP)ynhDye 2

isthe characteristic ratio® of the mean-square unperturbed
dimensions {r?)( of the molten polymer chains of n bonds
to the dimensions of the corresponding random flight chain
nly2. Inthis manner the number of conformationally active
bonds becomes

n(1-1/C,) 3

Following assumption of conformationally independent®
bonds for both the unlocalized, randomly-coiling, molten
polymer chains and the portions [, of the localized chain
section that remain conformationally active, the entropy
reduction accompanying localization becomes

AS =-AS,/C, “)
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Figure 1. Localization of asection of a molten, randomly-coiling
polymer chain near the crystalline surface, where Iy is that
portion of the polymer chain that is localized or rendered
conformationally inactive by the surface, while l,, is active and
free to adopt its randomly-coiling conformations.
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Figure 2. Conformational entropies Senr (eu/mol of backbone
bonds) and dimensions (C.) calculated from the RIS models of
18 flexible, crystallizable polymers (see Table I for polymer
designations).

where AS;is the entropy of fusion, and the corresponding
free energy is

Ac =-TAS = TAS,/C, (6

In the units appropriate for application to nucleation
theory? 4 AS; becomes (Ah¢/ Tm)aobolbn*, where Ah; is the
heat of fusion, Ty, is the melting temperature, agbo is the
cross-sectional area of the polymer chain, I, is the bond
length, and n* is the number of bonds in the localized
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polymer section which becomes the nucleating first stem.
Also from conventional nucleation theory?~* the free energy_
of activation & for addition of the first stem is 2byal,n*,
where o is the lateral surface free energy parameter, [ ,n*
corresponds to the initial nucleus length or lamellar
thickness, and [, is the projection of I, in the chain direction.
& corresponds to the work required to form the two new
exposed lateral surfaces, each of area byl,n*.

Equating the free energy corresponding to the entropy
reduction accompanying the localization of a polymer chain
section to the free energy of activation for addition of the
first stem serves to define the lateral surface free energy
parameter as

o = (Ahy/C.)(ay2) (/1) (6)

where T = Ty, has been assumed. For polymers,® such as
polypeptides and poly(lactic acids) (PLLA), whose struc-
tures permit expression of their end-to-end distance in
terms of virtual bonds I, connecting methene carbons in
adjacent residues

C.=((r)y/xlD)me )

where x is the number of repeat units or residues, and the
expression for the lateral surface free energy becomes

o = (Ahy/C. ) ay2) (8)

Equations 6 and 8 were used to evaluate C. from melt
crystallization rate and melting point depression studies
followed by comparison to the dimensions (C.) directly
observed in dilute polymer solutions at their © temper-
atures.

Hoffman et al.! found the characteristic ratios of the
dimensions obtained from melt crystallization data through
their derived expression for ¢ to agree with the dilute
solution dimensions measured for polyethylene (PE),
isotactic polystyrene (i-PS), and poly(L-lactic acid) (PLLA).
From this agreement they concluded that (i) the surface
free energy parameter ¢ in the nucleation theory®™ of the
growth rate of polymer crystals from their melts has an
entropic origin, (ii) the entropy reduction of the localized
chain near the crystal surface scales with 1/C., (iii) their
theory forms a connection between nucleation theory and
the statistics of polymer chain dimensions, and (iv) this
connection provides a new bulk state approach to the
determination of the characteristic ratio of dimensions
C.

Because the conformational entropy of a randomly-
coiling polymer is a purely thermodynamic quantity (see
below) dependent only upon the number and relative
energies of the constituent bond rotational states, while
the dimensions and its characteristic ratio C.. are measures
of its statistical thermodynamically averaged extension,
which additionally depend on the structure and geometry
of the chain (valence angles, bond lengths, and the locations
of the constituent bond rotational states), we were
surprised that the entropy reduction accompanying lo-
calization of a polymer chain near its crystal surface should
scale with its randomly-coiling dimensions as 1/C.. For
this reason we examined closely the connection between
the conformational entropy Sons and the characteristic
ratio C. of flexible polymers in an attempt to justify the
AS « 1/C. scaling suggested by Hoffman and co-workers!
in their treatment of the lateral surface free energy
parameter o of crystal nucleation from polymer melts,
which implies that S..nr should also scale with 1/C..
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Calculation of S.onr and C-

Let us briefly review the calculation® of the conformational
entropy Seont and the characteristic ratio of the dimensions C.
of a randomly-coiling polymer chain from the RIS (rotational
isomeric states) description® of its conformational characteristics:

Soout = RlIn Z + (T/2)(dZ/dT)} )
where the configurational partition function Z is given by

