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Brownian 

This paper presents a summary of unique highly nonlinear static and dynamic 
theories for chain molecules (actually, for almost any kind of organic molecule), 
including the first superstrong polymers. These theories have been used to 
predict and explain (I) the physical self-assembly (self-ordering) of specific kinds 
of molecules into liquid crystalline (LC) phases (i.e., partially ordered phases) 
and (2) the diffusion of these molecules in various LC phases and the isotropic 
(/) liquid phase. 
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1. I N T R O D U C T I O N  

This paper presents short summaries of highly nonlinear static and 
dynamic theories for complex organic molecules, including polymers. The 
dynamic theory uses forces and energies calculated from the static theory. 

The dynamic theory is used to calculate diffusion from Brownian 
motion for nonpolymeric and polymeric molecules in pure states and in 
mixtures in the isotropic (1) liquid phase and in various liquid crystalline 
(LC) phases. The dynamic theory is also used to predict and explain 
diffusion from Brownian motion for superstrong liquid crystalline polymers 
(SS LCPs). 

There is partial orientational ordering of the long axes of the 
molecules parallel to a preferred axis in the nematic (N) LC phase. In a 
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smectic A (SA) LC phase, there is partial orientational ordering and partial 
one-dimensional (ID) positional ordering of the centers of mass of the 
molecules along the preferred axis, thus forming layered structures. 

Polymer molecules are so long that they typically solidify too fast to 
order completely into the 3D crystalline state in sample sizes large enough 
for practical applications. The molecular ordering (and thus, strength) of a 
solid polymer can be significantly increased by solidifying the polymer from 
a LC phase. Backbone liquid crystalline polymers (LCPs) are polymers 
whose backbones have LC ordering; backbone LCP molecules have no 
side chains attached to the backbones. Strong polymers such as DuPont's 
Kevlar are solidified backbone LCPs and are used as stronger, lighter- 
weight replacements for metals, ceramics, and other materials in various 
structural applications, such as auto and airplane parts, armor, building 
materials, etc. Side-chain LCPs are polymers with relatively short non- 
polymeric side chains attached to the backbones, where the side chains 
have LC ordering. Combined LCPs are polymers whose backbones and 
side chains both have LC ordering. 

Superstrong (SS) polymers ~ ~ are specially designed combined L('Ps 
in which the side chains of one molecule are designed to physically 
interdigitate (pack between) the side chains of neighboring molecules, thus 
leading to molecular self-reinforcement and enhanced mechanical proper- 
ties (tensile strength, tensile modulus, and especially compressive strength) 
compared to backbone LCPs. 

2. S U M M A R Y  OF THEORIES 

The theories in this paper are first-principles statistical physics 
theories. There are no ad hoc or arbitrarily adjustable parameters in the 
static theory or in the dynamic theory. 

2.1. Summary  of Stat ic  Theory 

Since the static theory is derived and presented in detail in refs. ~ and 
5-14, we present only a very short summary of the theory in this paper. 

The static thermodynamic and molecular ordering properties of a 
system of molecules can be calculated using the configurationai partition 
function Q,. of the system. To derive Q,., the static theory ~'s ~4~ takes the 
continuum shape of a molecule; decomposes the shape into its x, y, and z 
components and maps these components onto a simple cubic lattice in a 
manner somewhat analogous to normal coordinate analysis in molecular 
spectroscopy; uses analytic lattice combinatorial statistics with a localized 
mean field approximation to calculate the packing and interactions of a 
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test molecule with all the other molecules in the system; and then takes 
various continuum limits. The lattice is used for mathematical tractability. 
The generalized lattice statistics used in the theory have been found to be 
very accurate (deviations less than 1%) compared ~ with Monte Carlo 
computer simulations in limiting cases presently amenable to such simula- 
tions. While conceptually simple, Qc is algebraically very long and 
complex, since it contains so many details of the molecule chemical 
structures. Due to its extreme length, Qc is not reproduced here; and the 
interested reader is referred to refs. 1 and 5-14 and references therein. 

