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NEW THEORIES FOR SMECTIC AND NEMATIC LIQUID-CRYSTAL
POLYMERS: BACKBONE LCPS AND THEIR MIXTURES AND
SIDE-CHAIN LCPS

F. DOWELL
Theoretical Division, Los Alamos National Laboratory,
University of California, Los Alamos, NM 87545 USA

Abstract A summary of predictions and explanations
from new statistical-physics theories for both
backbone and side-chain liquid crystalline polymers
(LCPs) and for mixtures with backbone LCPs are
presented. Trends in thermodynamic and molecular
ordering properties have been calculated as a furction
of pressure, density, temperature, and molecule
chemical structures (including degree of
polymerization and the following properties of the
chemical structures of the repeat units: lengths and
shapes, intra-chain rotation energies, dipole moments,
site-site polarizabilities and Lennard-Jones
potentials, etc.) in nematic and multiple smectic-A LC
phases and in the i{sotropic liquld phase. The
theoretical results are found to be in good agreement
vith existing experimental data. These theories can
also be applied to combined LCPs. Since these
theories have no &d hoc or arbitrarily adjustable
parameters, thuse theoriss cen be used to design new
LCPs and nev solvents as well as to predict and
explain properties.

INTRODUCTION

Liquid crystalline polymers (LCPs) are of considerable
basic and applied interest (see the general background
sources in Ref. 1). From a basic standpoint, LCPs 1ia
condensed phases constitute one of the most challenging
many-body problems in statistical physics--that is, the
packing of many changing, very anisotropic shapes,
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In backbone LCPs, the low-molecular-weight (LMW)
liquid-crystal (LC) structure is repeated many times to
make the polymer chain or backbone. In side-chain LCPs,
LMW LC structuras are attached as side chains to a non-LC
polymer backbone (such as polyethylene), with the side
chains resembling the teeth of a brush or comb. In
combined LCPs, each molecule is a backbone LCP with LC
side-chains.

Some backbone LCPs (such as Kevlar) have major uses as
stronger, lighter-weight replacements for metals and other
zaterials in various structural applications, such as body
armor (football helnsts, bulletproof vests, etc.) and auto
and airplane parts. Uses of side-chain LCPs include
electro-optiz devices. Mixtures with LCPa are important in
modifying the ordering of a pure LCP and thus are important
in industrial processing.

There are thousands of possible chemical structures in
LCPs. A resasonably typical example of a LMW LC structure
that appears dp times to make a backbone LCP {s

[-0--N=N-$-0-(CHp) -1 4p

rigid section semiflexible section

¢ indicates a para-substituted benzene ring. y ~ 0 to 20.
dp is also the degree of polymerization. The side chains
of side-chain LCPs are similar IMW LC structures, but may
have two semifleuxible sections--one on either end of the
rigid section.

The cvarlap of n» orbitals in the aromatic, double, and
triple bonds in a rigid section leads to the rigidity of
that section. The n-alkyl chain saction is partially
flexible (semiflexible) since there zre one trans and two
gauche rotational energy minima for a carbon-carbon bond
betveen methylane or methyl units in a given chain sectioun.

THEORY

The theory used in thia paper involves extension and
refinement of earlier, very sucreszful theories

(Refs. 2-10) applied to INW LCs. While the these earlier
theories could have been used for longer molecules (such as
backbone LCPs) by sloply increasing the total numbers of
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rigid and semiflexible single sites (segments) in the
molecule, the theory of this paper explicitly treats rspeat
units (where each repeat unit can have a rigid section and
multiple semiflexible sections as discussed in the
preceding "Introduction” section) and how these units
repeat to make up the complete polymer molecule,

In the theory of this paper, the chemical structure of
sach molecule is divided into a sequence of cornected sites
(or segments) vhere these sites correspond to small groups
cf atoms (such as benzene rings and methylene groups). We
then use a localized mean-fleld (LMF) simple-cubic (SC)
lattice theory to study the packing of the molecules
(segment by segment) in the system volume at a given
pressure and temperature.

We usde SC lattice theory since any orientation of a
molecule or molecular part or bond can be dscomposad inte
icse x, y, and £ components and mapped onto a SC lattice in
a manner analogous to normal coordinate analysis in, for
example, molecular spectrcscopy. LIMF means that there (s a
specific average neighborhood (of other molecular sitcs and
empty space) in a given direction k around a given
molecular site in a given local region in the system.

These local regions are determined by the actual packing of
the molecules in the system. The fact that the packing can
be different for diffarent directions k allows us to treat
partial orientational ordering alorng a perferrsd axis.

And, the treatment of local regions allows us to deal with
partial positional ordering (see discussion in Refs. 4-7,
9-10).

The packing of the molecules is done mathumatically
using lattice combinatorial statistics to detarmine tae
analytic partition function Q for the system. (The
generalized combinatorics used in the theory of thias paper
have been found to be quite accurate when compared with
Monte Oarle computer wimuletiorm irm at teast one~timiting-
case presently amenable to such simulations (see digscussion
in Ref. 4). Various continuua limits ars taken in the
theory of thia paper.

