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ABSTRACT: Correlations are established between structural, thermal, and flexibility data of crystalline,
locally flexible polymers giving rise to mesomorphic phases, which can be usefully organized in two classes.
While in all mesophases the chain conformation is substantially disordered, in class 1 chain packing is
characterized by orientation-dependent attractive interactions, so that the transition enthalpy AHw_ from
the mesophase to the liquid is of the same order of magnitude as the crystal — mesophase transition
enthalpy AHcm. Conversely, in mesophases belonging to class 2 and in the corresponding melts nonbonded
intermolecular interactions and conformational statistics are roughly similar, so that the M — L transition
involves very little enthalpy (AHmL ~ 0). Consistent with the absence of specific interchain interactions,
class 2 mesophases exhibit hexagonal packing and density lower than the corresponding crystalline phase.
Polymers giving rise to this type of mesophase are characterized by numerous, regularly spaced side
groups, often chemically different from the chain skeleton. The key factor stabilizing class 2 mesophases
over the melt appears to be a higher entropy of the side groups, making mesogenic groups unnecessary.
Optimization of the intrachain arrangement in class 2 mesophases usually requires a local contraction
along the chain axis direction with respect to the extension found in the crystal and the confinement of
individual chains within tubes that have a diameter D substantially larger than the average diameter
Dc in the crystal. With a simple statistical model based on continuum elasticity (the self-compacting
chain), applicable to flexible polymers, we show that, consistent with the available experimental data,
the persistence length P is proportional to D?. As a consequence, the aspect ratio P/D, which is normally
assumed to control mesophase stability, is proportional to D. According to our approach, we thus may
estimate by simple diffraction measurements of D the persistence length and the class 2 mesophase
stability of flexible polymers. In the case of systems which experimentally give rise to class 2 mesophases,

relatively large values of P are found despite the relatively low Tj.

Introduction

Mesomorphic phases?! are characterized by degrees of
organization ranging in the wide region between crys-
talline phases and the liquid state: as such they are
sometimes termed intermediate phases. In the case of
polymers, mesophases2~> tend to develop more easily®
than in low molecular mass systems, a fact relating to
molecular anisotropy and to kinetic factors.

Although it is difficult to draw clear separation lines,
the main focus of our discussion will be on thermo-
dynamically stable, thermotropic mesomorphic phases
(M). These are characterized by entropy values higher
than in the related crystalline phases (C). Near the
isotropization temperature the entropy of the meso-
phase must be lower than the entropy of the isotropic
melt (also denoted as “liquid state”, or L, in the
following) while at lower temperatures the reverse may
be true.”~® The mesophases to be discussed are enan-
tiotropic and stable at temperatures higher than the
crystalline state and lower than the melt. The role of
pressure is in general dependent upon the relative
densities of the various phases (crystalline, meso-
morphic, and liquid) and is readily understandable.

Examples of systems that are normally referred to as
mesophases in the literature but appear due to kinetic
control are the so-called smectic phase of isotactic
polypropylene,’® “mesomorphic” syndiotactic polypro-
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pylene,’ “mesomorphic” PET,*2 and other instances
where intermediate degrees of disorder are obtained
after quenching polymers from the melt. Such phases
are metastable as they usually crystallize upon heating;
they will not be further discussed in the present paper.

In low molecular mass systems, mesophases tend to
develop easily even with molecules endowed with a
substantial flexibility provided that rigid groups are
present (rods, ribbons, disks, etc., with high aspect
ratios). These groups are called mesogens because
anisotropic interactions between such units are gener-
ally regarded as a prerequisite for the formation of
mesomorphic phases. For the rotator phases of paraf-
fins®® and perfluoroparaffins* the mesogenic unit may
be thought to coincide with the molecule itself, which
is highly anisotropic although hardly rigid.

Polymer mesophases develop not only in rigid systems
(cellulose derivatives, aromatic polyesters and amides,
polyaromatics, etc.27®) but also with relatively flexible
molecules. For the latter, definitions like conformation-
ally disordered crystals (condis-crystals)'516 and colum-
nar phases’” have been proposed. Whereas rigid and/or
mesogen-containing molecules are at this point rather
well understood, the origin of mesomorphic behavior in
highly flexible systems still needs some clarification and
is the focus of the present paper.

Flexibility in polymers is a somewhat elusive concept.
High flexibility intuitively implies low values of both
Ty and the characteristic ratio C.. While this is normally
the case, in some instances!®1® C, values—although
hard to measure—turn out to be surprisingly large as
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compared both to conformational predictions® and to
Ty. Experience indicates that such systems often give
mesophases. It is clear that in such cases main-chain
flexibility and side-chain conformational disorder play
an important role for developing thermotropic meso-
phases. Although this problem is hardly dealt with in
discussions of condis-crystals,>16 stabilization must be
achieved either by relatively favorable packing interac-
tions in the mesophase as compared to the melt, or by
a higher entropy of the mesophase in appropriate
temperature ranges, or by a combination of both effects.
A qualitative explanation found in the literature sug-
gests that flexible systems can develop mesophases if
they are built with two types of poorly compatible
sections whose microphase separation is responsible for
the preservation of excess order as compared to the
melt.17-2021 However, this perspective can hardly explain
the established mesomorphic behavior of flexible poly-
mers with no side groups, like polyethylene or PTFE,
or with short side chains like polydiethylsiloxane, poly-
dipropylphosphazene, polydimethylsilylene, etc., nor
recent work on polysiloxanes with longer side chains.??
The alternative or complementary concept which will
be explored in the present paper is that flexible polymer
mesophases are stabilized over the melt by a more
effective side-group organization around the chain
backbone. Optimization of intra- and interchain ar-
rangement in the mesophase, primarily with respect to
entropy, appears to involve a local chain contraction in
the axial direction as compared to the crystalline state,
which indeed is experimentally observed. This organiza-
tion requires adequate flexibility of the main chain.

