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ABSTRACT

A new sample environment is introduced for the study of soft matter samples in electric fields using small-angle neutron scattering instru-
ments. The sample environment is temperature controlled and features external electrodes, allowing standard quartz cuvettes to be used
and conducting samples or samples containing ions to be investigated without the risk of electrochemical reactions occurring at the elec-
trodes. For standard 12.5mm quartz cuvettes, the maximum applied field is 8 kV/cm, and the applied field may be static or alternating
(up to 10 kHz for 8 kV/cm and up to 60 kHz for 4 kV/cm). The electric fields within the sample are calculated and simulated under a
number of different conditions, and the capabilities of the setup are demonstrated using a variety of liquid crystalline samples. Measure-
ments were performed as a function of temperature and time spent in the electric field. Finally, the advantages, drawbacks, and potential
optimization of the sample environment are discussed with reference to applications in the fields of complex soft matter, biology, and

electrorheology.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0040675

I. INTRODUCTION

External electric fields are a very useful tool for manipulating
matter from the molecular to the micrometer scale. The principle
is simple: a dipole in an electric field experiences a torque that acts
to orient that dipole along the direction of the field. On a molec-
ular level, this effect has long been exploited in the form of the
now ubiquitous liquid crystal display.” At larger length scales, elec-
tric fields are increasingly being used to direct the self-assembly of
nanometer- to micrometer-sized building blocks to form anisotropic
materials with useful photonic,’ structural,®” and transport prop-
erties.® Such a field-directed self-assembly has also been demon-
strated with geometrically isotropic structures.” In a similar manner,
they can also be used to tune the phase behavior or manipulate the
internal structure of more dynamic colloidal structures.'’-!? Finally,

alongside magnetic fields, electric fields are also routinely employed
to modify the rheological properties (electrorheology) of certain lig-
uids and suspensions'*'* and to remotely power and direct the
motion of microscopic “swimmers” in aqueous suspension.'®

Given the wide range of existing and potential applications
and the extensive ongoing research interest in this area, it is
important to have an equally broad range of characterization tech-
niques to study such systems. Typically, characterization techniques
for the material systems outlined above include confocal laser
scanning microscopy, scanning electron microscopy, and in situ
small-angle x-ray scattering (SAXS). The latter is particularly use-
ful, as it simultaneously provides information on the structures,
interactions, and, crucially, orientations present on the nanoscale.
In situ electric field SAXS measurements are often used to extract
order parameters for oriented samples'” '’ and can provide precise
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information on the orientation of the unit cell for nanocrystals”
and lyotropic liquid-crystalline phases.* In liquid-crystal compos-
ite systems, where anisotropic nanoparticles with particular intrinsic
properties are combined with molecular liquid crystals to modify
or enhance their properties, in situ SAXS can be used to determine
the relative orientations of the guest particles to the director of the
host.” >

From the numerous examples given above, it can be seen
that the combination of small-angle scattering with in situ electric
fields is a well-used technique that provides quantitative results with
high information content. However, although x-ray scattering is an
appropriate and convenient technique for many material systems,
this is not always the case. First, the contrast in a SAXS experiment is
dictated by the differences in electron density of the various compo-
nents. For organic materials, these differences are rather small, and
consequently, the contrast is low and difficult to model accurately.
Second, organic materials can become damaged by high intensity x-
rays, leaving their structure or chemistry irreversibly altered.”* These
issues may be circumvented by using neutrons instead of x rays.
Neutron scattering lengths vary non-systematically over the lighter
elements, leading to improved contrast conditions. This is particu-
larly useful when investigating complex aqueous or organic systems
consisting of multiple distinct populations of colloids, or a single
colloid consisting of multiple components, as contrast variation and
contrast matching allow each population or constituent to be studied
independently.”> Furthermore, the neutrons used in SANS experi-
ments have relatively low kinetic energies ( ~10 meV) and interact
overwhelmingly with nuclei rather than electrons. This means that
sensitive or fragile samples may be continuously observed over the
extended periods required for experiments where parameters of the
electric field are varied without the risk of radiation damage.’*~**
However, despite these advantages, only a handful of such experi-
ments featuring the combination of in situ electric fields and small-
angle neutron scattering measurements have been reported in the
literature.®!>29-3