The partition function Q and the resulting equations
for static thermodynamic and molecular ordering propertiss
are functions of ths pressure P, temperature T, density ,,
lengths and shapes of the rigid and semiflexible sections
of the molecules, net energy difference E3 hatveen trans
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and gauche states, dipole moments, site-sice
polarizabilities and Lennard-Jones (12,6) potentials,
degree of polymerization, and orientational and
one-dimensional (smectic-A) positional orderings of the
different rigid and semiflexible parts of the molecules.
The Lennard-Jones (LJ) potentials are used to calculate
repulsions and London dispersion attractions between
different molecwlar sites, and the dipele moments and
polarizabilities are used to calculate dipole/dipole and
dipole/induced dipole interactions between ditferent
molecular sites. Each interaction in the theory of this
paper depends explicitly on the intramolecular and
intermolecular orientational and positional ordering of the
specific molecular sites involved in the interaction.

There are no ad hoc or arbitrarily adjustable
parameters in this theory. All variables used ’'n the
theory of this paper are taken from experimental data for
atoms or small groups of atoms or are calculated in the
theory.

The theory used in this paper has been derived in
detsil elsevhere (Refs. 11-13) and involves (Refs. 11-16)
extension and refinement of sarlier, very successful
theories (Refs. 2-10) for LCs and their mixtures. Due to
the summary nature of this paper, we note only the changes
made in this paper (to the LC equations of these earlier
theories) in order to treat backbone LCPs, side-chain LCPs,
and mixtures with hackbone LCPs in this paper.

SPECIFIC THEORY FOR BACKBONE LCPS

This theory treats backbone LCPs in nematic, smectic-Al,
and ssectic-Ad LC phases and in the isotropic liquid phase.
In the LC phases, the long axes of the moleculess tend to
orient parallel to a preferred axis. In the smectic-A LC
phases, the molecules also have one-dimenslonal (1-D)
positional alignment (along the preferred axis), such rigid
sections pack with other rigid sections while semiflexible
sactions pack with other semiflexible sections. In the
saectic-Ad LC phase, there is partial 1-D positional
aligneent. In the smectic-Al LC phase, there is total 1-D
nositional alignment.

The equations {n the theory of this paper for backbone
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LCPs are derived in detall elsewhere (Ref. 11) and are the
same as the equations of Ref. 7, except for the following
changes. ([Variables not defined in this paper have been
previously defined in Ref. 7.]

(r - 1) in Egs. (4), (5), and (10) of Ref. 7 becomes
[r - (1/dp)] Ln the theory. of. this paper for.hackhone .LCPa.
By in Eq. (13) of Ref. 7 becomes Bi = (1/dp) + x[2f(1 -
P21)/3)]' n, r. &nd v in Ref. 7 become P2r' sz, and le,
respectively. (These symbol changes for n, r, and v are
changes in the actual symbols, but not in the definitions
of the varisbles for which these symbols stand.) v in
Eq. (15) of Ref. 7 becomes v = a2((2a/dp) + vi/3(m -
(2/dp)]). dp in Eq. (16) in Ref. 7 becoaes d; = vi/3(r +
£1(1 + 2Py)/3]) + [(a - vi/?)/dp).

The treatment of the flexibility of a semirlexible
chain in Ref. 7 was significantly refined in Refs. 8-10:
Thus, Eq. (14) of Ref. 7 is replaced in this paper by
Py = ((3 cos® - 1))/2 =1 - 3u, 2u = (T, 2uf)/(Z £),
f - 81 11. vhaere f1 is the number of semiflexible segments
(-Cdy- or -CH3 groups) in the seaiflexible-chain section v
of the molecule, 2u7 - 2(2 for f1 -1,

2 2
2\!1 - ((!‘-J_l Ylj) + [(fT . 2)/2][:1-1 YZJ],/fT and

g ] 2

2u1 ((zj-l YBJ) + [(f1 3)/2][21_1 Y2j]’/f1

for aven 21 2 2 and four odd f1 z 2, respectively.

Yy, = 2(5y0p + f§2>/°1v g = 202615 + £22)/Dy,

Ya1 = Ypp = 2(5y7 + 30405 + 2(57)/Dy.

z(flzfz + 3f1f22 + fzs)/b3.

2(2f12f2 + “flfzz + (23)/03'

Yy, = 5((12f2 + flfz‘)/bg.

Dy = £32 + 4640, + 20,2, Dy = 30,7+ 205¢,6, + 36,0,

< <
w W
N e
1 1
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Dy = £, + 2(3¢;2¢, + 401052 + ¢,5°),

f1 = 1/(1 + 28), § = A/(L + 2A), and A = exp[-E;/(kT)].
In the limit dp »- 1, the equations here for backbone LCPs
reduce to the equations of Refs. 7 and 9-10 as applled to
IMW LCs.