The first purpose of the present paper is to give a
general overview of experimental data, i.e., the perti-
nent thermal and structural properties of flexible crys-
talline polymers exhibiting also thermodynamically
stable mesomorphic phases, and to evidence possible
correlations with flexibility features (i.e., the persistence
length P and the characteristic ratio C.) derived from
solution investigations. This attempt is quite problem-
atic in itself because only in relatively few instances
such comprehensive data are available. The second goal
of the paper is to devise a simple, first-approximation
model with a strong reference to experimental data to
understand the key features of mesomorphic phases of
flexible polymers and allow some predictivity. Inevita-
bly, a number of questions will be left open as they
require further refinement of the model and possibly
additional experimental data.

The flexible-polymer mesophase model we propose is
related to previous theoretical approaches to meso-
phases of rigid anisotropic molecules,”® where purely
athermal transitions have been considered using con-
centration in an athermal solvent as the driving state
variable, under the assumption that the persistence
length of the macromolecule is sufficiently large as
compared to its diameter.238°9 The key assumption
shared by these approaches and our model is that,
despite the higher apparent order, in the mesomorphic
state the polymer may attain a larger entropy than in
the liquid state. In the mesophase the entropy loss due
to the straight-chain arrangement is overcompensated
by the reduction of steric conflicts within the chain and
with neighboring molecules, entailing a wider confor-
mational freedom. Accordingly, the liquid — mesophase
transition has been described as entropy-driven,® and
enthalpic contributions are disregarded in this idealized
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Figure 1. Free energy per chain bond of the liquid (L), of the
mesophase (M), and of the crystalline (C) polymer. The
equilibrium transition temperatures Txy are shown (XY = CL,
CM, ML); Tc. is to be regarded as virtual.

framework. In essence, we will show that chains with
a locally flexible backbone may become quite rigid as a
consequence of their self-compacting elastic nature.

In the discussion of experimental data pertaining to
flexible polymers, it turns out to be useful to identify
two distinct mesophase classes: (i) mesophases from
chains with small side groups intermolecularly stabi-
lized by specific packing interactions (class 1) and (ii)
mesophases characterized essentially by meltlike inter-
actions among chains (class 2), often resulting with
polymers bearing relatively large side groups, chemi-
cally different from the backbone. We empirically dis-
tinguish class 1 from class 2, observing that for class 2
mesophases the enthalpy AHy_ of the mesophase—
liquid transition (M — L) is much smaller than the
enthalpy AHcwm of the crystalline-mesophase transition
(C — M). On the contrary, the two enthalpies are
comparable for class 1 mesophases. We anticipate that
the predictive power of our statistical treatment is more
relevant to class 2 mesophases, although rough esti-
mates of the persistence length of locally highly flexible
polymers are obtained in all cases.

Mesophases of Flexible Polymers: General
Thermodynamic Considerations and Some
Experimental Data

We shall briefly consider the behavior expected for
thermotropic mesophases before turning to the analysis
of the available experimental data. Denoting with AHxy
and ASxy respectively the crystal to mesophase (C —
M) and the mesophase to liquid (M — L) transition
enthalpy and entropy per chain bond of a polymer
system with three states (X, Y = C, M, L for crystalline,
mesomorphic, and liquid, respectively; see Figure 1), we
have at constant pressure

HXY

TXY = ASXY

(XY = CM, ML) 1)

AHcm and AHy are both >0 and so must be AScv and
ASmL. An obvious consequence is that at the transition
temperature the higher temperature phase is always
affected by a larger structural disorder. In Figure 1 the
general form of the free energy plot assumed for the
three phases is shown. We point out that, at tempera-
tures sufficiently lower than the isotropization temper-
ature Ty, the plot is consistent with a standard
assumption of the athermal theories of liquid crystalline
polymers, namely Hy = Hi, Sy > Si. In the following
sections we will focus on the mesophase—Iliquid transi-
tion, which does not depend on specific packing features.
Only some aspects of the crystal—mesophase transition
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Table 1. Thermal Data of Selected Semiflexible Polymers Giving Rise to Thermotropic Columnar Mesophases or
Main-Chain Disordered Crystalline Phases