The relative lack of in situ SANS experiments is most likely
due to a combination of the absence of lab-based neutron sources
and the fact that the beam dimensions are approximately an order
of magnitude larger for neutrons than for x-rays. As the electric
field is inversely proportional to the distance between the elec-
trodes, this means that much higher voltages are required to pro-
duce the same field in a SANS experiment than in an analogous
SAXS setup. In all the experiments cited above, this issue was mit-
igated by placing the electrodes directly in contact with the sam-
ple, in some cases, simply by inserting two conducting tubes or
wires into a quartz cuvette.””*"*3* This method can work well for
inert, insulating materials but, in samples that contain ionic or con-
ducting components, can lead to unwanted electrochemical and
resistive heating effects. To the best of our knowledge, no SANS
electric field sample environments have been published with exter-
nal electrodes and only two setups allowed control of the sample
temperature.®*

In this work, we report on the development and character-
ization of a “universal” electric field sample environment—one
that is simple and safe, permits the use of standard cuvettes and
high field strengths, and allows for temperature control. The capa-
bilities are demonstrated using three types of sample: a ther-
motropic liquid crystal, a lyotropic liquid crystal, and a liquid crystal
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composite. The two former materials are well-known and well-
studied; however, the latter is still a topic of active research.’>*
Despite their relative abundance, ease of synthesis, and low cost, sus-
pensions of anisotropic organic or biological nanoparticles in liquid
crystals are virtually unexplored. The synthetic polypeptide, poly(y-
benzyl-L-glutamate) (PBLG), appears to be a particularly promising
candidate due to its rigid a-helical structure, which results in a sig-
nificant overall dipole moment (3.5 D per monomer) oriented along
the backbone of the helix.”” Here, we use PBLG, functionalized with
short polyethylene glycol chains, as the anisotropic guest molecule
and fully deuterated 4-cyano-4’-pentylbiphenyl (d-5CB) as the ther-
motropic host. Initial x-ray scattering measurements of the compos-
ite system in the nematic phase were inconclusive,”® and it could
not be determined whether the absence of x-ray scattering was due
to poor solubility or insufficient scattering length density contrast.
The small molecule/organic dopant liquid crystal composite system
therefore represents an ideal test case for the electric field sample
environment. In the following, the experimental setup will be intro-
duced in detail and the experimental results from the thermotropic,
lyotropic, and composite liquid crystal systems will be shown and
discussed.

Il. THE APPARATUS
A. An overview

Schematic and cross-sectional views of the electric-field sam-
ple environment are given in Fig. 1. The dimensions of the cell
are 50 x 30 x 70 mm> (width x depth x height), and the body
was constructed as a single piece by stereolithography rapid pro-
totyping (printer—Freeform Pico two HD, Asiga, Australia, and
resin—Formlabs Clear and Formlabs Gray, Formlabs, USA). Not
shown in Fig. 1 is the boron carbide shielding that covers the cell
body on the side facing the incoming neutron beam. The shielding
is required to avoid irradiation of the electrodes and the cell body.
The body features a large continuous internal cavity that can be con-
nected to an external water bath. The cavity accounts for over a third
of the total enclosed volume, ensuring that temperature changes are
rapid and uniform. Although the working temperature range of the
water bath was —35°C-150 °C, the apparatus was only tested in
the range 10 °C-60 °C. Lower temperatures should also be achiev-
able using an appropriate cooling fluid; however, as the resin begins
to soften at temperatures above 60 °C, higher temperatures would
require the use of a different material. Temperature control is fur-
ther aided by a flow of compressed air that runs in spiral-form close
to the cavity walls and is then directed over the sample. In addition
to assisting with the temperature homogenization, the air flow also
serves to eliminate condensation at low temperatures. In situations
where very high fields are required, the compressed air may be sub-
stituted with a dielectric gas, such as sulfur hexafluoride, with a high
breakdown voltage to prevent unwanted and potentially danger-
ous arcing. The sample itself is contained in a standard rectangular
quartz cuvette with a 1 mm path length (a sample environment that
accepts 2mm path length cuvettes was also fabricated). The elec-
tric field, which may be either static or dynamic, is produced using
a function generator (33512B, Keysight Technologies, USA) and
amplified using a high-voltage amplifier (10/10B-HS, Trek, USA).
Both the input and output (via a low-level voltage signal from the
amplifier) are monitored using a digital oscilloscope (TBS1000C,
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Tektronix, USA). Due to the potential dangers of working with high
voltage electronics, a microswitch (see Fig. 1) that engages with the
live electrode is included to ensure that the field can only be switched
on when the electrode is in position.