The change is made from a constant-volume V formulation to a 
constant-pressure P formulation. The pertinent variables in the partition 
function are then P, temperature T, system composition (i.e., mole fraction 
of each component present), and details of the molecule chemical structures 
[including bond lengths and angles, net energy differences Eg between trans 
and gauche intrachain rotational states, hydrogen bonds, dipole moments, 
bond polarizabilities, site-site Lennard-Jones (12, 6) potentials, degree of 
polymerization dp], and orientational and positional orderings of the dif- 
ferent parts of the molecules. The molecular sites correspond to atoms or 
small groups of atoms, such as a benzene ring, a methylene group, an ester 
group, etc. Each interaction in the theory here depends explicitly on the 
intramolecular and intermolecular orientational and positional ordering of 
the specific molecular sites involved in the interaction. From the partition 
function, the PVT equation of state is then derived thermodynamically, as 
well as equations that minimize the Gibbs free energy of the system with 
respect to the average independent orientational and positional order 
variables of the different parts of the molecules. 

There are no ad hoc or arbitrarily adjustable parameters in the theory. 
All variables used in the theory are taken from experimental data (such as 
bond lengths, bond angles, dipole moments, etc.) for atoms or small group~ 
of atoms (such as benzene rings, methylene groups, etc.) or are calculated 
self-consistently using the theory. 

The theory ll.s,7 ~3) has predicted, reproduced, and explained 
experimental trends in thermodynamic and molecular ordering properties 
such as phase transition temperatures, phase stabilities of N and multiple 
SA LC phases and of the I liquid phase, orientational order P2, parallel 
and perpendicular radii of gyration, volumes, and odd-even effects for 
various backbone LCPs, side-chain LCPs, nonpolymeric LC materials, 
non-LC polymers, and mixtures of these materials as a function of T, P, 
system composition, and molecule chemical structure. Odd-even effects are 
alternations in the magnitudes of various thermodynamic and molecular 
ordering properties as the number of carbon atoms in an n-alkyl chain 
varies from odd to even. 
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The theory has given ~'5'7 9~ very good quantitative predic t ive  and 
reproductive agreement (relative deviations between 0% and less than 
about 6.4 %) with available experimental data for these properties. These 
above comparisons were performed for various backbone LCPs (such as 
Kevlar-type LCPs and polyesters), various side-chain LCPs (such as 
polymethacrylates and polymethylsiloxanes), and nonpolymeric LC 
materials [(such as p-azoxyanisole (PAA)]. 

This static theory is unique in relating all the above properties to T, 
P, and specific molecule chemical structures. 

2.2. Dynamic Theory 

Here is summarized a recent new dynamic theory ~ ~ for Brownian 
motion and diffusion for almost any organic polymeric or nonpolymeric 
molecule in the isotropic (I) liquid phase and in various LC phases. The 
diffusion of the molecules constitutes a lower limit (i.e., slowest rate) for the 
speed at which a material can be processed. 

Earlier theoretical treatments (see, for example, reviews in refs. 16 and 
17) of diffusion and other dynamic properties have treated simple 
generalized systems such as the case of dumbbells ~6~ in a generalized field 
or the case of generalized chains repeating ~71 in a tube representing a 
generalized field. 

In contrast, the new theory here is the first theory to calculate 
diffusion coefficients as a function of the specif ic  molecule chemical 
structures, T, and P. 

The basic idea of this new dynamic theory is to use the site-site inter- 
molecular energies and forces from the static theory summarized earlier to 
calculate friction coefficients, etc., for analytic Brownian motion calcula- 
tions for the molecules. From refs. 18 and 19, the aperiodic case of 
Brownian motion of a harmonically-bound particle is given by 

x~ = H~ + (X~o - H~ )[ 1 + (H2/2)] 2 exp( - H2) (1) 

where 

H, = k ,  T/(m~o~) (2) 

H2 = flt (3) 

= f b l m  b (4)  

where t is the time, Xb is the average position at time t, Xbo is the position 
at time t = 0, m b is the mass of the particle, COb is the frequency of the 
particle (in 2n), fb is the friction coefficient, and k B is the Bottzmann 
constant. 
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In the theory here, mh is assigned to be the mass of the entire 
molecule, and ~h to be the average frequency of the largest rigid vibrating 
parts in the molecule. The rationale for these assignments is as follows: 
Focus on the largest rigid vibrating parts of the molecules, since these are 
the parts of the molecules that will be moving the slowest and thus will 
most limit the degree of motion and the rate of diffusion. The largest rigid 
vibrating parts undergo random vibrations with respect to other parts of 
the molecule; these vibrations are somewhat decoupled from each other by 
semiflexible bonds in the molecule. However, the largest rigid vibrating 
parts must drag the mass of the entire molecule with them. There is one 
largest rigid vibrating part of each k-type packing, where k = 1 refers to the 
packing of the backbones of molecules, while k = 2 and k = 3 refer to the 
packing of the side chains of molecules. For more discussion of these k 
designations, see the static theory in refs. 1 and 5-9. The friction coefficient 
,fh is given by 

fi ,  = F J v h  (5) 

where Fh is the average intermolecular force acting on the largest rigid 
vibrating parts, and vh is the average velocity of the largest rigid vibrating 
parts. The velocity vh is calculated by equating the kinetic energy of the 
molecule to the potential energy U of the largest rigid vibrating parts: 

mt, v~/2 = U (6} 

U =  (7) 
~mk 

Fh = (8) 
~,mk 

and ~k ~.,.:k is the sum of all site-site intermolecular potential energies for 
the largest rigid vibrating parts in all the k-type packings. 