polymer (— class | mesophases) T4 (°C) Tewm (°C) AHcm (kJ/mol)? Twme (°C) AHwm (k3/mol)2
1 polyethylene34-37 —36 240P 3.5P 250P 0.7
2 poly(trans-1,4-butadiene)3436 —83 83 1.9 164 0.9
3 polytetrafluoroethylene3+38 —73 19, 30 0.8 332 4.1
4 poly(cis-1,4-isopreng)34:36 —73 28 1.1
5 poly(cis-1,4-butadiene)®:34.36 -102 12 2.3
polymer (— class |1 mesophases)
6  polydihexylsilylene39:40 -53 41 16.6 >250 (dec) dec
7 polydimethylsilylene® 162 0.6 226 0.2
8 polydiethylsiloxane1641 —138 10 0.9 53 0.2
9 polydipropylsiloxane?!.22.41 -110 70 11 206 0.5
10 polydibutylsiloxang?1:22:41 —120 -19 0.4 310 <0.1
11 polydipentylsiloxane2%.22.41 —106 —22 1.0 330 <0.1
12 polydihexylsiloxane?%.22:41 23 2.6 330 <0.1
13 poly(bis(trifluoroethoxy)phosphazeneg)*243 -57 70 4.4 240 0.4
14 poly(bis(phenoxy)phosphazene)*244 -4 160 4.1 390 <0.1
15 poly(bis(4-chlorophenoxy)phosphazene)2644 7 180 4.1 360 <0.1
16 poly(bis(3-chlorophenoxy)phosphazene)2644 —24 75 4.0 370 <0.1
17 poly(bis(4-methylphenoxy)phosphazene)*? 1 160 3.9 420 <0.1
18 poly(bis(4-isopropylphenoxy)phosphazene)*® 0 141 4.1 >330 <0.1
19 poly(bis(propyl)phosphazene)28 -30 248 3.4 310 0.4

a Transition enthalpies are given on a per main-chain-bond basis. P Data at ~5 kbar. ¢ Main-chain-disordered, high-temperature
crystalline phases, rather than columnar mesophases; thermal data refer to the melting of the high-temperature crystal phase into the

liquid.

will be discussed because it is influenced by the specific
packing in the crystal.

In the analysis of the experimental data we will start
from the classification given by Ungar,” also keeping
in mind Wunderlich’s'®> condis-crystal definition. The
flexible polymers discussed either show characterized
hexagonal thermotropic mesophases, following ref 17,
or display main-chain conformationally disordered crys-
talline structures, consistent with Wunderlich’s defini-
tion, or both. Furthermore, for a polymer to be discussed
in the present context, quantitative measurements of
its flexibility or of closely related molecules need to be
available. From the thermal data reported in Table 1,
we can see that the first five entries show comparable,
relatively large values of AHy. and AHcm. The first
three polymers also appear in Ungar's table of columnar
mesophases.” Poly(cis-1,4-isoprene)2® and poly(cis-1,4-
butadiene),?* on the contrary, fit the definition of condis-
crystals: both polymers present main-chain conforma-
tionally disordered crystalline structures while deviating
from hexagonal packing. These two examples are meant
to highlight the fact that the definition we have given
for class 1 polymer mesophases also includes conforma-
tionally disordered structures deviating from hexagonal
coordination. The first five polymers listed are just a
subset of class 1: indeed, most polymer mesophases
arising from the rigidity and anisotropy of mesogenic
groups are expected to belong to this class since (i) they
present more or less extensive conformational and
positional disorder, (ii) they have comparable values of
AHmL and AHcm, and (iii) they adopt modes of pack-
ing characterized by directional intermolecular inter-
actions.

The members of class 2 in Table 1 present very small
enthalpies of the mesophase—liquid transition (AHwmL
< 0.5 kJ/(mol of chain bonds)), suggesting that their
mesophase is hardly stabilized by specific interatomic
interactions. By contrast, we point out that in all cases
the crystal—mesophase transition has a significant
enthalpy value, mostly AHcv > 1 kJ/(mol of chain
bonds). Consistent with the relatively flexible character
of the polymers listed in Table 1, their glass transition
temperature is always rather low (Tq < 0 °C).

It is important to notice that class 1 and class 2
mesophases differ rather clearly not only with respect
to transition enthalpies but also with respect to degrees
of order, as evidenced by diffraction measurements.
Class 1 mesophases are normally characterized by a
significant intramolecular order, resulting in well-
defined meridional reflections in diffraction spectra.
Often there is also some intermolecular order involving
the relative displacement of neighboring chains in the
axial direction, resulting in at least some off-meridional
layer-line reflections. Since conformational disorder
characterizes both the main and the side chains, for
rigorously class 2 mesophases off-meridional layer-line
reflections are expected to be absent. On a large-domain
scale both class 1 and class 2 present an ordered
interchain packing in the axial projection, which is
hexagonal for class 2, as in this case the polymer chains
are effectively modeled by continuous cylinders. Because
of possible directional interactions, the packing of class
1 mesophases may deviate from the hexagonal arrange-
ment, although it is adopted by chains for which such a
lattice is efficient. Thus, a hexagonal packing is a
necessary but insufficient feature to identify class 2
mesophases.

Table 2 shows geometrical and flexibility data per-
taining to the same polymers analyzed in Table 1.
Although both the persistence length P and the char-
acteristic ratio C., basically characterize the same
feature, i.e., the overall chain flexibility, both quantities
are reported. A connection between the two parameters
may be established as for wormlike chains: indicating
respectively as lp and | the chemical bond length and
its average projection on the chain axis of the meso-
morphic chain and assuming this projection to be
retained in the melt, we have (ref 25, Appendix G)

°§ = NC_I,> = 2LP (L = NI) (2)

P= ®)

N being the number of chain bonds. We may also
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Table 2. Geometric Data of Selected Polymers Giving Rise to Thermotropic Mesophases to Thermotropic Columnar or
Main-Chain Disordered Crystalline Phases?

polymer (— class | mesophases) lerys (A) Imeso (A) D (A) C.% P (A)