B. Electric field simulations

In simplified 1D geometry of a dielectric sample in a quartz
cuvette between two parallel conducting electrodes (as shown in
Fig. 2), the electric potential is given by

av-- [ Edi. (1)
Applying this to a filled quartz cuvette between two electrodes,

AV = -2E|l, - E;I,
E E

22205 - 22, (2)
&1 &

where Ej is the field in free space, ¢ is the dielectric constant of the
quartz, I; is the wall thickness, ¢, is the dielectric constant of the
sample, and [, is the width of the sample. As the potential between
the electrodes is known, Eq. (2) can be rearranged to give the E,, the
electric field in the sample,

_ —81AV
27 21182 + 1281 ’

(©)

As the geometry of the sample environment is somewhat more
complicated than this 1D representation, a finite element analysis
(FEA) model of the sample environment was constructed and simu-
lations were performed with the software program ANSYS Maxwell
to determine the magnitude and geometry of the electric field within

ARTICLE scitation.orgljournal/rsi

FIG. 1. Schematics produced from the
.STL file used to print the sample envi-
ronment. From left to right: perspective
view, vertical cross section parallel to
beam, and vertical cross section perpen-
dicular to beam.

various samples. Two important effects were investigated: the influ-
ence of the dielectric constant of the sample on the magnitude of
the field and the possible effects of the circulating bath fluid on
the geometry of the field. The former was examined by varying the
dielectric constant of the material inside the cuvette and the latter by
setting the bath fluid to be either insulating or earthed (i.e., with a
potential equal to zero).

Representative results are shown in Fig. SI of the
supplementary material and summarized in Table I. Despite
the highly simplified nature of Eq. (3), it appears that it provides
a reasonable estimate of the field strength within the sample
(£ ~ 20%) for most solvents. In the case of water-based solvents,
however, the discrepancy between the 1D calculation and the
simulations is much larger. This discrepancy arises as the 1D
calculation neglects the effects of the cuvette walls on either side
of the sample; when the relative differences between ¢; and ¢, are
large, this becomes a significant source of error.

A further important finding of the FEA simulations is the influ-
ence of the thermal bath fluid on the electric field. The ethylene
glycol-based thermal fluid used in this work has potentially non-
negligible conductivity (o ~ 5 mS/cm, cf. om0 ~ 0.05 pS/cm) and
is in direct contact with the earthed thermal bath. The two simu-
lations therefore probed the two extreme cases in which the fluid
is either a perfect insulator or a perfect conductor. Although the
difference between the electric fields at the center of the sample is
minimal, the effect on the geometry of the field is much more pro-
nounced, as shown in Figs. S1 and S2 of the supplementary material.
In the case of an insulating thermal fluid, the electric field vectors
are horizontal and the field strength is uniform in the region of
interest (¢/u = 0.02). A conductive thermal fluid, however, results
in increased divergence of field vectors and gradient in the field
strength (o/u = 0.1). Even in this worst case scenario, however, the

