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Orientational ordering in the nematic phase of a polyethylene glycol-peptide conjugate

in aqueous solution
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The orientational ordering of the nematic phase of a polyethylene glycol (PEG)—peptide block copolymer in
aqueous solution is probed by small-angle neutron scattering (SANS), with the sample subjected to steady
shear in a Couette cell. The PEG-peptide conjugate forms fibrils that behave as semiflexible rodlike chains. The
orientational order parameters P, and P, are obtained by modeling the data using a series expansion approach
to the form factor of uniform cylinders. The method used is independent of assumptions on the form of the
singlet orientational distribution function. Good agreement with the anisotropic two-dimensional SANS pat-
terns is obtained. The results show shear alignment starting at very low shear rates, and the orientational order
parameters reach a plateau at higher shear rates with a pseudologarithmic dependence on shear rate. The most
probable distribution functions correspond to fibrils parallel to the flow direction under shear, but a sample at
rest shows a bimodal distribution with some of the rodlike peptide fibrils oriented perpendicular to the flow

direction.
DOI: 10.1103/PhysRevE.77.062901

In a nematic phase, the molecules or particles have orien-
tational but not translational order. Nematic phases are
formed by molecules or particles with sufficient anisometry
and have been observed for organic molecules, i.e., thermo-
tropic liquid crystals as used in liquid crystal displays [1],
wormlike micelle surfactant solutions [2—4], mineral nano-
particles [5,6], DNA [7,8], rodlike viruses [9], and peptides
[10-12] among other systems. Nematic phases are fluid but
have properties that are anisotropic (such as birefringence)
on a macroscopic scale. Consequently the nematic phase is
highly susceptible to alignment imposed by applied fields
such as electromagnetic or mechanical fields. There are nu-
merous studies on the orientation of nematic phases in mag-
netic and electric fields due to the use of thermotropic liquid
crystals in displays, for example. There have been fewer
structural studies on flow alignment of nematic phases.
The alignment of the thermotropic liquid crystal
4-n-octyl-4'-cyanobiphenyl was investigated in Couette flow
by small-angle x-ray scattering (SAXS) [13]. Later, Panizza
et al. correlated the viscosity of the same mesogen in the
smectic phase under Couette shear with changes in the ori-
entation as probed by SAXS. The flow alignment was also
studied in nematic and smectic phases under capillary flow
by SAXS [14].

The present paper presents an analysis of the orientational
ordering of a polyethylene glycol (PEG)—peptide conjugate
in the nematic phase as studied by small-angle neutron scat-
tering (SANS). The phase behavior of the conjugate is remi-
niscent of other rigid or semiflexible rodlike molecules such
as DNA or poly(y-benzyl-L-glutamate), in that as concentra-
tion is increased successively nematic and hexagonal colum-
nar phases are formed [15,16]. This was confirmed by a com-
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bination of polarized optical microscopy with SANS and
SAXS. In our PEG-peptide conjugate, the peptide is a modi-
fied fragment of the amyloid B8 (AB) peptide, specifically
KLVFF (AB 16-20) extended by two phenylalanine resi-
dues at the nitrogen terminus to FFKLVFF. Here amino acids
are denoted F phenylalanine, K lysine, L leucine, and V va-
line. This peptide is highly hydrophobic but self-assembles
into fibrils at low concentration in organic solvents [17].
Conjugation to polyethylene glycol (M,=3300, M, /M,
=1.04) confers water solubility. Flow alignment of the nem-
atic phase was observed upon application of low-shear-rate
steady shear. Here, orientational order parameters are ob-
tained by analysis of the anisotropic form factor scattering
using an approach based on a cylinder form factor. In con-
trast to other approaches to analyze small-angle scattering
from nematic phases [5,18-20], the method does not rely on
any assumption about the orientational distribution function.

The PEGylated conjugate was synthesized by solid phase
peptide synthesis as described elsewhere [16]. The crude
peptide was purified by reverse-phase high-performance lig-
uid chromatography and molecular weight was determined
by matrix-assisted laser desorption/ionization-time of flight
mass spectroscopy (MALDI-TOF). The structure was con-
firmed by '"H NMR. Small-angle neutron scattering was per-
formed on the two-dimensional detector PAXY of the Lab-
oratoire Léon Brillouin. Samples were placed in a quartz
Couette cell (0.1 mm gap) which was used to apply steady

shear [21]. Shear rates are defined as y=QR/(Ry—R;), where

Q is the angular velocity, R is the average radius, and R,
=19.0 mm and R;=19.1 mm are the inner and outer radii.
Shear rates applied were 0.1-4.0 s~!. Measurements were
performed at room temperature. Data were obtained with
neutrons incident along the shear gradient direction (radial
configuration) and along the shear direction (tangential con-
figuration). Data shown here are for the radial configuration
since the intensity was higher and the SANS pattern was not
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influenced by edge effects from the Couette cell wall. The
neutron wavelength was 12 A. The sample-detector distance
was fixed at 2.5 m. The corresponding ¢ (¢g=4 sin 6/\)
range extends from 0.08 to 0.8 A~'. The SANS data were
corrected for the cell efficiency using an incoherent scatterer.