1 polyethylene*’ 1.27 1.20° 4.9 6.548 6.5

2 poly(trans-1,4-butadiene)*? 1.21 1.16 5.0 5.6%0 5.6

3 poly(tetrafluoroethylene)! 1.31 1.30 5.7 752 6

4 poly(cis-1,4-isopreng)®-23.24 1.01 4.45 5.153 5.4

5 poly(cis-1,4-butadiene)24 1.08 4.34 5.05455 5.0

polymer (— class Il mesophases)

6 polydihexylsilylene39:40 2.0 ~1.8de 155 2010 31 (29%9)

7 polydimethylsilylene® 1.9 1.9 7.8 10f 151

8 polydiethylsiloxanel6.56 1.19 1.22 9.6 7.75 8.1

9 polydipropylsiloxane?'22.56 ~1.2f ~1.1de 11.2 1358 15
10 polydibutysiloxane?!22.56 ~1.2f ~1.19¢ 12.3 (22) (24)
11 polydipentylsiloxane?!.22.56 ~1.2f ~1.19¢ 13.4 (25) (29)
12 polydihexlysiloxane?!.22.:56 ~1.2f ~1.1de 14.6 (29) (34)
13 poly(bis(trifluoroethoxy)phosphazene)s*3:5° 1.22 1.059 11.9 (20) (23)
14 poly(bis(phenoxy)phosphazene)*? 1.21 1.0599 13.2 2018 24
15 poly(bis(4-chlorophenoxy)phosphazene)26:44 1.20 1.059 14.2 3318 40
16 poly(bis(3-chlorophenoxy)phosphazene)?6:44 121 1.059 14.2 32i18 39
17 poly(bis(4-methylphenoxy)phosphazene)*2-60 1.24 1.0599 135 33i 40
18 poly(bis(4-isopropylphenoxy)phosphazene)& 1.22 1.09h 16.7 33i 40
19 poly(bis(propyl)phosphazene)?® 1.22 1.0d9 11.3 (18) (20)

aValues of lerys and Imeso are average projections per main-chain bond on the axis direction respectively in the crystal and in the
mesophase. Ineso coincides with | in our model and is typically 10—20% smaller than lcys?"#? for class 2 polymers. D are average chain
interaxial distances. These parameters were derived from diffraction data, in the case of Imeso combined with dilatometric data. Values of
the persistence length P are generally calculated using the expression P = Clg2/2l from C. data, while for I the following bond lengths
were adopted: C—C (single) 1.54 A, C—C (double) 1.34 A, Si—0 1.60 A, Si—C 1.89 A, Si—Si 2.35 A, P—N (phosphazenic) 1.59 A. P values
in parentheses were calculated from the expression P = yD? using the best fit value 0.16 A~ for y; while the corresponding values of C.,
(also in parentheses) are obtained from eq 3. P Data at ~5 kbar. ¢ Main-chain-disordered, high-temperature crystalline phases, rather
than mesomorphic. 9 Since dilatometric data are unavailable, at Tcm a 10% molar volume increase has been assumed. ¢ A typical chain
cross section expansion of 20—30%, with the assumed specific volume expansion leads to the discussed reduction of per bond axial advance.
fValues assumed in analogy to polydiethylsiloxane and polydiphenylsiloxane. ¢ Oriented polyphosphazene mesophases show anisotropic
amorphous maxima which on the meridian imply a periodicity of 4.2—4.4 A roughly consistent with the reported value of Imeso. " Unpublished
dilatometric data (S. V. Meille). ' Values adopted from experimental data for polymers which are structurally closely related (e.g., for 17

and 18 the C.value of poly(bis(4-ethylphenoxy)phosphazene) is used).

establish a correlation of C. with the length of the
statistical segment A. According to the definition pro-
posed by Flory,?5 (i) each segment is spatially uncorre-
lated with any other and (ii) their overall length is equal
to the fully extended chain length. Labeling with n the
total number of statistical segments in the chain, we
have from Flory’s definition

I’J=nA% L=nA; A= = =2P (3)

®°g C.ly
L |
For the first five polymers (class 1), the average chain-
to-chain interaxial distance D is smaller than 6 A,
unlike all the following polymers (i.e., no. 6—19 in
Tables, class 2); of course, this is a consequence of the
relatively bulky substituents carried by class 2 polymer
chains. Unfortunately, for some of the polymers in
Tables 1 and 2, the C., and P literature values are widely
scattered or unavailable. Since one result of the present
work will be to evaluate P from experimentally deter-
mined geometrical parameters, in such cases C., and P
values predicted from our model by suitable interpola-
tion are reported in Table 2 within parentheses.
From the data in Table 2 we will now identify the
essential features of polymers giving rise to class 2
mesophases. We see that (1) the chain backbone is at
least as flexible as sp® carbon-chain polymers and (2) it
carries two identical side groups on every second chain
atom, except in the case of the polysilylenes where
longer skeletal bonds allow each main-chain atom to be
doubly substituted; as a result, we have a considerable
and regular side-group crowding around the chain
skeleton; (3) in the mesophase the chain backbone is
generally less extended than in the crystalline state,

Figure 2. ldealized elastic model of the chain in the meso-
phase. The chain cylinder with diameter D is regarded as a
uniform-density elastic body; the main chain and the side
chains are ideal springs contributing to the overall elastic
energy (see text).

