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Self-Diffusion of a Semiflexible Polypeptide in a
Magnetically Aligned Liquid Crystalline Phase

G. J. DOUCET AND P. S. RUSSO*

Department of Chemistry and Macromolecular Studies Group, Louisiana State
University, Baton Rouge, Louisiana, USA

The tracer self-diffusion coefficient of semiflexible poly(y-benzyl-a,L-glutamate) with
a length of ~160 nm and a diameter of ~1.6 nm is determined by fluorescence pho-
tobleaching recovery in the magnetically aligned liquid crystalline phase. The rate of
diffusion in the direction of molecular alignment declines with concentration in the
liquid crystalline phase, while the rate perpendicular to the direction of molecular
alignment remains approximately constant. At concentrations just sufficient to sustain
the liquid crystalline phase, the parallel diffusion exceeds the perpendicular diffusion
by a factor of almost 5. This ratio declines to as little as 2 at higher concentrations.
Comparisons are made with previous studies on other systems ranging from rigid virus
particles to small mesogens.

Keywords Polymer liquid crystal; anisotropic diffusion; semiflexible polypeptides

Introduction

Molecules in a liquid crystalline (LC) phase remain nominally aligned, while retaining
substantial mobility. The anisotropy of molecular motion has been explored in a number
of contexts [1-14], partly as a matter of intrinsic interest, but also because on this property
rest certain practical aspects of liquid crystals, such as heat dissipation, phase separation,
and healing of defects. In the case of polymer liquid crystals, often made from semiflexible
macromolecules [8,15,16], one may also include the role of diffusion in creating high-
strength fibers by spinning from LC phases [17,18].

The semiflexible polypeptide poly(y-benzyl-a,L-glutamate) (PBLG) played a historic
role in the understanding of polymeric liquid crystals [15,16,19-21]. The director of PBLG
liquid crystals can be aligned by surface effects [22] or by electric or magnetic fields
[23-28], but normally PBLG assumes a cholesteric structure. In an earlier study of diffusion
in PBLG liquid crystals [29,30], this twisted nematic feature and the special alignment of
the screw axis normal to a cell wall was exploited to study the removal of topological
constraints to mobility by slightly raising the concentration as the LC phase was entered.
Some information about the anisotropy of diffusion was obtained in the process. In the
present study, PBLG is aligned by magnetic field, and the optical tracer self-diffusion
coefficient is directly measured parallel and perpendicular to the director. This results in a
clearer interpretation of the anisotropy of motion.
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It will prove convenient to reference our measurements to diffusion in dilute solution.
The simplest theory for the diffusion of rod-like polymers, i.e. the theory of Kirkwood and
Riseman [31], is sufficient for the present purposes. At zero concentration, the expectation
for a rod of length L and diameter d is

_ ksTIn(L/d)
3L

D° (D
where T is the temperature, 1 is the viscosity of the solvent, and kg is Boltzmann’s constant.

The friction for perpendicular motion is twice that for parallel motion. It is conventional to
express this difference inversely through diffusion coefficients [32-34]:

1
D} = 2D, )

The average diffusion coefficient at infinite dilution is

1 2 4
DO - g(Dﬁ + 2Dj)_) = gDﬁ = ng)_ (3)
As the concentration rises, it is expected that perpendicular motion becomes difficult
(the even-more-constrained rotational motion lies outside the scope of this work). Doi
and Edwards (DE) [32,33] simply assumed that perpendicular motion ceases (D, = 0),
while parallel motion of a thin particle is unimpeded (D); = Dy)). This results in the overall

diffusion being reduced by half: D = %D"in the semidilute regime. Many advances have
been made since the original DE work (see, for examples [35-37]), but the DE expectation
of a 50% reduction in diffusion remains a convenient landmark. The diffusion of PBLG in
the isotropic phase, most of which could be considered semidilute, declines much more than
this; at the highest isotropic concentrations, the molecules retain only about 10% of their
initial diffusivity [38]. Tobacco mosaic virus (TMV) comes closer to the DE expectation,
despite its rather “fat” profile [39]. One might suppose that the extra rigidity of TMV
accounts for better adherence to the DE expectation, but then it is difficult to explain
why even short PBLG molecules shed all but ~10% of their initial diffusivity while still
in the concentrated isotropic phase. Other rods and rod-like macromolecules have been
considered too [40-45], but no complete and clear picture has emerged about diffusion,
even in the isotropic phase.