The scattering from fibrils in a nematic phase may be
analyzed using the form factor for oriented cylindrically
symmetric particles. A convenient method to obtain orienta-
tional order parameters is to write the anisotropy of the
single-particle scattering as a series expansion in Legendre
polynomials [22],

1(q.0,) = 2 ai(q)P,(cos §,), L even. (1)
L

Here g=|q| and 6,=cos™'(q-1i), with i the direction of pre-
ferred orientation (i.e., the horizontal shear flow direction
here), give the magnitude and polar orientation of g. The
P;(cos 6,) are Legendre polynomials, which serve as an or-
thogonal basis set. The restriction to even L results from the
centrosymmetry of the particle. Equation (1) can be written
in such a way that the dependence of the expansion coeffi-
cients a;(g) on particle structure and orientational order is
specified. This derivation has been given elsewhere for dis-
crete scattering systems and this method has been used to
analyze small-angle scattering from conventional low-molar-
mass nematogens [23-25], for which atomic coordinates are
available. In the present case, we use theory developed for
continuous cylindrically symmetric particles [22], in particu-
lar uniform circular cylinders. The form factor of unaligned
peptide fibrils can be described very accurately using such a
form factor, as shown in our previous work [16].
The expansion coefficients can be written as

ar(q) = ﬁLSL(Q)v (2)

where P; denotes an Lth-rank orientational order parameter
defined as the ensemble average of Legendre polynomials:

P, = J P(cos B)f(B)sin B dp3, (3)

Here f(B) denotes the singlet orientational distribution func-
tion and B is the angle between the particle symmetry axis
and the direction of preferred orientation.

The terms S;(¢) depend on particle structure. They are
given by

Silg)= Q2L+ 1)(- 1)”[ Jjilgr)P(cos O)P(r)dr, (4)

with the integral over the particle volume. The j;(gr) are
spherical Bessel functions and r, 6 specify the magnitude and
orientation of an intraparticle vector in a particle-fixed frame.
The term P(r) denotes the Patterson function, which is the
electron density autocorrelation function in the case of x-ray
scattering.

For a circular cylinder of radius R and length A, the inte-
gral in Eq. (4) can be evaluated in cylindrical coordinates
(1,z) as
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FIG. 1. (Color online) Fluid and birefringent nature of
FFKLVFF-PEG, 5 wt % solution in D,O. The sample in a vial is
viewed between crossed polars.

A 2R
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XP (NP + 221 dl dz. (5)
Here, the Patterson function is given by [22]

P(r) = P(1,z) =[2R? cos™ (I12R) — INR> = (1/2)*](A - 2)
(6)

The model defined by Eq. (1) with the coefficients defined
in Egs. (2)—(6) was fitted to the experimental scattering data.
Adjustable parameters were the orientational order param-
eters plus a scaling factor and a constant background term to
allow for incoherent scattering background. The analysis was
performed using a FORTRAN program; numerical integration
was performed using a numerical algorithms group (NAG)
library routine. Linear least-squares fitting was performed by
solution of the normal equations using a matrix inversion
routine (NAG libraries). Typically around 14 700 data points
from a two-dimensional SANS pattern were included in the
fit to each data set.

Polarized optical microscopy confirms the fluid and bire-
fringent nature of the 5 wt % solution of FFKLVFF-PEG in
D,O studied (Fig. 1). In our analysis of the anisotropic
SANS data from FFKLVFF-PEG, we have fixed the dimen-
sions of the cylinders in the form factor model, using a ra-
dius 50 A as determined previously [16] by fitting SAXS
data in a dilute isotropic solution to the form factor of a
uniform cylinder with low polydispersity, and also obtained
from cryo transmission electron microscopy (TEM) images
of the fibrils. The form factor model was that for infinite
cylinders, since cryo-TEM indicates that the cylinders have a
very long persistence length, at least several micrometers.
Here, in order to evaluate Egs. (2)-(6) we have taken A
=500 A, consistent with a large A/R ratio. This persistence
length may be an effective value, since TEM suggests a
larger value [16]. However, increasing A led to a poorer fit,
as quantified by x? tests, while decreasing A led to unphysi-

cal values of P, and a calculated scattering pattern shape
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FIG. 2. (Color online) Coefficients of the form factor calculated
for cylinders with R=50 A, A=500 A.