The mk represent the number of molecular segments in a backbone 
repeat unit for k = 1 and in a side chain for k = 2 or 3. Also, mv~k is the 
intermolecular interaction energy between a segment y and a segment 
involved in k-type packing. Each ~Oyzk includes explicit (1) Lennard-Jones 
(12, 6) potentials for repulsive interactions and London dispersion (van der 
Waals) attractive interactions, (2) dipole/dipole interactions, (3) dipole/ 
induced dipole interactions, and (4) hydrogen bonding, ak is the average 
separation distance between first-neighbor intermolecular segments 

where 
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involved in k-type packing, tOy:k, ak, and mk are calculated in the static 
theory (see refs. 1 and 5-9). 

Note that U and F h are calculated from the intermolecular potential 
energies OOyzk and separation distances ak, which are calculated in the static 
theory for the phase of lowest free energy as a function of T, P, system 
composition, and molecule chemical structures. Thus, U and Fh are 
determined by the details of the molecule chemical structures and the 
orientational and positional ordering of the molecules. Also, 

o9~xh = Ft,/mb (9) 

from the harmonic oscillator equation. It should be noted that the forces 
and energies are calculated in the static theory from anharmonic potentials; 
thus, these forces and energies introduce anharmonicity into Eq. (I). 

Equation (1) is then solved for x~,. Let t,, be the smallest value of the 
time t at which the value of Xh has increased to its maximum value xj,,,, 
within the precision desired for ta and thus for the diffusion coefficient 
calculated later from t,,. Thus, t,, is the minimum time required to reach the 
maximum displacement xt,,,, within the precision desired for ta. One can 
calculate xb,, from Eqs. (!) and (9) by setting t = ~ .  Specifically, from Eqs. 
(1) and (9), 

k B T  
xz,, = HI rnhaJ~ for t = ~z~ (10) 

and 

xh,=-kBT/Fh for t=w~ / I l l  

However, Eqs. (10) and (11) do not contain t as a variable and thus cannot 
be used to calculate t,  directly. In practice, ta is determined by increasing 
t until xh--* xh~ and thus any further increase in t does not increase the 
value of xh, within the precision desired for tu. The time t is increased using 
as an increment the degree of precision desired in t,. In this paper as in 
refs. 6-8, to was calculated to the nearest third significant figure, since three 
significant figures constituted the largest number of significant figures in the 
available experimental data for diffusion coefficients referenced in this 
paper and in earlier papers ~6-8) using this theory. The macroscopic diffusion 
coefficient Db is given by 

Do = X~a/ta (12) 

2.3. Agreement of Dynamic Theory with Experiment 

This dynamic theory reproduces the experimental trends in diffusion 
coefficients for polymeric and nonpolymeric molecules in the pure state or 
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Table I. Theoretical and Experimental Values of the Diffusion Coefficient Db0 
of the Non-LC Backbone Polymer Polyisoprene at Infinite Dilution in Hexane 

at Different Molecular Weights of the Polymer at T=  293 K ~ 

Dh0 ( • 10-Tcm2sec -1) 
Molecular weight 

( • 104) Theoretical Experimental 

27 2.93 3 
166 1.13 1.01 

"The phase is the I liquid phase. The experimental data are from ref. 20. 

in binary mixtures as a function of T, P, and molecule chemical structure. 
This theory also gives good quantitative agreement with available 
experimental data for these properties. For example, Table I shows the 
good agreement t6 s~ between the results from this theory and the 
experimental results t2~ for the diffusion coefficient of the non-LC backbone 
polymer polyisoprene at different molecular weights at infinite dilution in 
hexane [ C H 3 - ( C H 2 ) n - C H 3 ]  in the I liquid phase at T =  293 K. Also, for 
example, Table !I shows the good agreement 16 sl between the results from 
this theory and the experimental results ~21~ for the self-diffusion coefficient 
for the nonpolymeric LC material PAA in the N LC phase at T =  400 K. 
For the PAA molecule, the largest rigid vibrating part is O - ~ b - ( N O ) =  
N - q ~ - O ,  where ff is a para-bonded phenyl group. This largest rigid 
vibrating part is used in the theory to calculate Dh. In the above calcula- 
tions, P =  l atm. See Fig. 1 for the molecule chemical structures of 
polyisoprene and PAA. Note also that there is some uncertainty in the 
experimental diffusion coefficients. 