In the calculations for backbone LCPs in this paper,
there is one semiflexible chain section per repeat unit.
Thus in the above equations, f = f; and 2u - 2u; for
backbone LCPs in this paper, where f;, and 2u, are
calculated using the equations given above for f:',7 and 2u1.

respoctively.

As in Ref. 7, various thermodynamic equations are
obtained (after the manner of Refs. 2-3 and 5-6) from the
.artition function Q, ircluding (1) a preasure-volume-
temperature (PVT) equation of state, and (2) and (3)
equations that minimize the Gibbs free energy of the system
with respect to P, (the average orientational order of the
rigid sections of the molecules) and A [the average 1-D
positional order (i.e., smectic-A order) of the molecules],
respectively, at constant P and T. As ia Ref. 7, these
three specific equations are (in general) solved
simultaneously (via rumurical computer iteration) to obtain
numerical .valuss af the thres indspendant xariables o, Pagr =
and A in the various phases of the systen at given P end T,
glven the physical constrajnts 0 < p 1, 0 < P2r <1, and
0<)s 1.
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SPECIFIC THEORY FOR PACKING OF SIDE CHAINS IN LCPS

In the theory of tihls paper for side-chain LCPs, we
concentrate on the packing of the LC side chains (of the
slde-chain LCPs) in fully-interdigitated monolayer
smectic-A and non-interdigitated bilayer smectic-A LC
phases. In this theory for side-chain LCPs, there is one
side-chain per repeat unit in tha backbooa »£ tha LCP.

The equations in the theory of this paper for the
packing of side chains in side-chain LCPs are derived in
detail elsevhere (Ref. 1.2) and are the same as the
equations of Ref. 7, except for the following changes.
[Variables not defined in this paper have been previously
defined in Ref. 7. Variables used for the LMW LCs in
Ref. 7 are retained for the LC side-chains in the
side-chain LCPs in this paper.]

Bi in Eq. .13) of Ref. 7 becomes Bi - (1/2) + x[2£f(1 -
P21)/3)] in the theory of this paper for side-chain LCPs.
n, r, and v in Ref. 7 becone Pyys sz. end P21'
respactively. (These symbol changes for n, r, and v are
changes in the actual symbols, but not in the definitions
of the variables for which these symbols stand.) v in
Eq. (15) of Rof. 7 becomes v = az[a + vg/3(n - 1]. dL in
Eq. (16) in Ref. 7 becomes dL - vg/J(S +r+ f[(1+
2P21)/3]) + 2(a - vé/3) for side chains packing in
fully-interdigitated monolayer smectic-A LC phases. d; in
Eq. (16) in Ref. 7 becomes d; = 2vi/3(2 + r + £[(1 +
2P21)/3]) + 2(a - vg/3) for si{de chains packing in
non-interdigitated hilayer amactic-A LC phases. X = 1.

a in Eq. (15) of Ref. 7 becores--in this theory for
side-chain LCPs in this paper--the average separation
distance betveen the centers of two first-neighbor
molecular segments (sites) in neighboring side-chains. In
this paper, a = a' for side chains that pack with side
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chains on the same molecule (i.e., non-interdigitated
pac«ing), and a = a'/2 for side chains of a molecule that
interdigitate with (1.e., pack between) the side chains of
other molecules. Here, a’ = vl/3(ry + £,[(1 + 2P,;,)/3]).

ry. £y, Poype Egb' and 2u, are variables dealing with
the backbone in the side-chain LCPs and are the same as r,
£, P21' Eg
except for the following changes: fb - fbl + fb2' and 2“b

, and 2u, respectively, for a backbone LCP,

even and odd fb, respectively.

The number f of semiflexible segments in a side chain
is given by f = f. + ft' Here, f. - (£, + fz) and is the
nuaber of semiflexible segments in the seaiflexible spacer
between the backbone and the rigid section of the side
chain in the side-chain LCP. f; = f, and f; = (f; + 1) for
even and odd f., respectively. ft - f3 and is the number
of semiflexible segments in the terminal chain section
attached to the outer end of the rigid section in cthe side
chain of the side-chain LCP. 2u and Pyy in this theory for
side-chain LCPs are calculated using f,, f,, and f4 in the
equations for 2u and P,;, respectively, in the preceding
section "Specific Theory for Backbone LCPs".

The above treatments (Ref. 12) of the semiflexible
sections in the backbone and side chains of a side-chain
LCP arise from the intramoleculsr coupling of the
orientational and positional ordering of the backbone to
the orientational and positional ordering of the
side-chains. In this particular theory here for the
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packing of side chuins (of side-chain LCPs) in smectic-A
phases, the simplifying (but physically reasonable)
assumption is made that side chains pack with other side
chains while backbones pack with other backbones. Thus,
this theory may be viewed as calculating upper bounds for
the efficient packing of backbones and side chains of
eide-chain LCPs.