S.(a)

(elongated along the shear direction) that did not correspond
to the one observed. Values of P, decrease somewhat on

increasing A, whereas ﬁ4 values decrease much more.

Figure 2 shows values of the expansion coefficients S, (g)
that are determined by the dimensions of the cylinder. Reli-
able calculations could be performed in the experimental g
range only for L=0, 2, 4. The integral in Eq. (5) did not
converge reliably for higher L. We suspect this is because
higher-order coefficients are extremely small. Further analy-
sis is therefore restricted to these values of L.

Figure 3 shows measured and calculated small-angle neu-
tron scattering patterns for the sample as loaded in the Cou-
ette cell prior to shearing and at relatively low and high shear
rates. The development of anisotropy on increasing the shear
rate is pronounced. The model describes the data very well
and without systematic deviations (as quantified by plotting
the residuals; not shown).

Figure 4 shows the orientational order parameters P, and

P, obtained from the fits to the SANS data. As expected for
a singlet orientational distribution function that decreases

monotonically with B (up to 8=90°), P, < P,. At rest, there
is a small degree of initial orientation in the sample that is
caused by loading into the Couette cell. On application of
steady shear, there is a rapid increase in the magnitude of
both order parameters up to =0.5 s~!, followed by regime
with a much weaker shear-rate dependence (pseudologarith-
mic, see below). Higher shear rates were not accessible be-
cause the sample was expelled from the Couette cell. Fol-
lowing cessation of shear at y=1 s~!, the order parameters

P,=(0.163+0.006) and P,=(0.140*0.007) were deter-
mined. The P, value is only slightly smaller than that ob-

tained during shear; however, the P, value is significantly
increased. The effect on the orientational distribution func-
tion was probed by using the form of the distribution func-
tion that maximizes the entropy based on a given pair of

values of P, and P, [25]:

(B =Z" expla,P,(cos B) + ayPy(cos B)]. (7)

Here Z is the normalization constant.
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FIG. 3. (Color online) SANS data and model (on same intensity
scale for each pair) under conditions as indicated. A small addi-
tional region of data at low ¢ just outside the beamstop area was
excluded in the models due to a contribution from stray scattering.
The shear direction was horizontal.

Figure 5 compares the orientational distribution function
during and after shear at y=1 s~!. Under shear, a monotoni-
cally decaying f(B) was observed; however, after shear there
is a subsidiary maximum in f(8) at S=90°. This indicates
that a fraction of the PEG-peptide fibrils relaxed into an ori-
entation perpendicular to the flow direction. There is in fact a
subtle change in the shape of the SANS pattern during and
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FIG. 4. (Color online) Shear-rate dependence of orientational
order parameters P, (M) and P, (®). Inset: order parameters for
higher shear rates plotted against logarithmic shear rate scale. The
lines are guides to the eye.
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FIG. 5. (Color online) Orientational distribution function under
shear at y=1 s~! (solid black line) and following shear (dashed red
line).

after shear (Fig. 3). After cessation of shear, the pattern de-
veloped a slightly “diamondlike” shape. However, a quanti-
tative analysis requires detailed modeling as in the method
we have outlined, which, being free of assumptions about the
form of the orientational distribution function, can account
for shape changes such as bimodal orientation states. We are
not aware of prior studies on the shear-rate dependence of
multiple-rank orientational order parameters in a nematic
phase. There are detailed theories for shear-induced orienta-
tional order in nematic phases [26-28], and also for shear-
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induced phase separation of rodlike viruses or wormlike mi-
celles [29-31]. In the former case, the dynamics of shear-
induced alignment can lead to director instabilities including
wagging and tumbling in appropriate shear regimes. We did
not find evidence for any complex dynamics; however, it has
to be considered that the time resolution of the SANS experi-
ments is rather poor (each data set was acquired for 60 min).
It would be interesting in future work to perform time-
resolved experiments of the flow birefringence and rheology
or orientational order via synchrotron SAXS. It would also
be interesting to probe the concentration dependence of the
orientational order parameters [20]. The shear-rate depen-

dence of P, at the isotropic-nematic phase transition has

been measured for fd virus; the values of P, are much larger
than those reported here due to the higher shear rates studied
(and higher rigidity of the virus particles), and there is a
logarithmic dependence on shear rate [31]. As shown in Fig.
4 (inset) our data are consistent with this behavior, at least
above a critical shear rate.

In summary, SANS reveals the shear-rate-dependent ori-
entational ordering of a PEG-peptide conjugate that forms
rodlike fibrils. The orientational order parameters were ob-
tained from an anisotropic form factor model free of assump-
tions on the form of the orientational distribution function.
Relaxation of orientation leads to a bimodal orientation dis-
tribution, whereas under shear a monotonically decaying
f(B) is observed.
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