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Acceleration of the Polymerization of Rodlike Molecules by Flow
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Abstract: Polymerization of rigid rodlike molecules with reactive end groups (e.g., pgikénylene
terephthalamide)) requires near parallel orientation of the molecules. The reaction becomes diffusion-limited
as the rotational diffusivity of the reacting molecules decreases to low values in the later stages of the reaction,
and this ultimately limits the molecular weight of the polymers formed. Here a theoretical study of the step-
growth reaction between rodlike molecules in a solution under extensional flow is carried out. A model for the
process is developed using the Smoluchowski approach which yields the effective reaction rate constant for
the process in terms of the system parameters. The rate of reaction increases with extensional rate because of
flow-induced orientation of molecules, and for sufficiently high extensional rates, the rate constant becomes
higher than the intrinsic value. This is an instance where flow has a catalyst-like effect on the reaction. The
results indicate that flow can be a useful tool for accelerating reactions and thus improving yield and selectivity
for orientation-dependent reactions between large anisotropic molecules.

Introduction orientation of molecules along streamlines. Similar results were
obtained by Jo et &l for solution polymerization of rodlike
polyesters.

A related phenomenon is the increase in the rate of reaction
due to transition to the liquid crystalline nematic state, observed
by Chow et al in the synthesis of rodlike polymer pojy
phenylene benzobisthiazole). Thus, formation of liquid crystal-
line domains of highly oriented rodlike molecules may increase
the rate of reaction. However, when the transition to the nematic
phase occurs early in the reaction, Spencer and Béoynd
that there is no significant increase in the rate of polymerization
after the transition, because of the slow translational diffusivity
of the rods in the direction perpendicular to the rod axis.
is particularly importarit since their rotational diffusivities m;gguIi[rugrli?;tz;(tai\élr?\i/\rl]etﬂe?gg\éﬁorl]nggﬁgerzhri dllirﬂg?rr]zggﬁlezf
decrease sharply with lengtthus significantly limiting the rate Here we present a theoretical model to study the effect of an

of reaction. Low rates of reaction limit the final molecular enting fl the diffusion-limited tion betw dlik
weight obtained due to end-capping side reactions which become'€Nting flow on the difiusion-limited reaction between rodiike

important molecules in solution. Diffusion-limited reactions of anisotropic

Agarwal and Khakh# carried out experiments to synthesize moI_ecuIes have been St.Ud'ed for s_everal systems,_mcludlng
PPDT in a two-reactor system to investigate the effect of shear rodiike molecules, and reviews of previous work are avaifétfe.
flow. The reactants were mixed in the first reactor for 1 min, However, the effec.t of flow-induced quentatlon on t.he process
and then they were transferred to the second reactor which hadq"le no;[ ?eenlprf\gously :nalyz?d W(;thKLhek;;(cfeptloh ?f a 20
a concentric cylinder Coutte flow geometry. A uniform shear co:_npuba |odna ds uhy_ Yy gﬁlrwaﬂ an A ad Iot norlunle{- th
flow was generated in the gap between the cylinders by rotating acting bead rod chains in shear flow. A model 1o caiculate the
the inner cylinder. At low shear rates in the second reactor, the  (6) Jo, B. W.; Choi, S. K.; Choi, J. K.; Kim, J. S.; Chang, J. H.; Jin, J.
rate of polymerization decreased sharply with increasing mo- I. Polymer J 1997 29, 245-248.

lecular lengths. However, the rate of polymerization increased 13§72) Chow, A. W.; Sandell, J. F.; Wolfe, J. Polymer198§ 29, 1307~

with shear rate if the shear rates were higtQ0 s) in the (8)' Spencer, C. P.; Berry, G. ®olymer1992 33, 1909-1913.

final stage of reaction, when shear flow produced significant  (9) Rice, S. A. InComprehensie Chemical Kinetics: Diffusion-limited
reactions Bramford, C. H., Tiffer, C. F., Compton, R. G., Eds.; Elsevier:
*To whom all correspondence may be addressed. E-mail: khakhar@ Amsterdam; 1985; Vol. 25.