As in Ref. 7, various thermodynamic equations are
obtained (after the manner of Refs. 2-3 and 5-6) from the
partiticen function Q, including an equation that minimizes
the Gibbs free energy of the system with respect to P,.
(the average orientational order of the rigid sections of
the side chains) at constant P and T. After the manner of
Ref. 7, this specific equation is solved (via numerical
computer iteration) to obtain numerical values of the
independent variable P,. in the various phases of the
system at given P and T, given the physical constraints 0 <
Py, s 1.

SPECIFIC THEORY FOR MIXTURES WITH BACKBONE LCPS

This theory treats binary mixtures in the nematic LC phase
and the lsotropic liquid phasa. In these mixtures,
Component 1 (Cl) is a backbone LCP and Component 2 (C2) can
be either polymeric or non-polymeric and =ither LC or
non-LC. In this théory, there is one semifl&xible section
in the repeat unit of each componanc.

The equations for these binary mixtures (Refs. 13 and
15) are derived in detail elsewhere (Ref. 13) and are the
same as the equations of Ref. 2, except for the following
changes. [Variables not defined in this paper have been
previously defined in Refs. 2 and 7.]
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A and ¥ in Ref. 2 become 1 and 2, respectively, in
this paper here. (rA - 1) and (rv - 1) in Ref. 2 become
[r1 - (l/dpl)} and [r2 - (l/dpz)], respectively. B, and By
in Ref. 2 become By = (1/dp;) + [2£(1 - Py;y)/3)] and B, =
(1/dp2) + [2f(1 - P212)/3)], respectively. Ny: Mg Tar Ty
VA' and Vi. in Ref. 2 Become Pzrl, P‘2r2, szl, P2f2' Pzil,
and P212, respectively. 51, f2, dpl. dpz. Egl' ESZ' 2u1,
2u2, Pyyy, and P,yo are defined in this mixture theory for

Cl and C2 in the same manner as £, dp, E 2u, and P21,

sl
respectively, are defined for pure backbone LCPs. 2u,,
2u2, P211, and P212 are calculated using fl' f2, E81' EgZ
in the equations for 2u and Poys respectively, in the

preceding section "Specific Theory for Backbone LCPs".

The treatment of segmental intermolecular interactions
in Ref. 2 has been significantly refined (after the manncr

of Ref. 7) in Ref. 13: In the following, i and k can each
take the Vllues 1 or 2. Ucick' - Ucitkl. - Ucitk. Utitku -

3
“eieky ~ “eiek: Each “y%zk = Ijo1 Yyizkyc @ }gkl =
beyizi[(8,/8)°7 - (8,/a)°]. eyqpp = Ceggen )™ " wepeky
= @Woickll: ”yisz and wyizk3 are calculated (after the
manner of Ref. 7) using Eqs. (13.5-3) and (1.3-8),
respectively, of Ref. 17(a) using values of Bp1' Hp2+ %c1v
Aogr Ay and acoy, where these latier six variables are
defined for pure Cl and pure C2 in this paper in the same
manne: &8 up, a,, and a, are defined in Ref. 7. Weick2) =
2 2 6 2

“etckal = - (Bpyacik * Hpi®c1)/(287(r - 2)7]. woyepr o
porack/(20%(r - DF. wggopay = - Hagpg/(2latx - 2170

2
“eiek2 T Yclckdl = Yeitkd - “eick3 T 0. v = (xa"((2a/dp;)
+v/3(m . 2/dp 1) + %82 ((2a/dpy) + vi/3(m - (2/dp,) 1)/
(xqmy + xzmz). In this paper, the global mole fractions X;
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and X, in the mixture are defined in terms of the local
mole fractions Xy and X, by X; = x%1dp,/(x;dp, + xzdpl) and
X2-1'xl.

As In Ref. 7, various thermodynamic equations are
obtained (after the manner of Refs. 2-3 and 5-6) from the
partition function Q, including (1) a pressure-vclume-
temperature (PVT) equation of state, and (2) and (3)
equations that minimize the Gibbs free energy of the system
with respect to P,y and P, , in the various phases at
constant P and T. As in Ref. 7, these three specific
equations are (in general) solved simultaneously (via
numerical computer iteration) to obtain numerical values of
the three independent variables p, P2r1' and P2r2 in the
various phases of the system at given P and T, given the
physical constraints 0 < p <1, 0 < P2r1 <1, and 0 P2rz
s 1.

RESULTS AND DISCUSSION

This paper reporcs theoretical predictions and explanations
for some magnitudes and trends in thermodynamic and
molecular ordering properties as a function of details of
molecule chemical structure for tackbone LCPs, side-chain
LCPs, and mixtures with backbone LCPs. Tha theoretical
results in this paper were calculated using the theories
outlined in the preceding "Theory" section. These
theoretical results are found to be physically reasonable
and in agreement with available experimental data.

RESULTS FOR BACKBONE LCPS

Theoretical results for backbone LCPs are gshown here as a
function of the degree of polymerization. Table I shows
the effect of the degree of polymerization dp on some
properties at the transition between the nematic (N) LC
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phase and the isotropic (I) liquid phase for a backbone
LCP. (The N phase is the lower-T phase, and the I phase is
the higher-T phase.)