typically with a 10% contraction along the chain axis
direction (cf. lerys and Imeso), Whereas the chain diameter
is expanded with respect to the crystalline state;26-28
(4) increasing the size of the side groups for a given main
chain structure yields both an increasing chain diameter
D and a larger persistence length P. These character-
istics may be interpreted by a model in which the main
chain of polymers giving rise to class 2 mesophases acts
as a sort of entropic spring that pulls together the side
groups giving rise to a compact cylindrical organization
of the macromolecule and the side chains around the
chain axis (see Figure 2). Indeed, the distance D
between neighboring chain axes is large enough as to
ensure that interdigitation between their side groups
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Figure 3. Plot of Ty vs the chain diameter D for class 2
polymers as reported in Tables 1 and 2 (see Figure 2). The
best-fitting straight line is evaluated giving the same weight
to all the experimental points. The ratio between the rms error
of its slope and the slope itself is 0.29.

is extremely unlikely and intermolecular interactions
occur only at the lateral surface of such cylinders.
Considering for example the five polydialkylsiloxanes,
the unperturbed root-mean-square distances between
the substituted silicon atom and the last carbon atom
of the side group, evaluated from Flory's results for
polyalkanes?® after correction for the Si—C bond length,
turn out to be smaller than D/2 by more than 1 A.
Consequently, no interdigitation between the side groups
of neighboring chains occurs consistent with the analy-
sis of the structural projections along the chain axis of
several crystalline polymers. It is reasonable to expect
that, in view of the regular and symmetrical chemical
arrangement of the side groups along the chain, the
statistically cylindrical structure tends to be maintained
even in the melt. In fact, for molecules giving rise to
class 2 mesophases sharp bending of the chain axis is
contrasted by nonbonded repulsive interactions between
the side groups, filling up the volume around the chain
axis according to cylindrical symmetry. As a result, a
relatively large value of the persistence length P is
expected despite the extensive chain conformational
disorder.

We will now deal with the issue of the thermo-
dynamic stability of class 2 mesophases, which
we expect to correlate with the isotropization—or
melting—temperature Ty.. Figures 3 and 4 show the
plots of Ty respectively as a function of the diameter
D and of the persistence length P. The latter plot has
fewer experimental points because few data are avail-
able, reflecting the higher experimental difficulty in-
volved in measuring the chain dimensions in un-
perturbed solution rather than in determining the chain
diameter by X-ray diffraction (see also Table 2). The
mesophase melting temperature increases with either
D or P, the average slope parameter being respectively
3.5 and 2.5 times its standard deviation. Qualitatively,
it appears reasonable that an increase of either the
chain diameter or the persistence length should be
reflected into an increased mesophase stability (i.e., an
increased Ty.) to the extent that, with the macro-
molecules we are considering, either increase should
entail an increase in repulsive nonbonded interactions
between side groups, for a given degree of bending of
the chain axis. We address the reader to the next section
for a quantitative interpretation.
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Figure 4. Plot of Ty vs the chain persistence length P for
class 2 polymers (see Tables 1 and 2). Symbols are as in Figure
3. The ratio between the slope rms error of the best-fitting
straight line and the slope itself is 0.40.

Liquid-crystalline order has been investigated hith-
erto especially when involving rigid molecules with large
aspect ratios L/D, L being the molecular length. Clas-
sical theories consider the isotropic—nematic transition
as a function of either concentration (in athermal
systems) or of both concentration and temperature.1=37°
In all cases a large value of the aspect ratio shifts the
isotropic—nematic transition either to higher temper-
atures or to lower concentrations or both. Khokhlov and
Semenov® extended the theory to polymer solutions (L
— o), considering both freely jointed (FJ) and wormlike
(WL) chains (we use the symbol P to denote either the
half-length A/2 of the freely jointed segment in the FJ
model or the persistence chain length in the WL model;
see egs 2—3'). Rather intuitively, in the polymer case
the role of the aspect ratio is replaced by P/D. The
critical polymer concentration for an athermal solution
to develop a nematic phase turns out to be inversely
proportional to that ratio, indicating a higher thermo-
dynamic stability of the mesophase with increasing
values of P/D. Accordingly, in the pure-polymer case,
for comparable values of the interchain interaction
energies we expect higher values of Ty for larger P/D
ratios. The Ty vs P/D plot is not reported here because,
although showing a positive correlation between the two
variables, its statistical significance is very limited due
to superposition of uncertainties of both P and Ty as
well as to the few experimental points. In the following
section we shall discuss a statistical model of chains
giving rise to class 2 mesophases, based on simple
criteria derived from rubber elasticity. The model will
clarify the physical significance of the data correlation
suggested by Figures 3 and 4 and enable to establish a
guantitative correlation between P and D.

The Self-Compacting Chain and Its Persistence
Length

We shall model the mesomorphic chain as a compact,
cylindrical structure undergoing dynamic conforma-
tional disorder. According to the classical theory of
polymer elasticity, all the system configurations are
regarded as isoenergetic, and its structural disorder, i.e.,
entropy, is naturally associated with elastic behavior.
The chain in the mesophase is reduced to an elastic
cylinder, and both the backbone and the side groups are
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Figure 5. Side view of a uniformly bent chain portion. The
meaning of the symbols is given in the text. The shaded volume
slice is obtained by cutting the chain with two coaxial
cylinders; their axis goes through the center of curvature C
and is orthogonal to the plane defined by the chain axis and
the radius of curvature Rc.

represented by ideal springs (see Figure 2). To enforce
the constant-density requirement, the cylinder volume
is kept constant by volume forces so that a single elastic
parameter is required to describe its elastic response
under uniaxial deformation. The mesomorphic state will
arise by close-packing of these straight cylindrical
chains on a two-dimensional hexagonal lattice. Consid-
ering instead the chain to be either in the molten state
or in an athermal dilute solution, we will derive a
guantitative estimate of its persistence length, adopting
the wormlike chain representation. In both cases we
disregard side-group swelling relative to the mesophase,
in the assumption that the chain entropy is close to its
largest value when its side groups are tightly packed
around the main chain. As a result, the overall chain
conformation in the liquid state may be described by a
distorted cylinder whose axis keeps the same length and
whose transverse circular section is the same as in the
mesophase (see Figure 5).