Table II. Theoretical and Experimental Values of the Self-Diffusion 
Coefficient D b for the Nonpolymeric LC Material PAA in the N LC Phase at 

T=400  K" 

D/,(• 0 ~cm2sec I) 
T 

(K) Theoretical Experimental 

400 3.47 
I I I I  I I 

"The experimental data are from ref. 21. 

~3.4 
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Fig. 1. Molecule chemical structures of the theoretically-designed candidate SS LCPs 
h-Kev.I/s-PBT-O, b-Kev.l/s-Kev-I[NH], and b-polest-I/s.polest-2; of the non-LC polymer 
polyisoprene; and of the nonpolymeric LC PAA. 

3. P R E D I C T I O N S  FOR D I F F U S I O N  OF C A N D I D A T E  SS LCP 
M O L E C U L E S  

In earlier papers, I1 8~ the static theory was used to predict and design 
(atom by atom, bond by bond) the first candidate SS LCPs and to predict 
many of their static properties. SS LCPs are combined LCPs designed such 
that the state of lowest free energy is the state in which the side chains of 
one molecule physically interdigitate with the side chains of neighboring 
molecules, as shown in Fig. 2a, The interdigitation of the side chains keeps 
the molecules from being pushed past each other or peeled apart and is 
thus the origin of the good compressive strength. Since the molecules are 
not chemically cross-linked, these SS LCPs are designed to be easy to 
process and reprocess. Some SS LCPs have been designed (I 87 with side 
chains that pack on alternating sides of the backbones (see Fig. 2a-2c), and 
some SS LCPs (such as those discussed later in the paper) have been 
designed with side chains that pack on one side of the backbone (see 
Fig. 2d). 
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Fig. 2. Schematic illustrations: The solid lines represent the long axes of the side chains and 
the backbones of the SS LCP molecules, where these side chains and backbones can have 
both rigid and semiflexible sections; the continuation of the backbones is indicated by the 
small arrows. (a) Packing of SS LCPs in planes (denoted with dotted lines); the diffusion of 
a molecule in a plane between the planes of other molecules is indicated by the bold arrows. 
(b, c) Small defects in the packing of the SS LCP molecules generate effective long-range 3D 
LC ordering; the bold arrows and bold molecular parts indicate packing in the third dimen- 
sion. (d) Spacing distance x,t (along the backbone) between interdigitated side chains of SS 
LCP molecules. 

Research on the chemical synthesis of several of these theoretically- 
designed SS LCPs is in progress at multiple research institutions. 

The static theory predicts ~t 81 that the backbones and side chains of SS 
LCPs tend to physically pack in planes, such that backbones tend to 
orientationally order with other backbones in the same plane, and similarly 
for side chains. There is thus N LC ordering of the backbones in a plane 
and also local interdigitated SA LC ordering of side chains in a plane. 
There is also orientational ordering (alignment) of planes, such that 
backbones in one plane orientationally align with backbones in other 
planes, and similarly for side chains. There is thus N LC ordering of the 
planes in three dimensions (3D). At finite temperatures, small, naturally 
occurring defects in the packing of the molecules lead to an effective long- 
range 3D LC orientational and positional ordering of the molecules and 
thus to effective long-range 3D strength in the system (see Figs. 2b and 2c.) 
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Table II1. Theoretical Values of the Side-Chain P2 and the D b of SS LCPs 
That are Scaled Versions of b-polest-1/s-polest-2 at dp = 100 and T = 4 0 0  K 

ra x,t Side-Chain P2 Dh 
(~) (• 6cm2~c ~) 

1.000 5.32 0.886 2.56 
0.846 4.50 0.980 0.14 

I I I I ii i 

In the following results, the calculated values of various properties are 
those values for the SS LCPs in the limit of removal of the least drop of 
solvent just before forming a polymer solid (glass) at the indicated T and 
at P = 1 arm. 