Commercially important rodlike polymers (e.g., pgy(
phenylene terephthalamide)) (PPDT) typically have phenylene
rings in their backbone which restrict their internal rotation, thus
preventing local bending and making the polymers take an
elongated formt. The reaction between such rodlike molecules
with reactive sites at the rod ends requires the translation of
reacting pair of molecules such that their ends are within a
critical reaction radius, and rotation of the molecules to a near
parallel orientation. Both of these steps can occur only by
diffusion in an unstirred, isotropic solution. With increasing
degree of polymerization, diffusivities decrease, and the reaction
may become diffusion-limited The reorientation of molecules

che.iitb.ernet.in. (10) Mita, I.; Horie, K.J. Macromol. Sci., Re Macromol. Chem1987,
(1) Mcintyre, J. EStructure and Properties of Oriented Polyme2ad 27, 91-169.
ed.; Ward, I. M., Ed.; Chapman and Hall: London, 1997; pp-4407. (11) Wu, Y. T.; Nitsche, J. MChem. Eng. Scil995 50, 1467-1487.
(2) Cotts, D. B.; Berry, G. CMacromoleculed 981, 14, 930-934. (12) McCammon, J. ACurr. Opin. Struct. Biol.1998 8, 245-249.
(3) Doi, M.; Edwards, S. FThe Theory of Polymer Dynamic®xford (13) Khakhar, D. V. InMolecular Dynamics from Classical to Quantum
University: New York, 1986; pp 336384. Methods Balbueno, P. B., Seminario, J. M.; Elsevier: Amsterdam, 1999;
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Figure 1. Schematic diagram showing the criteria for reaction of
rodlike molecules. Molecules can react only if proximity< a) and
orientation @ < 6.) requirements are satisfied. The coordinate system
used in the model is also defined.

effective rate constant for the diffusion-limited polymerization
reaction of rodlike molecules in a semidilute solution under
extensional flow is formulated below using the Smoluchowski
approach. Computational results, obtained by the finite differ-
ence method, are given next, followed by the conclusions of
the study.

Model and Computations

We consider the diffusion-limited reaction between rodlike molecules
of lengthL in a solution as a model for the step growth reaction to
synthesize PPDT. The solution is subjected to an axisymmetric
extensional flow given by the velocity field

__1 —
=—Zex v, =

V. > y

)

1 —
X —Eey v,= €Z

wheree is the extensional rate and the coordinate directions are shown
in Figure 1. The flow has a tendency to orient molecules along the
z-axis. The reaction requires molecules to satisfy a relative orientation
criterion (described below), and the concentration of the solution is
sufficiently high as to be in the semidilute regirhén this regime,
molecules are easily oriented by flow due to their low rotational
diffusivities. Thus, flow and reaction are coupled. In the model given
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C(r, u) is the number density of rodk; is the velocity gradient tensor,
and the operatoré/or and R = u x d/du denote the spatial and
rotational gradients, respectively. The anisotropic rotational diffusivity
D, is given by

~ -2
D, = D,[g fC(r, u’) Ju x u'| du’ 3)

whereD; is the rotational diffusivity in an isotropic solution.

The approximate reaction criterion for the approach of two reactive
neighboring tips in terms of the position of the center of mass of the
diffusing molecules is given by the condition| < a (Figure 1)1617
The near parallel alignment required for reaction between two rodlike
molecules is quantitatively given by < 6., where® is the relative
angle of orientation between the molecules énid the specified critical
angle. The reaction zone is considered impenetrable, and the partially
absorbing reaction boundary condition for translational diffusion flux
to the reaction surfacdr( = a) is then

n+[Dyuu + D(I — uu)}(%) =

{

wheren is a unit vector perpendicular to the spherical reaction surface
and knom is the intrinsic second-order reaction rate constant (i.e., the
rate constant in the absence of diffusional limitations and flow).