In the straight-chain portion shown in Figure 2, the
average length and radius of the undistorted cylinder
are L and D/2, respectively. We confine detailed analy-
sis to class 2 polymers with a number n of bonds in the
main chain equal to the number of the side groups, but
the results obtained apply with minor changes also to
other structures. The main chain has a mean-square
length 0?2 [ = NnCup lp? in the bare unperturbed state,
defined as the ideal solution of the bare backbone
polymer wherein the side chains are replaced by hy-
drogen atoms. The unperturbed mean-square distance
from the chain axis to the end of each side chain is
(#%p/2[8. The free energy of the chain portion comprised
within the cylinder is equal to the elastic energy
provided by the main-chain and the side-group springs,
i.e.

(4)

G(L,D)zngT{ L> n (D/Z)}

ELZQ |].D/Z g

We notice that, considering a different chain portion
with n" = cn skeletal bonds, the average length changes
from L to cL, while [ 2[§ also increases by a factor c;
consequently, G(L,D) changes to cG(L,D), as expected.
As an equivalent statement, any chain portion with n
skeletal bonds may be regarded as a series of n spring
elements each having an average skeletal length L/n.
Considering a uniaxial deformation that changes L to
AL at constant volume, the diameter D must change in
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turn to D/+/A. Imposing the stationarity condition for 1
= 1, the free energy is given by

G(A) = G(AL,D/IV2) =
L® 2242

(OR? _, L’
Oo§ B

Notice that the last equality is roughly verified by class
2 polymers from 8 to 19 (see Table 2) if we take n = 1,
L2 = [, 2[4 as the smallest spring element. Let us now
see the implications of this result on the random
bending of the chain as produced by Brownian forces
in a melt or in an athermal solution where its axis may
bend freely. We subdivide the chain into chain elements
comprising v skeletal bonds (see Figure 5). The average
axial length AL = vl of each chain element will be
determined by requiring that its average thermal energy
of bending is kgT. The physical implication of this
requirement is that bending may be regarded as uni-
form within each chain element, in analogy with the
behavior of a single molecular degree of freedom.
Defining the bending plane as containing the center of
curvature C and the bent axis of the chain element, as
shown in Figure 5, the bending planes of contiguous
elements along the chain may be regarded as uncorre-
lated. On these premises, denoting with t the root-mean-
square angle between the axial chain directions at the
two ends of the chain element, the chain persistence
length P will be given by

kT

20 my A ®

=1

_2AL
P= 2 (6)

according to a recognized mathematical property of the
wormlike chain.?®

From what precedes we may assume any section
orthogonal to the chain axis to remain planar under
bending. We also take the chain element radius of
curvature R, > D/2. Let us consider the family of
cylinders with a common axis that goes through the
center of curvature C and is orthogonal to the bending
plane. We consider two points A and B on the upper
circular edge of the chain element. From Figure 5 we

have AB = (D/2) d6O, d6 being a small increment to the
angle 6. The thin portion of the chain element (hence-
forth slice), comprised between the two cylinder surfaces
passing through the points A and B, has a uniform
strain ratio A(0) given by

R, — (D/2) cos 6
MO =——Fn—— )

c

Notice that A = 1 is the average value of the strain
parameter. The volume fraction of the slice is equated
to the surface fraction on the chain section:

2(D/2)*sin0 d6 2

dv(0) = < sin%6 do 8
©) aD%4 4 ©)

and from eq 5 the corresponding free energy is

3 AL?
dG(6.R) = ke T - g(A(e) +3 ( e)) dv(6)

AL
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Figure 6. Persistence length P is plotted vs the chain
diameter D for both class 1 and class 2 polymers (see Table
2). Tr}f best fitting function P = yD? is shown with y = 0.16 +
0.01 AL

After subtracting the undeformed free energy contri-
bution, the bending energy of the chain element is

AGR) = [ 'dG(OR) ~ GR,—~®) (9

Since D/2 < R, we may write 1/A(6,R;) = 1 + [(D/2)/
R¢] cos 0 + [(D/2)/R)?] cos? 0, and eq 9 reduces to

9 AL? [ D \2
AG(R) = ZkgT - ZQ(ZR) (10)
AL c

Putting AG(R;) = kgT, we have

AL _ 4Vl

R 3 D (11)

c

We may obtain now the persistence length P from eq 6
and eq 11, remembering AL = nl and [ 2[J = Cwpv l¢?,
I and Iy respectively being the projected and the chemi-
cal bond length. The final result is

9 ID? 2 9l
= =yD%; = (12)
8 C.aly e 8C..gl’

We notice that neither the length AL nor the angle t
is uniquely determined, unlike the ratio 2AL/7? that
yields a single value for the persistence length P (see
Figure 5 and eq 6). Taking indicative values for C.p ~
4, for 1 ~ 1.2 A and for Iy ~ 1.6 A, from eq 12 we can
estimate y = 0.13 A=1. A small value of C.g is chosen
on account of the large flexibility of the bare backbones
of the polymers we are considering. Figure 6 shows the
plot of P vs D for the class 2 polymers reported in Table
2. The best-fitting P = yD? curve appears encouraging
and yields y ~ 0.16 + 0.01 A1, in semiquantitative
agreement with the value estimated from eq 12.3° We
notice that the best-fitting value of y is influenced by
the quality of experimental C.’s for class 2 polymers
which, as discussed in ref 18, may present aggregation
in solution, poor solubility in noncoordinating solvents,
and high polydispersity.