This paper is devoted to exploring diffusion in the LC phase. Droplets of the LC phase,
bathed in isotropic fluid, first appear at number density v . Above a slightly higher number
density, vy, the LC phase occupies all available space. For thin, extended, rigid rods, both
va and v lie near the critical concentration identified by Onsager [46]:

. 16 4

VT naL @

This corresponds to a volume fraction ¢* = 4d/L. At low molecular weights, PBLG

follows this prediction well [47], but for larger polymers molecular flexure defers the

transition to a concentration of about two times greater, which fortuitously places the I-LC

boundary closer to the expectation of Flory’s lattice theory [48]. For example, the PBLG-

232 sample studied has an experimentally determined ¢, = 0.0932, while the Onsager
theory [46] predicts ¢* = 0.040 based on the known molecular dimensions.
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Table 1. Properties of PBLG

Sample PBLG-232%

Nominal M/1000 232

M,/1000 230

M., /1000 276

PDI 1.2 (bimodal)

L(A) 1590

L/d (atd = 16 A) 99

¢* (Onsager) 0.05

¢* (Flory) 0.10

¢a (Observed) 0.0932

D°/1077 cm? 57! 1.46

D°/10~7 cm? s~! (Kirkwood—Riseman) 1.37

DA1077 cm? 57! 0.15
429].

Experimental

Materials and Characterization

PBLG-232 purchased from Sigma was labeled and characterized as previously described
[29,30]. Its characteristics are shown in Table 1. Perhaps most notable are the molecular
weight, 232,000 g/mol, and the good agreement of the measured, zero-concentration dif-
fusion coefficient with the Kirkwood—Riseman expectation (Eq. (1)). Anhydrous pyridine
was obtained from Fisher.

Sample Preparation

To prevent self-quenching of the fluorescence, measurements were made at a constant
concentration of labeled material. To this end, a “pseudosolvent” containing labeled polymer
was prepared and used to dissolve unlabeled polymer. The pseudosolvent was prepared by
dissolving LPBLG in anhydrous pyridine at a weight fraction, w, of 0.01 (1%). To prevent
water contamination, the pseudosolvent was stored over activated molecular sieves that had
been rinsed five times with anhydrous pyridine to reduce dust. Concentrated solutions were
made by dissolving unlabeled PBLG with the pseudosolvent. When computing the solute
concentration, labeled and unlabeled PBLG are included. Measurements were conducted
in rectangular capillaries with a path length of 200 wm (Vitrocom Inc.). The viscous
samples were drawn into the capillaries by flame sealing on one end and inserting the cool,
open end into the liquid crystal; as the warm end cools, the resulting vacuum suffices to
draw the required volume (~5 wL) into the capillary. After low-speed centrifugation to
place the sample near the end first heated (now cool), the other end of the capillary was
sealed in flame to prevent moisture contamination. The LPBLG/PBLG/pyridine solution
was diluted with additional pseudosolvent and a new weight fraction of LPBLG plus PBLG
was calculated. Just two or three dilutions were made from one concentrated stock solution
to limit the accumulation of error. After that a fresh stock solution was prepared from solid
polymer and pseudosolvent. Conversions from weight fraction to volume fraction [30] were
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computed using partial specific volumes, assumed constant, of 1.023 mL/g for pyridine and
0.791 mL/g for PBLG. The former value is the inverse of the density of pyridine' at 25°C;
the latter is actually for PBLG in Dimethylformamide (DMF) [49], but surely close to the
pyridine value. The loaded samples were equilibrated for four days.

Fluorescence Photobleaching Recovery Measurements

Fluorescence Photobleaching Recovery (FPR) measurements were conducted at 25.00 +
0.01°C. The modulated detection method used is described in detail elsewhere [50,51].
Briefly, the image of a striped glass is created in the fluorescent sample by projecting a
488-nm laser beam into the solution. First, the fluorescence arising from the bright parts
of the pattern is measured. Next, in the bright parts of the pattern, 5-10% of the dyes
attached to the macromolecules are destroyed by an intense, brief flash of light at nearly
the full output of the laser (up to 1 watt is available). The contrast of the resulting pattern
is determined while illuminating the sample at low intensity (some 2000x lower than the
bleaching pulse) using a modulated detector scheme similar to that developed by Lanni and
Ware [52]. If all labeled molecules have the same diffusion coefficient D, the signal is an
exponential decay with decay rate, I' = K?D, where K = 27/l and [ is the spatial period of
the striped pattern in the sample.