Due to axisymmetry of the problem and fé¢ < 1, we findC =
C(r, 0, 6;) (Figure 1), which results in simplification of the governing
equation (eq 2). The rate constant in this case is obtained from the
computed number density field as

konC/[218%(1 — c0s6,)], 6 < 6

C
0,6 > 6, @

Knom [} “(CICT,0),—, Sin 6 6 sin 6,d6,
- 1— cosé,

®)

ff

whereC.(0) is the far field number density aridldenotes an average
over all orientations. The far field boundary conditions and the
symmetry boundary conditions for the problem are

C=Cy0), r—w (6)
aC T
35=0 0=0 3 (7)
oC A
ae,_o’ =0, 3 8)

below, the molecules are treated as rods in a continuum, and the The finite difference method (FDM) in three dimensions is used
presence of solvent molecules, hydrogen bonding between moleculeshere to obtain the solution of the governing equation (eq 2) with the
and so forth are neglected. These simplifications, however, may be boundary conditions (eqs 4,—®). The governing equations are
justified considering that diffusion, which occurs over length scales discretized into intervals using specific difference schemes for each
which are much larger than the length scales for molecular interactions, variable, and the coefficients of the nodal points are stored in the
dominates the process. Solvent effects are lumped into the diffusivities indexed sparse matrix foré8.The assembled equations are solved by
and into the intrinsic second-order rate constant for the reaction, which using biconjugate gradient meth&dGrid sizes are taken to be small
are parameters of the model. enough so that further reduction in size does not give any improvement

The steady-state convective-diffusion equation for the molecules in in the solution. The homogeneous (no spatial variation) but anisotropic
the absence of any interaction potential between the molecules is givenfar field number densityG.(0)) is similarly obtained using the finite

by? difference method. The governing equation in this case is eq 2 with
spatial gradient terms (terms containi®gr) omitted, with boundary
i-[D uu + D (I — uu)]-(i:) _ i-(K-rC) + R°(I5 RC) conditions given by egs 7 and 8. Predictions of the model for the no-
ar - N 0 ar) ar r

(16) Agarwal, U. S.; Khakhar, D. VJ. Chem. Physl992 96, 7125~
7134.

—R[ux (KuG=0 (2

where Dy is diffusivity parallel to the rod axisPg is diffusivity
perpendicular to the rod axisg, is the unit vector along the rod axis,

(17) Agarwal, U. S.; Khakhar, D. VJ. Chem. Phys1993 99, 3067
3074.

(18) Press: W. H.; Teukolsky, S. A.; Vellering, W. T.; Flannery, B. P.
Numerical Recipes in QCambridge University Press: New York, 1997;
pp 71—89.

(15) Smoluchowski, M. VZ. Phys. Chem1917, 92, 129-168.
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Figure 2. Variation of the normalized far field number density of
molecules oriented along the axis of stretchi@g(0)/[C..[)) with Peclet
number Pe).
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Table 1. Parameters for Calculation of the Effective Rate Constant
(ketr) for Different Polymer LengthsL()

Lo 12A

d 6A

a 3A

0 0.01 rad

Co 0.2 mol/L

Khom 6.28x 10*I/mol s
n 2.57mPas

T 293 K

flow case € = 0) are in good agreement with the numerical results of
Agarwal and Khakhaf*"for the same system. The solution is isotropic
in this case, withC., = [C..[lconstant.

Results and Discussion

The far field number densityC.(6), depends only on the
Peclet number defined as

9)

As the polymerization proceeds, the rotational diffusivity
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Figure 3. Variation of relative rate constafte with the degree of
polymerization (DP) for different extensional ratek (The parameters
used in the computations are given in Table 1.

experimental data of Agarwal and Khakhdor simple shear
flow. Computations carried out for a wide range of Peclet
numbers indicate thadte|(Pe)/ki(0) 0 P56, wherek,e(0) is the
relative rate constant in the absence of flowFor a fixed
extensional rate, this implies that the rate relative to the no-
flow case goes ab, 6.

An unanticipated result obtained here is that the relative rate
constant increases to values greater than unity (Figure 3), which
implies that the rate constant is higher than the intrinsic value.
In hindsight, the explanation for this effect is straightforward.
Flow-induced orientation results in an increased number density
of molecules which satisfy the reaction criterigh< 6.). Thus,
the rate constant, which is based on the bulk number density
([T, becomes larger than unity.