Discussion and Concluding Remarks

Considering mesomorphic polymers free of classical
mesogenic groups, we propose a classification scheme
based upon the thermodynamics of the mesomorphic <
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liquid transition. Flexible polymers may give rise to
mesophases characterized either by specific, orientation-
dependent interactions (class 1) or by aspecific inter-
chain interactions, much like in the melt except that
the chain axes are straight and parallel (class 2).

The specific object of the present paper is represented
by class 2 mesophases. Polymers giving rise to meso-
phases of this class are characterized by a flexible
backbone and identical side groups, often chemically
different from the main chain, regularly branching from
it (see Tables 1 and 2). The experimental side-group
density along the chain axis is in the range 0.8—1.2
groups/A, corresponding to one group per chain atom
with the exception of polysilylenes where two side
groups per chain atom are present, but main chain
bonds are distinctly longer. The possibility of other side-
chain topologies is not ruled out, but at present we are
not aware of pertinent cases. Class 2 mesophases are
apparently stabilized by optimal interactions of the side
groups around the backbone, with essentially no inter-
twining between adjacent chains. X-ray diffraction does
not yield any evidence of order beyond the parallel,
hexagonal arrangement of the chain axes, along which
density measurements indicate that the macromolecules
contract by about 10% of their extension in the crystal-
line state. The conformational disorder of both the chain
backbone and the side groups is confirmed by the very
small values of the melting enthalpies (see AHpmL in
Table 1).

We propose that the tendency to produce a meso-
morphic state, despite the flexible main chain, originates
from the optimization of the organization of the side
groups and the chain backbone, leading to an overall
straight arrangement of the macromolecule. As a result,
even in the absence of enthalpic factors, the mesophase
achieves entropy stabilization as the side groups of each
chain have a larger conformational freedom than in the
melt, thus overcompensating for the entropy loss due
to suppression of chain bending. To account for the large
degree of conformational disorder, we propose an ideal-
ized elastic model whereby the external shape of the
cylinder comprising the chain is produced by a system
of axially symmetrical springs (see Figure 2). Regarding
the cylinder as an elastic continuum with constant
volume and extending some results of classical elastic-
ity, we derive the persistence length P from the length
of a suitable cylinder portion whose thermal energy of
bending is equated to kgT. The result is given in eq 12
as P = yD?; the theoretical value of y (~0.13 A1)
appears to be in rough agreement with the experimental
data reported in Figure 6, yielding y ~ 0.16 A~1. These
values of y correspond to polymers with flexible, non-
polar side groups and a single backbone within the chain
cylinder and are likely to increase with more rigid
polymers. As an example, the double helix of DNA has
a diameter D = 22 A, yielding a value P ~ 60 A if we
take y ~ 0.13 A1 (or P ~ 75 A with the best fit y ~
0.16 A1), whereas the currently accepted value of P is
about 300 A. We suggest that y ~ 0.13—16 A~1 may be
taken as lower limits, applicable to highly flexible
polymers.

Although the simplified elastic model giving rise to
the P = yD?2 correlation curve was derived for polymers
giving class 2 mesophases, Figure 6 shows that other
flexible polymers, such as those belonging to class 1, also
fit quite well. We believe this functional dependence
should be applicable to all flexible polymers whose
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rigidity (persistence length) depends essentially on the
entropic balance between backbone conformational flex-
ibility and steric crowding of the side groups, hydrogens
included. In this respect statistical studies on comblike
polymers in good solvents, where chain density consid-
erations do not play a direct role, also suggest a roughly
similar dependence, namely P = yD™, where m is
comprised between 5/, and 8/5.31

In a different perspective we recall that, consistent
with their low T values, all polymers we are discussing
are basically flexible. However, their Ty's and also their
Tem and Ty values experimentally tend to increase
with the size of the side groups (see Tables 1 and 2). In
the case of polyphosphazenes a linear correlation be-
tween side group bulkiness, Ty, and Tcwm has been
found.*2 Although no clear implication with respect to
the mesomorphic behavior was proposed, such observa-
tions also involve a correlation between side group bulk
and chain rigidity.

In the case of highly flexible main-chain polymers, as
the side chains get longer beyond a critical value, the
constraint imposed by the main chain on the side-chain
organization will become less stringent and the polymer
organization may be determined predominantly by the
side chains.??2 Our model does not tell us anything with
respect to this critical side-chain length although it is
reasonable to assume that it is of the order of the
persistence length of the side chains. The issue is made
more intricate because both the stability of the melt and
of the crystalline phase play a role.