TABLE I. Summary of the calculated/simulated electric fields present at the center
of the neutron beam for an applied voltage of 2.5 kV. Equation (3) refers to the field
strengths calculated via Eq. (3) in the text, Sim. 1 refers to the FEA simulation in which
the bath fluid is an insulator, and Sim. 2 corresponds to the FEA simulation in which

& &2 &1 the bath fluid is an earthed conductor.
Dielectric Field in Sample (kV/cm)

o o Sample Constant ~ Equation (3)  Sim.1  Sim.2

ll l2 ll Dioxane 2.25 2.3 1.9 1.8
FIG. 2. Diagram of the one-dimensional geometry used to estimate the electric SCB (isotropic) 112 L6 L7 L6
field strength in the sample via Eq. (3). For the Hellma 110-QS cuvettes used in 5CB (oriented) 19.7 1.2 L5 13
this work, I+ = 1.5mm, I, = 9.5 mm, and & = 4.2. Water 80 0.46 08 0.75
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electric field appears to be sufficiently horizontal and uniform to
perform field-alignment experiments.

Finally, the field strengths attained in the region of interest of
the sample are on the order of 1 kV/cm-2 kV/cm. This compares
favorably with the previous SANS electric field sample environ-
ments, even those with immersed electrodes. Furthermore, as the
amplifier used in this experiment has the capacity for a sustained
output of 10 kV, the maximum field strengths in the sample may
be increased by a factor of 4 compared to the values provided in
Table 1. Although the breakdown voltage of dry air is 30 kV/cm,
environmental factors such as increased humidity and air pressure
may reduce this,*’ leading to potentially dangerous arcing between
the electrodes. If such high field strengths are required, care should
be taken that all the components are clean and dry and that no
condensation forms on the cuvette.

lll. RESULTS

A. Experimental details
1. Materials

Unless otherwise stated, all chemicals were purchased from
Sigma Aldrich (St. Louis, USA) and used without further purifi-
cation. The PBLG material (15 kDa-70 kDa) was purchased from
Santa Cruz Biotechnology (Santa Cruz, USA). Deuterated 1,4-
dioxane (>99% atom D) was purchased from abcr (Karlsruhe,
Germany), and the perdeuterated 4-cyano-4'-pentylbiphenyl lig-
uid crystal (d-5CB) was synthesized by the Zimmermann group
at the Max Planck Institute for Medical Research in Heidelberg.
Hydrogenous 4-cyano-4’-octylbiphenyl (8CB) was purchased from
Kingston Chemicals, Ltd. (Hull, UK). The structural formulas
of d-5CB and 8CB are shown in Fig. S3 of the supplementary
material. The deionized water used for dialysis was taken from a
Milli-Q Reference water purification system with a resistivity of
~18 MQ cm.

2. Sample synthesis and preparation

The grafting reaction was conducted following a stan-
dard transesterification procedure,*'** whereby benzyl groups are
exchanged with short PEG chains in the presence of an acidic cata-
lyst. The reaction was carried out using Schlenk techniques under
an atmosphere of nitrogen. The PBLG (1.3 g, 0.074 mmol, and
5.6 mmol BLG residues) and mPEG (M,, of 350 Da, 35 ml, and
109 mmol) were added to a Schlenk flask and dried under vac-
uum at 40°C for 1 h. The reagents were then dissolved in dry
1,2-dichloroethane (99.8%, 70 ml) and the p-toluenesulfonic acid
catalyst (5.2 g, 27.3 mmol) was added in one portion. The reaction
mixture was stirred, heated to 64 °C, and the reaction was allowed to
proceed at that temperature for 5 days. The polymer solution was
then cooled to room temperature and opened to air and the sol-
vent was evaporated until the volume had approximately halved. The
mixture was then transferred to dialysis tubing (Snakeskin 3.5 kDa
molecular weight cutoff, Fisher scientific) and was dialyzed against
stirring deionized (DI) water (~1 1) for further seven days during
which time a pale yellow paste-like sediment formed. The DI water
was exchanged every day to ensure complete removal of any remain-
ing organic solvents, mPEG and p-toluenesulfonic acid. The product
was extracted into dichloromethane and the resulting solution was
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evaporated and then dried under vacuum, yielding a pale yellow vis-
cous wax-like substance in quantitative yield. The structural formula
of the PEGylated PBLG is given in Fig. S3(c) of the supplementary
material.