The mechanism of flow-induced enhancement of reaction rate
is analogous to that in template-based catadysidere mo-
lecular adsorption increases the number density of molecules
with mutual orientations favorable for reaction and to that in
molecular sieve catalysts in which the pore structure may
provide a framework for orientation of molecules relative to
reactive sites, improving selectivity of reactiois-ere flow
arranges molecules into orientations favorable for reaction. The

decreases due to increasing polymer lengths. Thus, for a constaneffect is of practical significance since it occurs at quite modest

extensional rateef, the Peclet number increases with polym-

extensional rates. Higher shear rates would be required to obtain

erization. Computed results for the number density of molecules the same orientation in simple shear flow.

(C.) oriented in the direction of extensiof? & 0) show that
the solution is nearly isotropic &e = 1 sinceC.(0)/[C..[ I~ 1
(Figure 2). However, foPe > 10, C.(0)/[C..[>> 1 indicating
that a significant fraction of the molecules are oriented in the
flow direction (Figure 2).

The effective rate constant is computed for different polymer

lengths using the parameters given in Table 1. The parameter

correspond to PPDT polymerizatidéh.The translational and
rotational diffusivities are computed from correlations given by
Broersm&® and Teraoka and Hayakaw®?? Figure 3 shows
the change in relative rate constat; = Kefi/knom, With degree

of polymerization, DP= L/Lo, whereL is the monomer length,
under different flow conditions. At low degrees of polymeri-
zation (DP< 10) the reaction is kinetically controlled and thus
krel for all cases. In the absence of flow= 0) the rate constant
falls monotonically with increasing degree of polymerization
(DP). At higher extensional rates)(however, the rate constant
first falls and then increases. This is in agreement with the

(19) Gupta, J. S. Diffusion Controlled Polymerization of Rodlike
Molecules. Ph.D. Thesis, Indian Institute of Technology, Bombay, 1997;
pp 137-151.

(20) Broersma, SJ. Chem. Physl1981 74, 6989-6990.

(21) Teraoka, |.; Hayakawa, R.J.Chem. Physl988 89, 6989-6995.

(22) Teraoka, I.; Hayakawa, R.J.Chem. Physl989 91, 2643-2648.

Conclusions

Predictions of a model for diffusion-controlled reaction
between rodlike molecules in a solution subjected to an
extensional flow show that flow-induced orientation can sig-
nificantly increase the rate of reaction. The acceleration of the

Seaction is found to occur beyond a critical degree of polym-

erization when the molecules are long enough to be significantly
oriented by the flow. The rate constant relative to the value in
the absence of flow is found to vary ag[§,)°%, thus, with
increasing length, the rotational diffusivity decreases, and the
effective rate constant increases. The effective rate constant is
found to become larger than the intrinsic rate constant for the
reaction at relatively low extensional rate$. (The mechanism
for flow-induced acceleration of the reaction is analogous to
that in template and molecular sieve catalysts.

The results obtained here have a direct relevance for polym-
erization of rodlike molecules in solution. The results would
also be applicable for polymerization of rodlike molecules in

(23) Whitcombe, M. J.; Alexander, C.; Vulfson, E. BYNLETT200Q
911-923.

(24) Thomas, J. M.; Raja, R.; Sankar, G.; Bell, R.N&ture1999 398
227-230.
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the melt phase, provided the melt is not in the nematic phase. Traditionally, flow has been primarily used as a means of
In this case, slow diffusion of the condensation product could, mixing in liquid-state reactions. Here on the basis of computa-
however, limit the conversion because of the reverse reaction.tions for a simple prototype system (rodlike molecules in
Polymerization in the nematic phase may be benefitted by solution) we show it can be useful tool for accelerating reactions
shearing; however, diffusional limitations due to slow translation and thus improving yield and selectivity for orientation-
perpendicular to the rod axis may be controllihp the case dependent reactions between large anisotropic molecules. The
of main-chain liquid crystalline polymers with flexible spacers, results also suggest that experimental studies of the kinetics of
the orientation constraint would be greatly relaxed; thus, benefits such reactions could be affected in a complex way by reactor
of shearing would not be as significant as for the case of rodlike geometry and stirring, and careful experimentation is required
polymers. Finally, we note that this mechanism is not relevant to eliminate these effects.
for chain-growth polymerizations, in which monomers add on o .
one at a time to a growing chain, because of the high rotational Acknowledgment. We are grateful for partial financial
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medium may be beneficia?.




