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THEORETICAL PREDICTIONS FOR SIDE-CHAIN LIQUID-CRYSTAL POLYMERS
AND COMPARISON TG EXPERIMENT

F. DOWELL

Theoretical Divison, Los Alamos National Laboratory, University of
California, Los Alamos, NM 87545

ABSTRACT

This paper presents results from a new unique microscopic molecular
theory for side-chain liquid-crystalline polymers (LCPs) in the nematic (N)
and multiple smectic-A (SA) LC phases and the isotropic (I) liquid phase.
There are no ad hoc or arbitrarily adjustable parameters in this theory.
The agreement between the theoretical and experimental values for various
properties (including transition temperatures and quadratic chaiacteristic
radil) is very good (relative deviations betweeun 0% and less chan 6.2%).
The theoretical results also show--for the first time--thac the N and I
phases for these LCPs involve the packing of plate-like sections of
backbones and side chains and that the local bilayer SA phase involves
packing of side-chains within a plate-like section. This type of pa:king
is predicted to be typical for side-chain ICPs. This theory can
predict--for the first time--whether the side chains of a molecule pack on
the same or alternating opposite sides of the backhone and whether side
chains on different molecules interdigitate (overlap) with each other.

INTRODUCTION

Uses of side-chain ILCPs include electro-optic devices.
The side-chain ICPs studied in this paper have the 1ollowing molecule
chemical structures, where dp is the degree of polymerization:
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where R is -OChH9, -OCH3, or -CN,
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Mie to length restifetions on thiy paper, the summmry of the theory



used in this paper and the cquations of this theory are given in the
companion paper(l] by this author in this same Proceedings volume.

Variables for the equations of this theourv:

Terms not defined in this paper have been previously defined in the
companion paper(l] by this author in this same Proceedings volume.

In addition to dp, the input variables for the molecule chemical
structures in this theory are the following: p, is the average density of
the system (average fraction of lattice sites occupied by molecular
segments) for k-type packing; 0 < p < 1. v, Is the volume of ore luttice
site (i.e., hard-repulsive volume of one molecular segment) for k-type
packing. r; and f; are the number of rigid segments and semiflexinle
segments, respectively, in one repeat unit in the backbone of a mnlecule.
ry = ry and f, = f4 are the number of rigid segments and semiflerible
segments, respectively, In each side chain of the molecule. Eg is (he
energy of a gauchc rotational state (relative to the trans state) of a
carbon-carbon bond ketween methylene groups in n-alkyl chains.

Py .k 1s the average orientational order of :the rigid sections of the
molecule involved in k-type packing and is given by Py = (3 (:()s"?ak
1))/2, where 6 1s the angle between the long axis of the rigid scction and
the preferred axis of orientacion for the rigid section; 0 < Py < 1. XA,
fs the average fraction of one-dimensional positional alignment ot the
centers of mass of the molecule parts whose rigld-section long ixes are
orlented parallel to the preferred axis for orientation of the ripid
sections In k-type packing; 0 < Ay s 1. O Is thus a reduced ratfo
between the average layer thickness and the averapge effective molecule part
lenpgth Involved in positional ordering at a piven 0 fn a SA phase.) |

a  bs the average separation distance between sepment centers at the
zoero of energy o the Lennard-Jones (17,6) paly potentlial [ar any rwo
seyments In different molecules, el and Copg e the absolate raiues of
the minfmam of enerpgy bhetween two "core® sepments and hetween two "taf 1
sepments, respectfvely, In the Lennard JJones (L) potential for backbones,
"Tall" veters to the semftlexitle sepments and the tvo end vipld sepment s
In a repeat unlt, and "core” 1efers to the other abptd sepments {noa repeat
anfe ey = tee ) and el T gy me the abxolnate vialues of the minfman
of enerpy hetween two "core” sepment s and hetween two “tall” cepment s,
respectlveiy, dIn the LT potential tor sfde chadns,

am and Hppy T Mppy e the net longftadioal dipole moments for the

tepeat andt for the backhone and for cach side chabn, despectively RN



(where i = 1,2,...) and Bpp2i = Hp13i (where 1 = 1,2,...) are the
individual tra.sverse dipole moments for the repeat unit of the backbone
and for each side chain, respectively. a.; and a.; are the average
polarizabil‘ties for a core segment and a tail segment, respectively, in a
repeat uni: of the backborne. a., = a.3 and a, ) =~ a,q are the averege
polarizabilities for a core segment and a tail segment, respectively, in
each side chain.