Guest-host liquid crystal samples were prepared at 2 wt. % by
dissolving a known mass of PEGylated PBLG in chloroform, adding
the solution to the appropriate mass of the d-5CB liquid crystal, and
vortexing the mixture. The mixtures were then placed in a vacuum
oven for 16 h at 40 °C under a static vacuaum (~10 mbar), allowing
the chloroform to evaporate. The samples were transferred into pre-
heated cuvettes at 40 °C and placed directly into the sample environ-
ment immediately prior to measurement (also at a set temperature
of 40 °C).

3. SANS

SANS measurements were conducted on the D11 instrument
at the ILL (Grenoble, France) and the Sans2d time-of-flight instru-
ment at ISIS (Harwell, UK). Measurements of the hydrogenous 8CB
were performed on D11 with a sample-to-detector distance of 1.4
m and collimation length of 8 m. For measurements of the lyotropic
and guest-host liquid crystals performed on D11, three sample-to-
detector distances were used (1.4 m, 8 m, and 39 m, with collimation
lengths of 8 m, 8 m, and 39 m, respectively) with a wavelength of
6 A, giving a Q-range of 0.0015 A™'-0.42 A™'. Measurements on
Sans2d were performed with a sample to (rear) detector distance of
4m, giving a Q-range of 0.0062 A™'-0.96 A~'. All measurements
were performed in 1 mm path length cuvettes and, unless other-
wise specified, samples were measured at 25 °C, as recorded by the
thermocouple directly adjacent to the sample.

B. Thermotropic liquid crystal

In order to confirm that the sample environment was function-
ing as intended, the first sample to be tested was the hydrogeneous
liquid crystal, 8CB. The solid to smectic-A, smectic-A to nematic,
and nematic to isotropic phase transitions for 8CB occur at the Txa
0f 22°C, Tna of 34 °C, and Tni of 41 °C, respectively.” The sample
was therefore heated to 45 °C and cooled at a rate of 1.5 °C/min to
20°C. For the duration of the experiment, an alternating potential
of 2 kV was applied across the sample (i.e., an effective maximum
field of ~1.2 kV/cm within the sample) at a frequency of 1 kHz. The
scattering was measured in 30 s intervals, and the results are given in
Fig. 3. The temperature control and application of the electric field
clearly have the desired effects, with transitions and alignment of the
smectic/crystalline phases occurring as expected, confirming that the
sample environment is fully functional.

C. Lyotropic liquid crystal

A second experiment was performed at a constant temperature
0f 25 °C in order to observe the slow orientation of lyotropic suspen-
sions of unadulterated PBLG helices (10 wt. %) in deuterated diox-
ane. Again, an alternating electric field of 2 kV was applied across
the sample (i.e., an effective maximum field of ~1.4 kV/cm within
the sample) at a frequency of 1 kHz. The scattering was measured in
60 s intervals and the results are shown in Fig. 4. It can be seen that
the alignment of the mesophasic domains occurs on a much longer
timescale than in the case of thermotropic liquid crystals. The degree
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FIG. 3. Left: azimuthally averaged SANS data as a function of temperature for hydrogenous 8CB cooling in an electric field. Right: detector images showing the different
liquid crystalline phases in the presence or absence of an electric field (data are not normalized but are all shown on the same intensity scale). Initially, at 45 °C, the 8CB
is in the isotropic phase (shown here in yellow). On cooling, a broad peak appears in the nematic phase (light green), which sharpens at ~35 °C at the transition to the

smectic phase (dark green). On further cooling in the smectic phase, the peak intensity increases until the onset of crystallization (purple) at ~22 °C. The color transitions
shown here correspond to the known liquid crystalline transition temperatures.*°