3 .1 .  O p p o s i n g  T r e n d s  in S t r e n g t h  vs.  P r o c e s s a b i l i t y  L i m i t s  f o r  

S S  L C P s  

Table III shows how the side-chain orientational order variable P2 and 
diffusion coefficient Dh of the theoretically-designed candidate SS LCP 
h-polest-1/s-polest-2 (see Fig. 1) varies ~6 8) as the interdigited side-chain 
spacing distance x a (see Fig. 2d) is varied along the backbone of the SS 
LCP. P2 is calculated using the static theory, and Dh using the dynamic 
theory (with input from the static theory), 

P2= (3 cos z 0 , -  1)/2 (t3~ 

where 0, is the angle between the long axis of the side chain and the 
preferred axis of orientation for the side-chain long axis. One has 
0 ~< P2 ~< I; P2 = 0  indicates no order; P2 = 1 indicates full orientational 
order. 

To isolate the effect of verying xa in Table III from the effects of 
different molecule chemical structures, we start with the SS LCP structure 

Table IV. Theoretical Values of D b vs. T for the SS LCP b-Kev-l[s-PBT-O 
at dp= lO00 

I I  1==~ 

Superstrong LCP T Dr 
(K) (• 10-Tcrn2sec n) 

b-Kev-1/s-PBT-O 300 2.86 
600 10.! 

I I I i 
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Table V. Theoretical Values of D b vs. Side-Chain Length for SS LCPs at 
d p = l O 0 0  and T=600  K 

Superstrong LCP Side-chain length D b 
(,&) ( x 10 -7 cm 2 sec -1) 

b-Kev-I/s-PBT-O 14.89 10.1 
b-Key-l/s-Key- 1 [NH ] 20.74 4.82 

h-polest-1/s-polest-2 with dp= 100 at T = 4 0 0 K  and P =  l atm. Then, we 
scale the length of the repeat unit along the backbone, all intermolecular 
interactions, etc., of b-polest-l/s-polest-2 by the ratio r a of a new inter- 
digitated side-chain separation distance xa, to the original interdigitated 
side-chain separation distance xa~. 

Recall that diffusion constitutes the lower limit (ioe., slowest rate of 
molecular rearrangement) for processability. As xa decreases in Table III, 
the side-chain P2 (and thus, the compressive strength) increases, but the 
diffusion coefficient Dh decreases, that is, the SS LCP molecules are slower 
to rearrange and thus the SS LCP is harder to process. Thus, as xa varies, 
there are opposing trends in (1) side-chain ordering (thus, compressive 
strength) and (2) diffusion coefficient (thus, ease of molecular rearrange- 
ment for processing). That is, the compressive strength is increased at 
the expense of the ease of molecular rearrangement needed for processing. 
The theoretically-designed candidate SS LCPs in this paper and earlier 
papers ~j ~ have been designed to optimize the conflicting trends in these 
two goals. 

3 .2 .  O t h e r  T r e n d s  in D i f f u s i o n  C o e f f i c i e n t s  f o r  S S  L C P s  

Tables IV-V! show the theoretical calculations for the diffusion 
coefficient Dh as a function of T, side-chain length, and dp for two other 

Table VI. Theoretical Values of Db vs. dp for the SS LCP 
b-Kev-1/s-Kav- l [NH] at T--600 K 

i i 

Superstrong LCP dp Dh 
(xlO 7cmasec I) 

h-Kev-I/s-Kev-I [NH] 10 50.5 
t00 16.2 

I000 4.82 
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theoretical ly-designed candidate  SS LCPs,  b - K e v - l / s - K e v - l [ N H ]  and 
b - K e v - 1 / s - P B T - O  (see Fig. 1). 

As expected, the diffusion of SS LCPs  is faster at higher T, as shown 
in Table  IV. 

As expected, the diffusion of SS LCPs  is faster for shorter  side chains, 
as shown in Table  V. 

As expected, the diffusion of SS LCPs  is faster at smaller dp, as shown 
in Table  VI. Tha t  is, the SS L C P  with the shorter  backbone  diffuses faster. 

Note  that  a l though there is considerable variat ion in the magni tudes  
of the diffusion coefficients for the SS LCPs  in Tables  Ill  V I ,  the diffusion 
coefficients for these SS LCPs  are reasonable  compared  with the diffusion 
coefficients for existing nonpolymer ic  LC molecules and non-LC polymeric  
molecules (see, for example,  Tables I and II). 

The  calculat ions {6 sl with this dynamic  theory also predict that  a SS 
L C P  molecule diffuses faster when it diffuses in a plane between (and 
parallel to)  the planes of the other  molecules, as indicated in Fig. 2a. 
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