a, Lk 1s the average separation distance bhetween segment centers at the
zero of energy in the pair potential for hydrogen bonding between any two
segments in diffeient molecules involved In k-type packing. [Here, we use
all (12,6) potential, which 1s different from the LJ potentials used above

for London dispersion forces.] ¢ 1 is the absolute value of the minimum

cch
of energy for hydrogen bonding between two "core” segments in the

backbones. €cch? and ¢ 3 are the absolute values of the minimum of

cch
energy for hydrogen bonding between two "core" segments in the side chains
for 2-type packing and 3-type packing, respectively.

Values of v and f) are calculated by summing up the lengths of the
rigid and semiflexible sections using average bond lengths (for example,
C=N) from experimental data|2] and using average bond angles (for example,
120° for angles involving an spz-bonded carbon) and then dividing by the
length of one segment (here, one methylene segment). Here for an example
side-chain LCP PMA-0GC,Hq, the length of one methylene segment is nlso the
same as a, = 1.27 A, the separation distance(3] between adjacent carbons in
the all-trans conformation of a n-alkyl chain.

For PMA-OChuq, for 0 and Hll' r - 2 and fl - 0 (since we want to
look at the orlentational ordering of the hond between the two segments in
the backbone repeat unit). For a’, ry - 1 and l'l = 1, since the two
sepment s In the backbone repeat unit are semiflexible methylene units, )
= ry = 12.7 und t), - I-) - 12. Hg/kB = 725G K from experimental data tor
n-alkyl chains. [4]  (ky Is the Boltzmann constant.) a - 4 A, an
approximate averape value apgpropriate tor methane or benzene molecules, [ 9]
which are reasonable approximations fo, the chemical species (o typleal LG
moleeules,

Values for ¢ for LI (12,6) potenttals for different chemical prouaps
(such as benzene aings and methylene proups) are taken or estfmated from
cxperimental data In Ref . 9% Values of ek and ok e then caleulated
hy summing, vp these o and dividing by the number of sepments fnvolved,  For
PMA OC, Hy ook = o by = 120 K0 e Lk = oy - T EL
TP A TN VA S R LS

Yalues of Pk ki o =-1,2,...), LIS and e taken o



estimated from experimental bond and group dipole momencts[6(a),7] and
polarizabilities. [6(b)] Dk is calculated by summing up the longitudinal
bond and group dipole moments. a., and a, are calcuiated by summing up
the polarizabilities for the different bonds and dividing by the number of
segments involvgd. For PMA-OC,Hq, Bp|l = Mpili ~ 0 (with i = 1,2,...).
For k = 2 and E- 3, Bplk ~ 0 and Bpikl = BDLKk2 ~ 2.5D. a, ] = a -
13x10°2% em. a_p = a3 = 75%x10°2% cn3, and a,y - apy = 18x1072> emd.
There is no hydrogen bonding in PMA-OG,Hg. For molecules that do have
hydrogen bonding, €.., can be calculated by summing up all of the ¢, for
all the hydrogen bonds (in the rigid section) in the molecule part with
k-type packing and dividing by the number of segments involved in rhe rigid
section of the molecule part. a_,, can be calculated by taking an average
of the a,, for all the hydrogen bonds (in the rigid sectior) in the
molecule part with k-type packing. Values for ¢, and a*h - aah/Zl/6 can be

taken or estimated from experimental data in, for example, Ref. 8.