TABLE I. Some transition properties vs. dp for a
backbone LCP with N and I phases.

dp Ty.p (K Pyy

1 311.7 0.6186

5 485.4 0.6835
10 523.3 0.6945
50 558.0 0.7041
102 562.7 0.7053
103 566.9 0.7065
10% 567.4 0.7066
10° 567.4 0.7066

Ty.y 18 the transition temperature, and P,  is the
average orientational order for a rigid section of the LCP
in the N piiase at the transition. P,. = ((3 couzﬂr -
1))/2, where 0.
rigid section and the preferred axis or orientation for
this rigid section.

is the angle between the long axis of a

From experimental data [Refs. 1/(b)-21) for atoms or
small groups of atoms, the input variables (for
definitions, see Ref. 7) for the example LCP of Table I
were estimated (Ref. 11) after the manner of Pef. 7 to be r
=5, £-3, e,o./k =29 K, ¢ /k = 150K, pp=1.45D, a; =
32x10'2a cma, and a, = 2x10'2“ cm3. These variables are
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appropriate for a LCP vith a molecule chemical structure of
[-0-¢-¢-¢-CH2-(CH2)3-]dp. P=1 atm. All calculations in
this paper (as in Ref. 7) use Es/k = 250 K.

We have chosen the backbone LCP of Table I since it is
about the simplest backbone LCP with a longitudiral dipole
in the rigid section of the repeat unit. This particular
repeat unit has about the smallest longitudinal dipole that
one could have. By choosing a repeat unit with a dipole,
we have of course emphasized the fact that the theory of
this paper can treat dipolar forces.

In Table I, the transition properties increase as dp
increases, with the value of a property tending to
asymptote as dp + ~ 100. This trend is in good agreement
with experimental results (see, for example, Ref. 22) for
numerous backbone LCPs.

It makes sense physically that adding another repeat
unit to the backbone makes less relative change in the
leugth (and other properties) of the LCP as the length
increases. It is -lear from Table I that the effects of
polydispersity on system properties can be large for dp
less than the asymptotic value, while polydispersities in
ths dp range greateir than this asymptotic value have less
effect on system properties.

Calculations of other thermodynamic and molecular
ordering properties (including odd-even effects) for
various backbone LCPs in the nematic, smectic-Al, and
smectic-Ad LC phases and in the isotropic liquid phase as a
function of different features of the chemical structures
are presented {in other papers (Refs. 11 and 16) and
therefore are not detailed here.

RESULTS FOR SIDE-CHAIN LCPS

This section gives some theoretical predictions and
physically reasnnable explanations for the effect of
varying the chemical structure in the side chain of a
slde-chain LCP on the transition of the side chains from
packing in a monolayer smectic-A (SA) (i.es., a SAl phase)
to packing in a bilayer SA phasa (i.e., a SA2 phase). In
the monolayer SAl phase, the side chains on a moleculc

/3
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fully interdigictate with (i..., pack between) the side
chains of other molecules. In the SA2 phase, the side
chains on a molecule pack only with neighboring side chains
on the same molecule. The SAL phase is the lower-T phase,
and the SA2 phase is the higher-T phase. Specifically, the
number 2y of methylene or methyl groups in the semiflexible
sections in the side chain of an example side-chain LCP is
varied in Table II.

TABLE II. Some SAl-SA2 transition T vs. y in a gide-

chain LCP.
y Tsal-saz  (K)
3 464.1
4 502.1
5 528.5
6 547.7

From experimental data [Refs. 17(b)-21]) for atoms or
small groups of atoms, the input variasbles (for
definitions, see Ref. 7 and the preceding theory section of
this paper for side-chain LCPs) f r the example LCP of
Table 1I were estimated (Ref., 12) after the manner of
Refs. 2 and 7 to be r ~ 5, £ = 2y, 'cc/k ~ 283 K, ‘ct/k -
150 K, pp = 0, Es/k =250 K, 1, = 2, f, = 4, Egb/k = 250 K.
These variables are appropriate for a side-chain LCP with a
backbone chemical structure of [-CH-(CH2)5-1100 and a
side-chain chemical structure of
-CH2-(CHz)y-Cﬂz-d-N-N-¢-CH2-(CHz)(y_l)-CH3. P=1 atnm.

We have chosen the side-chain LCP of Table II since it
has about the simplest backbone chemical structure and has

[t
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a very simple side-chain chemical structure. By choosing a
side-chain LCP with no dipoles, we have of course
emphasized the fact that the transition of the side chains
between packing in a monolayer SAl phase ro packing in the
bilayer SA2 phase does not require dipolar forces.

In Table II, the SAl phase becomes more stable at
higher T as the side-chain becomes longer. [Calculations
(Ref. 12) using the theory of this paper predict that
different trends can occur, depending on the chemical
structures of the backbone and side chains in aide-chain
LCPs.)