[ n-1
Z=J+ HUi ]J (10)

P-“aa#aﬁ o by
Kgakgg o« Mg,

and

U, = [y, = (11)

) _ﬂvauvﬁ o Hy,
J* and oJ are the 1 X v and » X 1 row and column vectors:

1

Je=[10m0] J=|} (12)

1

The elements of the statistical weight matrix U; are Boltzmann
factors of the energies, appropriate to the various pairwise
dependent rotational states of bond i, which normally number
v = 3 and correspond to the staggered trans and gauche
conformations. Clearly the conformational entropy depends only
onthe number (v) and relative energies (E.¢) of the bond rotational
states.

By contrast
2z-l n
C.= ——J*(HG,-)J (13)
n12 1=
where
F*=[J*00..01(1 X &) (14)
0
0
F=1: |BvX1
0
Jd
and
U (UelID|T| */2U
G=|0 (URE)|T| Uel (15)
0 0 U

Ui is the statistical weight matrix (eq 11), /; and {7; are the bond
vectorsin column and row representation, > = |I{2, E, is the v-order
identity matrix, and @ denotes the direct product of matrices.
JIT|l is the 3 X 3 diagonal representation® of the matrix which
transforms a vector or tensor from the Cartesian coordinate
system along bond i + 1 to that along bond i, and its elements
are sines and cosines of the supplement of the valence angle
between bonds i and i + 1 and the dihedral rotation angle around
bond i. Clearly the mean-square end-to-end distance and its
characteristic ratio C. for a randomly-coiling polymer chain
depend, in addition to the number and energies of the constituent
bond rotational states which exclusively determine Z and Seont,
upon the structure and geometry of the polymer, i.e., the backbone
valence angles and the dihedral locations of their rotational states.

Itis apparent from these matrix equations and their individual
elements that Scnt is purely thermodynamic while C. has both
thermodynamic and structural/geometrical components. From
this comparison can we expect Sconrto scale with 1/C. as suggested
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Table I
Conformational Entropies and Characteristic Ratios Calculated (RIS) for Flexible Polymers*
C.b
polymer abbrev Scont® (eu/bond) RIS obsd

1 polyethylene PE 1.76 6.7 (140 °C) 6.7 (140 °C)

2 poly(tetrafluoroethylene) PTFE 1.60 11-30 7-87

3 isotactic polystyrene® i-PS 1.09 10-12 10.5

4 syndiotactic polystyrene® s-PS 1.04 15

5 isotactic polypropylene® i-PP 1.35 5.7 (145 °C) 5.7 (145 °C)

6 syndiotactic polypropylene® s-PP 1.26 11-13 (150 °C)

7 poly(trans-1,4-butadiene) TPBD 1.55 5.8 5.8

8 poly(cis-1,4-butadiene) CPBD 1.38 4.9 49

9 poly(trans-1,4-isoprene) TPIP 1.37 7.3 7.35
10 poly(cis-1,4-isoprene) CPIP 1.34 5.2 4.7
11 poly(oxymethylene) POM 1.50 8-10 10.510
12 poly(oxyethylene) POE 1.70 4.0 (40 °C) 4.0 (40 °C)
13 poly(e-caprolactone) PCL 1.59 6.1 5.911
14 poly(pivalolactone) PPVL 1.04 8.112
15 poly(L-lactic acid) PLLA 0.76, 2.57¢ 2.09 2.0(80°C)
16 poly(ethylene terephthalate) PET 1.07 4.2¢ 4.2
17 poly(L-alanine)!4 PLA 3.334 (25 °C) 9.3 8.5-9.5
18 polyglycine PG 3.839 (25 °C) 2.2

¢ RIS models and observed C.’s are taken from ref 5 (unless denoted otherwise), where citations to the original literature are also presented.
b Temperatures in parentheses are the temperatures of calculation or measurement. ¢ C.. = (r2)o/n{I2), where (I2) is averaged over the six bonds
ineach PET repeat unit, including the virtual bond /, = 5.74 A connecting 1,4-carbonyl carbons belonging to the same phenyl ring. ¢ Conformational
entropies!®!4 were calculated from z = L,2,exp[-E(¢,¢)/RT], when evaluated from their conformational energy maps of their three-bond

repeat unit using 10° increments in both ¢ and ¥ rotation angles.

by Hoffman and co-workers in their theory for the lateral surface
free energy parameter o, which is central to the nucleation-
controlled description of bulk polymer crystallization?2+

We have calculated S.ous and C. for a large variety of flexible,
crystallizable polymers including those discussed by Hoffman et
all, i.e.,, PE, i-PS, PLLA, isotactic polypropylene (i-PP), poly-
(e-caprolactone) (PCL), and poly(pivalolactone) (PPVL). When
available, we have also listed their experimentally observed
characteristic ratios for purposes of assessing the RIS models
employed in these calculations. Scur and C. were calculated at
T = Tw and T = 25 °C, respectively, unless noted otherwise.