Physical intuition and the leading theories predict the
thermodynamic stability of mesophases?’~° to increase
with the aspect ratio P/D. Since we have found P 0 D?,
the aspect ratio should be proportional to D and the
thermodynamic stability should also increase with both
P and D. Taking the melting temperature Ty_ as a
measure of such stability, the experimental plots re-
ported in Figures 3 and 4 appear to confirm the pre-
diction. The thermodynamically stable class 2 meso-
phases we are discussing result from self-assembly on
a two-dimensional hexagonal lattice of polymer chains
which adopt a cylindrical shape to maximize main-chain
and side-group conformational entropy. In the melting
transition the cylinders undergo some bending, although
both their statistical structure and their external sur-
face area remain basically unaltered, so that the entropy
gain is modest. The model we propose implies that both
the density and the enthalpy of the mesophase and the
liquid are likely to be very close at sufficiently low
temperatures (T < Ty, see Figure 1) as they are
controlled by van der Waals interactions between con-
formationally disordered side groups at the same aver-
age distances. Under these assumptions, from Hy = H.
and Gy < G we have Sy > Si.. We thus recover one
important feature of athermal liquid—nematic transi-
tions, namely that the entropy of the seemingly more
ordered (nematic) phase is larger than the liquid’s.27°
As the temperature rises toward Ty, thermal activation
increases chain bending, leading to a decrease of the
persistence length P in the melt, and consequently we
have an increase of both the entropy and the enthalpy
of the liquid (see Figure 1). It also is pertinent to recall
in this context that some experimental scattering
data,3233 obtained from melts of polymers giving rise
to class 2 mesophases, present surprisingly sharp low-
angle maxima very closely corresponding to the inter-
chain distance D in the mesophase. This fact supports
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the idea that, at a scale close to the distance D, the
structure of the melt must be close to that of the
corresponding class 2 mesophases.

The correlation between P and D presented in Figure
6 suggests a semiquantitative estimate of the persist-
ence length P from the interchain distance D in the
mesophase using the best-fitting value of y in the
equation P = yD?. Figure 6 and the preceding discussion
indicate that such a procedure should also be applicable
to flexible class 1 polymers. Furthermore, because of the
analogy between the local structure of melts and class
2 mesophases, it may turn out to be possible to evaluate
the persistence length of flexible polymers simply from
amorphous interchain distance data. We are presently
investigating these issues.

The data in Table 2 and Figure 6 require some
additional comment: it is apparent that polymers giving
rise to class 1 mesophases are clustered at small D and
P values while class 2 mesophase polymers are char-
acterized by larger values of the two parameters. More
precisely, defining the aspect ratio x = P/D = yD,
polymers giving rise to class 1 mesophases are charac-
terized by 1 < x < 2, whereas polymers producing class
2 mesophases tend to x > 2. This observation quali-
tatively reconciles our views about flexible polymer
mesophases with the theoretical approaches of Flory,?
Kokhlov,2 etc., to polymer liquid crystals, even though
the critical value of the aspect ratio is somewhat lower
in our case. While this smaller value may relate to the
fact that we are considering mesomorphic behavior in
bulk and not in solution, it should be noted that values
of x are given by other authors in terms of the statistical
segment which is twice the persistence length (see eq
3'). The requirement x > 2 along with the functional
relationship P = yD? and the experimentally determined
value of y of 0.16 implies the possibility to predict which
polymers are likely to give class 2 mesophases merely
from the value of their diameter D, with the critical
value appearing to be about 10 A. In fact, some polymers
with D around that value represent borderline cases:
while polydiethylsiloxane (D = 9.6 A) presents a meso-
phase with a very limited temperature stability range,
the closely related polydiethylphosphazene polymer
apparently does not afford a thermotropic mesophase,
at least for the relatively low molecular weights of this
polymer available to date. On the contrary, both the
polyphosphazene and the polysiloxane dipropyl deriva-
tives (D = 11.2 A) give rise to class 2 mesophases,
whereas both dimethyl polymers do not. While the
equivalent criteria x > 2 and D > 11 A are to be taken
as semiquantitative indications for a class 2 mesophase
to form, other requirements need to be met, which
basically relate to the propensity of the chain to adopt
a cylindrical envelope. Among them, substitution regu-
larity, side-chain size, main- and side-chain flexibility,
molecular weight, and microphase separation effects,
etc., may all play significant roles which at present we
can only hint to.

How does our attempt compare with classifications
proposed by other authors for mesophases of flexible
polymers?1517 We notice that both class 1 and class 2
fit into the conformationally disordered crystals scheme
proposed by Wunderlich et al.,’> as all the systems we
consider show some degree of dynamic conformational
disorder. The polymer mesophase concepts considered
by us are also strongly related to the columnar phase
classification based on positional and orientational long-
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range order discussed by Ungar.” Specifically all of
group A in ref 17 (aperiodic and periodic linear macro-
molecules) polymers fit well into our class 1, while group
B polymers of the classification (comblike macromol-
ecules with a flexible backbone) correspond in essence
with our class 2. In our opinion mesophases grouped in
class 2 also fit quite well the hexatic phase definition,?
while class 1 mesophases could probably be better
described as highly disordered crystalline phases rather
than liquid-crystalline phases.

We conclude pointing out that the self-compacting
chain model, although a first approximation, represents
so far the only viable alternative to the microphase
separation concept”-2921 to account for the stability with
respect to the melt of mesophases of flexible polymers.
Examination of the available experimental data hardly
supports the microphase separation approach because,
due to the high side-group density in macromolecules
yielding class 2 mesophases, their intermolecular in-
teractions are bound to always occur essentially between
chemically similar side chains. Furthermore, if class 2
mesophases arose due to microphase separation, their
formation should not be inhibited by irregular side chain
substitution,3233 by low molecular weights,33 or by
excessive bulkiness or anisotropy of the side groups.??
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