In general, energy favors the SAl phase, and entropy
favors the SA2 phase. That is, the side chains are closer
to sach other in the SAl phase (fully interdigitated phase)
and have more favorable attractivas energies than in the SA2
phase (non-interdigitated phase). [This statement is true
for zhe SAl phase if (as in Table I1) the backbone chemical
structure has been chosen such that the side chains are far
enough apart so that they do not experience the strongly
repulsive parts of their potentials when they are
interdigitated in a SAl phase.] In the SA2 phase, the side
chains are farther from each other and thus have more
entropy (disorder) than in the SAl phase.

As discussed in detail in Ref. 12 the relative
stabilities of the SAl and SA2 phases are an extiemely
sensitiva function of the specific chemical structures of
the backbone and the side chains of side-chain LCPs and of
how the flexibility, packing, and intermolecular forces of
these structures change as a function of T and P. While
some side-chain LCPs (such as that illustrated in Table II)
can exhibit both SAl and SA2 packing in ranges of T and P
that ars reasonably accessible to c¢xperiment, other
side-chain LCPs are predicted to exhibit (Ref. 12) only SAl
packing or only SA2 packing in such ranges of T and P.

RESULTS FOR MIXTURES WITH BACKBONE LCPS

Theoretical predictions and explanations are reported for
binary mixtures of a backbone LCP [Component 1 (Cl)] with a
second corpound [Component 2 (C2)], vhich may be either
polymeric or non-polymeric and either LC or non-LC,

N
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Effect of Molecular Structure of Component 2

The effect of the molecular structure of Component 2 (C2)
in a binary mixture with a backbone LCP [Component 1 (C!)]
is 1llustrated in this section. Table III shows
theoretical results calculated for binary mixtures of a
backbone LCP and three different C2 molecular structures at
the nemetic-to-tsotrepic«(N-&) tramségion. These shree C2 .
compounds are a non-LC LMW compound, a non-LC polymer, and
a LC LMW compound.

TABLE III. Mole fractions of Component 2 of different
molecular structures in the coexisti.z N
phase vs. reduced T in binary wmixtures with
a backbone LCP.

Ml M2 M3
(non-LC LMW) (non-LC polymer) (LC 1MW)

T/(Ty.1h XaN XaN Xan
1.000 0.0000 0.0000 0.0000
0.999 0.0192 0.0009 0.0641
0.990 0.1638 0.0091 0.4093
0.970 0.3692 0.0274 0.6811
0.950 0.4928 0.0461 0.7855
0.925 0.5918 0.0700 0.850G8
0.900 0.6579 0.0944 0.8878

Since the N-I transition is a (weakly) first-order
transition (i.e., has small, but finite changes in density,
energy, enthalpy, entropy, etc.), there is a two-phase
region (i.e., a range of mole fraction X, of C2 in which
both phases (N and 1) coexist simultaneously). X2N and x21

are the mole fractions of C2 in the coexisting N and

/b
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phases, respectively, at a given reduced T given by
T/(TN-I)I' vhera (TN-I)I is the N-I transition T for pure
Cl. Due to space constraints, only Yoy is listed for each
aixture in Table III.

The calculations in Table III are for mixtures in
which the molecules interact with each other through only
steric (1.e., hard, or infinitely large) repulsions. That
is, all “yizk = J (see the preceding thaory section for
mixtures with backbone LCPas). P = 1371.8 atm. As is
well-known (Refs. 3 and 5-7), condensed phasas can only
exist at higher P and/or lower T in theories in which the
molecules interact only through hard-repulsive forces than
in theories in which the molecules also interact through

attractive forces.

The molecules are all sequances of connected ssgments,
with each segment being of unit dimansions. Results are
shown for a backbone LCP Cl with a repeat unit of 4 rigld
segnents and then 3 semiflexible segments; thus, r; = 4 and
f] - 3, Egl/k = 250 K. In all three mixtures in
Teble III, dp; = 100.

Also, Engk = 250 K for C2 in all three mnixtures in
Table III. In Mixtures ! and 2 (Ml and M2) in Table 11I,
the C2 repeat unit has 2 rigid segments and then 4
seniflexible segments; thus, ry = 2 and fz = 4 in Ml and
M2. dpp = 1 in M1, and dp; = 100 in M2. In M3 in
Table III, C2 has 4 rigid sogments and 2 seniflexible
segments; thus, ry = 4 and f2 = 2 in MY, dpy = 1 in M3.
Theae input variablas for C2 in M1l and M2 are consistent

{7/
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(Refs. 2 and 7) for a non-LC LMV alkyl chain and a non-LC
polymeric alkyl chain, respectively. These input variables
for C2 in M3 are consistent (Ref. 7) for a LMW LC.

Each of the three C2 compounds in Table III tends to
disrupt the orientational ordering of the backbone LCP,
thus lowering the Ty_; of the mixture. This result is
consistent with calculated and experimental results for LMW
LC systems (see Ref. 2).