Results

Table I presents a compilation of calculated confor-
mational entropies and characteristic ratios for 18 different
flexible and crystallizable polymers. In addition, the
experimental C..’s observed for most of the same polymers
are tabulated. These results are displayed graphically as
Secont (per backbone bond) versus 1/C. in Figure 1. It is
immediately apparent that Scons does not in fact scale with
1/C.. If any trend is evident, it is that Scons and C. are
most likely independent.

These results receive additional support from the
conformational entropies calculated by Mark!® for the
series of polyoxides [-(-CHg-),~O-],, where y = 14, 6,
8, and 10, and whose characteristic ratios have also been
measured. He found that all but POM (y = 1) have Scons
~ 1.6 eu/bond even though their C.’s ranged from 4 to 12.

Polymers containing 1,4-linked phenyl rings in their
backbones, 62! including four 2,6-disubstituted poly(1,4-
phenylene oxides), polycarbonate, polysulfone, and poly-
(phenylene sulfide), all have calculated and measured C..’s
approaching very closely their free-rotation values.® De-
spite their uniform dimensions, their conformational
entropies vary widely in concert with our general obser-
vation that Scons does not scale with 1/C..

Discussion

At this juncture we are faced with the claim made by
Hoffman and co-workers! that the lateral surface free
energy parameter ¢ in the nucleation-controlled treat-
ment?* of polymer crystallization scales inversely with
the characteristic ratio C. of the dimensions of the

randomly-coiling molten polymers. Thisresultstems from
their proposed entropic origin for the rate-determining
free energy of localizing a randomly-coiling polymer near
the crystal surface, from assuming that the entropy
reduction AS accompanying this localization is propor-
tional to the contour length® | of the localized chain
segment, and from adopting the Porod-Kratky model®
for polymer chains which produces a scaling of C. with
the inverse of the contour length. In a nut shell, they are
claiming

cx AS x| «1/C, (16)

which clearly implies that S;qn¢should alsoscale with 1/C.,
because the entropy lost in localizing a polymer near the
crystal surface is directly related to the conformationeal
entropy Scont possessed by the unattached, randomly-
coiling, molten polymer.

Here we have demonstrated that the conformational
entropy Scons of a flexible polymer chain is not correlated
with its conformationally-averaged dimensions (C.). When
the conformational entropies and dimensions were cal-
culated for well over two dozen structurally diverse, flexible
polymers using the RIS scheme,® no apparent connection
could be found between Scn¢ and C., especially not the
Scont « 1/C scaling suggested in the analysis presented
by Hoffman et al.l

Hoffman et al.! suggest that the entropy lost by a
randomly-coiling polymer chain in the melt, as it is
localized near the surface of a crystal in the rate-
determining step of its nucleated crystal growth, is directly
related to the flexibility of the molten chain as given by
1/C., while our RIS analyses!52! of the conformational
entropies and dimensions (C.) of a wide variety of flexible
polymers demonstrate their independence.

Hoffman and co-workers! analyzed melt crystallization
rate studies for PE, i-PS, PLLA, and PPVL and obtained
experimental values of so.. Melting point depression
experiments performed on the same polymers yielded
values of g.. Division of the two gives gexp from which
they computed C. according to eqs 6 and 8. For PE, i-PS,
and PLLA the C.’s derived from melt crystalline growth
data agree with the dimensions (C.) independently
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Table 1I
Comparison of oexp and C. Obtained from Melt-Growth
Crystallization Data with C. and Scont Observed in Dilute
Solution and/or Calculated from the RIS Models of Three
Aliphatic Polyesters

polyester oep Cw (melt) C. (solution) Co (RIS) Seonr (RIS)

PCL 6.38 6.3 5.9 6.1 1.59
PLLA 153 2.34 2.0 2.1 0.76
PPVL 287 4.83 8.1 1.04

measured from their dilute solutions. The dimensions of
PPVL have not as yet been observed in solution. In
addition, the C.’s for i-PP and PCL have been derived
from melt crystallization data without reference to ¢ by
inserting eq 6 into the expression for the experimentally
measured nucleation constant K;, which results in

C. = [iyl)qT,1/4RK, (17)

where j = 4 for regimes I and III crystallization and j =
2 for regime II, and g is the work of chain folding 2aeboce..
The characteristic ratios obtained in this manner for i-PP
and PCL from melt crystallization data are in agreement
with the C.’s measured in dilute solution.