Magnetic Alignment

The samples were aligned by placing the rectangular glass capillary tubes in a 500-MHz
Nuclear Magnetic Resonance (NMR) spectrometer (11.7 Tesla magnetic field). Each sample
was first inserted into a standard NMR tube for convenience. Even short exposures (30 min)
to such a high field were sufficient to align the liquid crystals. FPR measurements were
conducted as soon as practical after removal from the NMR (several minutes). Moderately
longer waits had no effect on the results.

Results and Discussion

As shown in Fig. 1, the diffusion parallel to the magnetic field always exceeds that per-
pendicular to it. Comparison to the isotropic phase data (see Fig. 3 of [29]) shows that
the perpendicular diffusion is a bit slower than the remaining diffusion in the isotropic
state just prior to the I-LC transition, while the parallel motion significantly exceeds that
value. From Eq. (3), the expected value of the parallel-to-the-rod component of diffusion
at infinite dilution is D} = 2D°. Consulting Table 1, Df =2.19 x 1077 cm? s~! or about
4.3 times faster than the parallel diffusion in the most dilute LC phase, where DB = 5.04 x
1078 cm? s~! (the superscript B refers to the lowest measured LC concentration, close
to the conventionally defined B-point [46]). Alternately, one can write Dﬁ /Dy = 0.23.
The parallel motion continues to decline in the LC phase. For the perpendicular-to-the-rod
component, one may expect D] = 3D° = 1.095 x 10~ cm? s~!. At any concentration
in the aligned LC phase, the perpendicular component is essentially 10 times lower than

this zero-concentration value; the average value was DJL_C =1.164+0.25 x 1078 cm? s~ L.

!Comprehensive information about pyridine (CAS Number 110-86-1) appears in The Beilstein
Handbook (System Number 3051: vol 20, p. 181; 1st supplement, Vol. 20, p. 54; 2nd supplement,
Vol. 20, p. 96, 4th supplement, Vol. 20, p. 2205).
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Figure 1. Diffusion of LPBLG-232 at a fixed weight fraction (~1%) as a function of summed weight
fraction of LPBLG-232 and PBLG-232.

Comparison with the previous results [29,30] on z-aligned cholesteric LCs (z denotes the
direction perpendicular to the capillary cell wall) is complicated by the radially averaged
alignment of the rods with respect to the FPR instrument’s striped pattern and by the
assumptions required previously (see Table 2 of [30]).

Several authors have related diffusion anisotropy to the order parameter S [6, 53]. For
thin, rigid rods, we may write [53]:

D,—D,
=1 - 5)
D, +2D,
7 T T T
6 i
5 _

Figure 2. Quotient of parallel and perpendicular diffusion for LPBLG-232 at a fixed weight fraction
(~1%) as a function of summed weight fraction of LPBLG-232 and PBLG-232.
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It may be shown (see [9,30]) that

D¢ 25+1
D¢ 1-8"

(6)

For PBLG LCs, S ranges from about 0.53 to 0.75 [28,54,55], which corresponds to
D€/ D values of 4.4 to 10 respectively. Our result (see Fig. 2) that D€ /D{¢ =52 ata
concentration just high enough to sustain the LC phase is in the specified range, but at the
highest concentrations Dﬁ ¢/D icdecreased to 2.2. The downward trend in D but not D, is
intriguing. At the length measured here, PBLG in dilute solution behaves as a semiflexible
filament. There seems to be little information on whether the polymer straightens as it
enters the LC phase, but its intrinsic tendency to flex would not be expected to disappear
completely. Such bending and the finite diameter ensure that PBLG cannot behave as a
thin needle, but it is not easy to separate these two effects. Instability of the helix at the
ends of the chain is another potential factor. For whatever reason, the lengthwise motion
of the filaments experiences increasing hindrance in the nematic phase, while the sideways
motion does not.

Additional insight can be gained by considering related studies, which are relatively few
in number. Dvinskikh and colleagues [56,57] used pulsed field gradient NMR (PFGNMR)
to determine the self-diffusion anisotropy of SCB(4-n-pentyl-4'-cyanobiphenyl). They ob-
tained Dﬁc /D%¢ = 2.7 at low temperatures. As discussed in [56], this exceeds previous
determinations by a variety of methods. The work by Dvinskikh et al. [56,57] is a conve-
nient point of reference, but the axial ratio of the thermotropic SCB mesogen is much lower
than that of the PBLG macromolecules of the present work, which form lyotropic liquid
crystals.