Table III illustrates the effect of ths flexibility of
C2 on the binary mixture with a backbone LCP. As seen in
Table 111, a smaller mole fraction X, of the more flexible
C2, whether LMW or polymeric (see M1l and M2), is required
to achieve the same reduced transition T [l.e., T/(TN_I)IJ
of the backbone ICP Cl than is required with the more rigid
C2 (see Ml). That is, the more flexible (non-LC) C2 is
more effective than the more rigid (LC) C2 in disrupting
the orientational order of the backbona LCP Cl. (Even
though C2 in M3 is LC {itsolf, it is shorter and thus laess
ordered than the backbone LCP Cl and therefore tends to
distupt the orientational ordering of Cl somewhat.) It
makes senss physically that a more flexible C2 disrupts the
orientational order more than a more rigid C2, sirice a more
flexibla compound has lass tendsncy to orientatioually
order {tself than a more riglid compound.

Table III also {llustrates the effect of the degree of
polymerization of a non-LC C2 on the binary mixture with a
backbone LCP. As seen in Table III, a smaller mole
fraction X, of the non-LC polymer C2 in M2 than of the
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non-LC 1MW C2 in Ml is required to achieve the same reduced
transition T of the backbone LCP Cl. That is, the non-LC
polymer C2 is more effective than the non-LC LMW C2 in
disrupting the orientational order of the beckbone LCP Cl.
This result makes sense physically, since it is easier for
the long chains of the non-LC polymer C2 than the short
chains of the non-LC IMW C2 to disrupt the orientational
order of a backbone LCP Cl1.

As seun in Table III and later, the coexistence curves
for the mixtures of a backbone LCP Cl and a non-LC C2 (or a
less-ordered LC C2) are not straight lines in reduced-T
vs. X, phase space, but rather are curved in a somewhat
concave-downvard (i.e., concave toward lower-T) manner.
These curvatures are much more pronounced if one component
is a polymer and the other component is a LMW compound (as
is the case in Ml and M3 {in Table III). Thus, these
curvatures are more pronounced if there is a larger
difference between the lengths and shapes of the molecules.
That is, 1if C2 is of a vather different length and shape
tﬁnn Cl, the effect of adding more C2 is noticeaoly not
linear. This result makes sense physically: For example,
if (as in M1l and M3 in Table III) C2 is of a shorter length
than Cl, more C2 has to be added before the longer Cl
molecules are as effactively affected as in the case in .

which the molecules have more similar lengths.

We have chosen the example systems of Table III to
show that hard repulsions (specifically, the effects of the
steric packing of molecules of difforent lengths and
shapes) are sufficient to generate the curvatures of these
coexistence curves. Thus, attre:tive forces (including
dipolar forces) are not required Sor these curvatures.
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The theory of this paper appeers to be the first
theory to generate and explalin these curvatures,
harticularly for larger reduced-T. These curvatures are
“ geen experimentally (see, for example, Ref. 23).

It is worth noting, Ln passing, that the thecry of
this paper pradicts_that if the pure C2 orientationally -
orders more than the pure Cl, adding C2 to Cl will increase
the N-1I transition T f Cl, as has bean seen in Ref. 2 for
calculations with LM\ .ystems.

The theory of this paper can be used to perform
calculations at smaller reduced-T, where the width of the
two-phase region rapidly enlarges as T decreases in some
experimental systems. Since aarlier theories [such as that
of Flory (see Ref. 24)) have been adequate to account for
this eniargement of the two-phase region, we do not belabor
the poirt in this paper, but rather concentrate (as
discunsed above) on the results of the theory of this paper
at larger reduced-T.

Effect of Chemical Structure of the Backbone LCP

The effact of the chemical structure of a backbone LCP
[Component 1 (Cl)] in a binary mixture with a non-LC LMW
compound [Component 2 (C2)] is 1llustrated in this section.
Table IV shows theoretical results calculated for binary
aixtures of a non-LC LMW C2 with backbone LCPa of differenc
chenical structures at the nematic-to-isotropic (N-I)
transition. The backbone LCP Cl hag no dipole {n Mixture 1

(M1), but has relatively large dipnlar forces in Mixture 2
(M2).

Xon and X,; are the mols fractions of C2 in the
coexisting N and I phases, respectively, &t a-glven reduced
T given by T/(Ty_ 1)y, where (Ty ;); is the N-1 transition T
for pure Cl.

The calculations i{n Table IV are for mixtures in which
the molecules interact with each cther through thesa

site-site interactions: wsoft (finite-sized) repulsions and
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London disnersion attractions, as well as :xteric (’.e.,

hard, or infinitely large) repulsions. These interactions

are calculated using site-site Lennard-Jones (12,6)

potentials as explained in the preceding "Theory" section.

In addition, M2 also has site-site dipolar forces

(dipole/dipole and dipole/inducec dipole interactions).

P =1 atm.

TABLE 1V. Mole fractions of & non-LC LMW Cemponent 2 1in
the coexisting N and I phases vs. recuced T
in binary mixtures with a backbone LCP with
diffavent dipolar forces.