Following the suggestion of Hoffman et al.,! let us
examine the three aliphatic polyesters PLLA, PPVL, and
PCL also considered by them. From their analyses of the
observed rates of growth from their melts, they derived
characteristic ratios C.. = 2.34 (PLLA), 2.49 (PPVL), and
6.3 (PCL), using eq 6 for PCL and eq 8 for PLLA and
PPVL. Equation 8 is supposed to be applicable to
polymers like the polypeptides and PLLA whose dimen-
sions can be expressed (see eq 7) in terms of virtual bonds®
Iy connecting adjacent a-carbons (-QC+*C(=0)0C*C-
(=0)0-) and whose distance is independent of the
backbone conformation as long as the peptide or ester
bonds remain trans and planar. However, PPVL
(-OCHC(CHj3)2C(=0)-) cannot be simplified into a series
of connected virtual bonds, because there are three flexible
bonds in each repeat unit.

Instead eq 6 should be applied to the growth rate data
for melt-crystallized PPVL, where the ratio /|, must now
be considered. The average length of the four bonds in
the PPVL repeat unit!?is 1.46 A, and from the 6-A fiber
repeat distance observed?223 in the 2;-helical crystalline
conformation of PPVL, the average I/, = 0.75 A. Thus,
Iy/l, = 1.94, which through eq 6 leads to C.. = 4.83 and not
2.49 as obtained by Hoffman et al.! from eq 8 which is
inappropriate for PPVL.

In Table II we present a comparison of ¢erp and Co
derived from growth rate data for the melt crystallization
of PCL, PLLA, and PPVL together with the C..’s obtained
from dilute solution observations and/or calculated from
their RIS models and the corresponding conformational
entropies calculated (RIS) for their molten random coils.
There appear to be no correlations between either cexp
and C.. (melt) or S and C.. (solution and/or RIS) for
these three aliphatic polyesters. This casts some doubt
on the scaling relation o « 1/C. proposed by Hoffman et
al.! to describe their entropy-driven model of melt-grown
polymer crystals. At the very least, it suggests that the
entropy reduction accompanying the rate-determining
localization of a molten polymer chain is not identifiable
with Scone; i.e., it is not directly proportional to the
conformational entropy of the randomly-coiling, molten
polymer chain, because o.yp also fails to scale with Scons.
This is particularly surprising because AS; (see eq 4) has
been shown?+27 to be strongly correlated with Scon for a
wide range of synthetic, crystalline polymers.
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To illustrate the danger inherent with connecting the
entropy reduction AS accompanying the stretching of a
molten, randomly coiling polymer as it approaches and
begins attachment to the crystal surface, which must be
directly related?3 to Scons, with the inverse of the average
extension (1/C.) of the molten polymer chain, it might be
useful to consider two hypothetical polymers. Both
polymers consist of tetrahedrally bonded, carbon atom
backbones, with each backbone bond permitted to adopt
two rotational states (conformations) ¢ = 0, 180° for one
polymer and ¢ = £120° for the other. The energies
(probabilities) of the two rotational states are equal and
assumed independent of the conformations or rotational
states of neighboring bonds.

It is clear from eqs 9-12 that both polymers have Scons
= nR In 2, where n is the number of backbone bonds. On
the other hand, the conformational symmetry of the
polymer with ¢ = 0, 180° rotational states leads® to C. =
2.0 (free rotation value), while C. = 6.0 for the polymer
with ¢ = £120°. To achieve the same extended, localized
chain length on or near a crystal surface, the polymer with
C. = 2.0 must be stretched more than the polymer with
C. = 6.0, because its molten random coils are more
compact. Nonetheless, the entropy reductions accompa-
nying the extensions of both chains are the same.

It would appear that melt crystallization growth rate
data need to be gathered and compared with the dimen-
sions observed in dilute solutions for several additional
polymers before a final assessment regarding the approach
taken by Hoffman and co-workers! can be confidently
rendered. At presentonly avery tentative “maybe” seems
an appropriate response to the question raised in the title
of this paper. What does seem to be on much firmer footing
iz the observation made here, and suggested previously by
others,15-1719.21 that the exclusively thermodynamic mea-
sure of the static conformational flexibility of polymers
provided by S..s is in general not correlated with their
conformationally sensitive and structurally/geometrically-
dependent dimensions (C-).
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