Barbara and coworkers [2,9] developed a two-beam cross-correlation fluores-
cence method to study the anisotropic diffusion of MEH-PPV (poly[2-methoxy-5-(2-
ethylhexyloxy)-1,4-phenylenevinylene]) dissolved in SCB and a related mesogenic solvent,
8CB (4-n-octyl-4’-cyanobiphenyl). MEH-PPV is an extended polymer, and is aligned well
in LC solvents. Even so, the authors observed only a small diffusion anisotropy, Dﬁc /

D¢ = 1.9 £ 0.3, for solvents in the nematic phase. As the authors pointed out, this is
lower than expected based on the order parameter of the mesogenic solvent and much lower
than expected based on the effective axial ratio and stiffness of MEH-PPV.

Lettinga et al. [1] used fluorescence microscopy to follow the trajectories of labeled
fd virus through isotropic and nematic solutions of unlabeled fd virus. At the isotropic-
to-nematic transition,DHrose suddenly above the isotropic diffusion value, while D, fell.
As the virus concentration increased, there was, overall, a decrease in both diffusion
coefficients. The data suggest a plateau in D just above the I-N transition, but it is difficult
to distinguish its extent given the experimental uncertainty. The ratio Dﬁc/ Dic climbed
from ~7.5 just above the I-N transition to > 10 (and even higher as concentration rose toward
the value required to sustain a smectic phase). These results on fd virus have similarities and
differences from the present experiments on PBLG. In both cases, D increased markedly
above the isotropic value as the LC phase was entered; however, D | decreased for fd, while
little change was observed for PBLG. Both diffusers are semiflexible filaments, but fd
behaves more like a stiff rod than PBLG does at the length chosen for study. (The contour
length of fd is less than half its persistence length, while the PBLG sample studied here
has a contour length comparable to its persistence length, the value of which remains in
dispute; see, for example, Temyanko et al. [58]). Both fd and PBLG are more flexible than
the colloidal boehmite rods studied by van Bruggen et al. using FPR [44]. In that system,
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both D) and D were less in the nematic phase than in the coexistent isotropic phase, and
Dﬁc/ Di¢~2.

Yin et al. [59] used PFGNMR to measure poly(y-stearyl-L-glutamate), PSLG, that had
been prepared from PBLG with molecular weight of 30,000 by ester exchange with octade-
cyl (stearyl) alcohol. Diffusion was greatly reduced in the LC phase, but this observation is
colored by the finding that even in the isotropic phase the diffusion coefficients exceeded
expectations based on Eq. (1). The expected molecular weight of the PSLG studied was
52,000 (30,000 x 382/219 where 382 and 219 are the molecular weights of the SLG and
BLG monomers respectively) corresponding to a length of 20 nm. Inserting the diameter
of PSLG (3.6 nm [58]) and the viscosity of chloroform (0.569 cP) into Eq. (1) yields D =
7 x 1077 cm? s~!. The measured diffusion coefficient in the isotropic phase was almost
four times larger. The reason for this is not understood, but problems with using PFGNMR
to measure diffusion coefficients of rod-like polymers have been noted previously [60].

An intriguing study by Ilg [10] introduced a kinetic model of diffusion, which unifies
liquid crystals and ferromagnetic fluids. This author predicts a significant increase in
parallel diffusion accompanied by a substantial decrease in perpendicular diffusion as the
order parameter increases. For order parameters nearing 1, the results of Fig. 4 of [10] are
consistent with D¢/ D{¢ ~ 3.5,

Conclusion

In a magnetically aligned LC phase of the semiflexible helical polymer, PBLG, the diffusion
coefficient measured parallel to the director exceeded that measured perpendicular to it by
a factor of 2-5, depending on concentration. The variation can be attributed to reductions
in the parallel component of diffusion, while motion perpendicular to the rod axis was
relatively unaffected. The most obvious explanation seems to be the semiflexibility of the
chain, which would raise the average cross section for motions nominally parallel to the axis
while not affecting lateral friction. Chain flexure is not the only possibility, though. The stiff
character of polypeptides is a consequence of the helical conformational state. The effect
of partial helix unwinding, even on a transient basis, is not known. Experiments to tease
apart these two effects may involve co-solvents to prod the polypeptide toward its helix-coil
transition at readily achieved temperatures, selective deuterium labeling to permit NMR
investigation of the conformation and better understanding of the flexure of the molecule
as it exists in the LC phase. Perhaps more than anything else, similar experiments on other
helical and non-helical semiflexible polymers are required.
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