M1 M2

(nondipolar LCP) (dipelar LCP)

T/(Ty.111 XN Xo1 Xon Xa1
1.070 0.0000 0.0000 0.0000 € ©LOO
0.999 0.0329 0.0477 J.8542 0.9647
0.990 0.2482 0.3315% 0.8533 0.9652
0.975 0.4819 0.5937 0.8509 0.9665
0.950 0.5937  0.7059 0.8481 0.9677
0.925 0.6713 0.7801 0.8439 0.9691
0.900 0.7176 0.8237 0.8389 0.9704

From experimental data [Refs. 17(b)-21, fcr atoms or

small groups of atoms, the input variables (for

definitions, see Refs. 2 and 7 and the precuding theory

section for mixtures with backbone LCPs) for th> example
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mixtures of Table IV ware estimated (Ref. 13) after the
manner of Refs, 2 and 7 to be ry =4, f1 -3, dpl = 100,
Esl/k = 250 K, ‘clcl/k = 300 K, and ‘tltl/k = 150 K for Cl
in both mixturer. bp1 = 0 for Cl1l in Ml. In M2, Bp1 ~

5.2 D, ajy = 24x10'24 cma. and a,q = 2x10°2%4 cm3 for C2.
These variables are ~- -opriate for a backbone LCP Cl with
a repeat unit of |- CHZ-(CH2)3-]100 in both
mixtures, where dip~ srces of the order of those in the
rigid section [-0-¢-¢-C=N-] have aiso en added to the
rigid section of the repeat unit of the backbone LCP Cl in
M2. This particular acsignment of variables for Cl allows
us to isolate the effect of adding ?ongitudinal dipolar
forces to the backbonc LCP Ci in Table IV.

In both mixtures, rp = 2, f2 = 0, dp2 -1, EgZ/k -
250 K, (czcz/k - (tztz/k - 150 K, “D - 0, and 062 - acz -
2x10'2“ cm® for C2. These variables are appropriate for a
non-LC LMW C2 with a chemical structure of CH3-CH3.

As in Table III, the non-LC LMW C2 tends to disrupt
the orientational ordering of the backhone LCP in each
mixture in Table IV, thus lowering the Tyn.1 of each

mixturae.

Tabla. IV {llustzatesa the effect of the loagitudinal
dipolar forces in a backbone LCP Cl uvn the binary mixture
with a non-LC IMW C2. As seen in Table IV, g smaller mole
frection X, of this C2 is required to achieve the same
reduced transition T ({.e., T/(TN-I)IJ of the backbone LCP
Cl if Cl1 has no dipolar forces (see Ml) than if Cl has
dipolar forces (ses M2). That is, more of a non-LC IMW
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C2 is required to disrupt the orientational order of the
backbone LCP Cl if Cl has a longitudiunal dipole in the
repeat unit than if Cl has no dipolar forces. This result
makes sense physically, since a longitudinal dipole in the
rigid section of the repeat unit of a backbone LCP can pull
the rigid sections closer together and therefore orient
these rigid sections more, thus making it more difficulc
for a non-LC LMW C2 to disrupt the orientational ordering
of the backbone LCP molecules.

CONCLUDINC REMARKS

This paper has presented a sumary of some results
(especially general trends) cal-ulated using new theories
for backbone LCPs, for side-chain LCPs, and for mixtures
with backbone LCPs. (These theories for LCPs aras
extensions and refinements of earlier, very successful
theories applied to IMW ICs.)

These new LCP theories predict and explain
thermodyanamic and molecular ordering properties of these
systems as a function of the different featuras of the
molecule chemical structures and their packing. There are
no ad hoc or arbitraily adjustable parameters in these
theories. To ewphasize the predictive ability of these LCP
theories, the molcule chemicil structures chosen for study
in this paper have not yet (to the author’s knowledge) been
synthesized.

While constraints on the summary nature of chis paper
prohibit an exhaustive comparison of results’ calculated
from the LCP theories of this paper ard experimental
results, we do note that the trends calculated for LCPs in
this paper are physically reasonable and are in agreement
wvith available experimental data. Furthermore, a
comparison nf the magnitudes of various thermodynamic and
molecular ordering properties calculated for the LCP
systems of this paper with the magnitudes of these
properties for existing LCP rystems indicates that the
calculated results in this paper can be expected to be
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rather accurate qualitatively and seriquantitatively (and
in some cases, also probably quantitatively). (See

Refs. 11-13 for a more detalled comparison of some results
for existing LCP systems calculated using the LCP theories
of this papec with experimental results for these systems.)

The theories for LCPs in this paper have also been
extanded (Refs 25) to-study cembimed LOPs. » [For experi- =
mental examples of combined LCPs, see Ref. 26 and
references therein.] The theories of this paper are in the
process of being extended to treat mixtures with side-chain
and combined LCPs.

These theories of this paper have been used tc design
(atom-by-atom, bond-by-bond) new LCPs and new solvents for
LCPs (Ref. 27).
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