COMPAR1ISON OF THEORY WITH EXPERIMENT

Tables I and II compare theoretical results of thils paper with
experimental results{9-12] for Typ and TgN: where Ty; and Tgy are phase
transition temperatures involving the N and smectic (S) LC phases and the ]
liquid phase. The relative deviations between the theoretical results and

the experimental results in Table I and Il are less than 6.2% and 5.8%,
respectively.

TABLE I. Theoretical and experimental Ty; in K at P = 1 atm.

molecule dp theor. Tyy exper. Tyj exper. ref.
PMA-0C, 1,y 654 376 381, 188 9, 10
PMA - OCH4y /1617 394 18} 11
PMA-CN 36 3180 141 12
PMS -0CH 80 K00 Y7 11
TARLE 11.  Theoretical and experimental Tgy In K at =1 atm,

malecule - dp theor. Ty exper. Toy exper . rel
PMA OC, 1L, % 1649 16nh, 83 9, 10
PMA €N R o 36N 127

I'M5 ()(:ll, 80 160/ Yo ! 11

The theoretfeal calealatfong show, ftor the tivst time, that the N oand
I phases for these LGPy fnvolve the packing of plate ke sections of



backbones and side chains. See Fig. 1l(b). The theoretical results also
show, for the first time, that the particular S phase for these LCPs is a
local smectic-A2 (SA2) phase which involves the packing of side chains
within a plate-like section. See Fig. 1(a). This SA2 pnase is a bilayer
smectic phase where the side chains of a molecule pack on opposi:e
(alternating) sides of the backbone and do not interdigitate with side
chains on other molecules. These theoretical results are consistent with
the experimental data (see especially, Ref. 12).

FIGURE 1. Schematic diagram W
fllustrating (a) the tendency

of the backbones and side
chains to pack in a plane;
and (b) the orientational
alignment of these planes,
such that the backbones in
one plane align with
backbones in other planes and
similarly for side chains.
(The arrows indicate the
continuation of the -
backbones.) -a) (b)
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Tables IT[ and IV compare theoretical results of this paper with
experimenr2i (neutron scattering) values[ll] for the the (uadratic
characteristic perpendicular radii Rl (describlng the conformation of the
backbone) and R{ (describing the conformation of the side chains) when the
long axes of the side chains are aligned (oriented) parallel to an applied
magne:ic fleld in the N LC phase. Table III presents the change in R| as a
function of varying dp. 1In Table III, the physically reasonable assumption
has heen made that the length of the terminal n-alkyl grcup in the sicde
chains of the PMA-O-alkyl molecules does not significantly affect the
conformations of the backbone. In Table III, the vheoretical results are
the same as the experimental results.

TABLE 11T1. Theoretical and experimental ARL/ACp |[!.e., change ir KL (In A)
vs, change in dp] in the N LC phase at P = | atm.

molecule dp theor. sXper. exper. ret.
PMA-0-alkyl 654, /67 0.2 0.2 11

PMS - OCH 315, 80 0.2 0.7 11
TABLE 1V, Theoret{cal and experimental RI and R| (both In A) in the N

LC phase av P = | atm.

molecule dp R theor. R oxper. R exper. ref.
P'MA N 36 R 201 6.0 11

PMS OCH 15 R 15 1" 11

Table IV presents compmi {soas of R and R The relative deviations

betveen the theory and experimen: in Table 1V a1e 2% or less,



In the theory of this paper, RL and R| are calculated from the actual
calculated lengths (along the long axes) of the backbones and side chains,
respectively, of the side-chain LCPs; the calculated separation distances
between the ends of the bsckbonei and the side chains, respectively; and
the well-known relation L® = 12R“ (see, for example, Ref. 13), where L is
the actual length (along the lcng axis) of the molecule part and R is the
radius of the molecule part. We should note that for backbones and side
chains wich semiflexible sections (as is the case in the side-chain LC?s in
Tables III and IV) the actual calculated lengths are shorter--in LC phases
and in the I phase--than the fully extended (all-trans) lengths.
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