of alignment can be quantified by comparing the alignment of indi-
vidual mesogens (in this case, the PBLG helices) with that of the
director to determine an orientational distribution function, f(6),
and averaging over the ensemble. By convention, this is often given
by the average of the second Legendre polynomial, P,

scattering, the corresponding order parameter, and the final detec-
tor image are shown in Fig. 4. Using the framework developed by
Wagner** for liquid crystals in magnetic fields, this information can
be used to determine the texture viscosity of the mesophase,

soerz
n= , (6)
S = (P2(cos 0)) = (%cos2 60— %), 4) op

where ¢y is the permittivity of free space, y, is the dielectric sus-
where S is the order parameter, 0 is the angle between the long axis ceptibility of PBLG in dioxane, E is the electric field strength, and
of the molecule and the director, and the angle brackets denote the B, a prefactor that arises when evaluating the complex viscoelas-
ensemble average such that tic response of lyotropic liquid crystals,** is the governed by the
equation
[ f(6)(3cos’ 6 1) sin 6d6

T, s
\/_ V5 4
5 J7£(6)sin 6.d6 ' (5) m[ V215 | 4 -

The order parameter varies between S = 1 when all of the meso-
gens are perfectly aligned with the director [ie., f(6) = §(0)] and
S = 0 when the orientation is perfectly isotropic [i.e., f(6) is a con-
stant and there is no orientational order at all]. The evolution of the

and can be determined from the linear gradient of the left-hand side
of Eq. (7) plotted against time. As shown in the plot in Fig. S4 of the
supplementary material, the evolution of the left-hand side of Eq. (7)
is linear with time, yielding a value of § = 1.25 x 10™* s™". According
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FIG. 4. (a) Time-resolved, radially averaged and normalized SANS data of unadulterated PBLG helices (10 wt. %) in deuterated dioxane aligning in an electric field at
25°C, (b) the corresponding order parameter, and (c) the final detector image after 20 min.
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temperature.

to dielectric studies of PBLG in various solvents, the relative permit-
tivity of the lyotropic suspension is approximately a factor of two
higher than that of the pure solvent.”” Equation (6) yields a tex-
ture viscosity of 800 Pas. This is more than an order of magnitude
higher than that found by Wagner et al. (28 Pa s) for PBLG helices in
DMF-d7. The reasons for this discrepancy are unclear; however, it is
known that low dielectric solvents such as dioxane give rise to exten-
sive aggregation of PBLG helices,"**® leading to an increase in vis-
cosity.” It is conceivable that the field inhomogeneity, as observed
in Fig. S1, also plays a role in depressing the calculated order param-
eter. However, the same calculation yields a value of § = 0.80 for the
smectic A phase of the thermotropic 8CB liquid crystal, which is in
line with other theoretical and experimental observations of similar
compounds.”’~>* The field inhomogeneity is therefore unlikely to be
the cause of the anomalously high texture viscosity. In light of these
intriguing preliminary results, further orientational order parame-
ter studies with different solvents and mesogens are required to fully
explain this phenomenon.

D. Guest-host liquid crystal

The electric field sample environment is also ideally suited
to investigating the properties of guest-host liquid crystal sys-
tems. In this study, modified PEGylated PBLG helices were intro-
duced (2 wt. %) into the deuterated form of the liquid crystal, 4-
cyano-4’-pentylbiphenyl (d-5CB), and the samples were measured
as they were cooled from the isotropic phase to the nematic phase
in the presence of an alternating applied electric field (5 kVpp,
1 kHz). It was observed that the modified PBLG material is well-
dissolved and retains its rod-like character in the isotropic phase,
as can be seen from the Q! dependence of the scattering in the
Guinier region (see Fig. S5 of the supplementary material). There
is some evidence of aggregation, as illustrated by the slight upturn
at low Q, but this is less pronounced than for the same PEGy-
lated PBLG material in d-dioxane. Fitting the data to a model for
randomly oriented cylinders using the SasView application (see
Table S1) revealed that the PEGylated PBLG has a larger cross-
sectional radius than the unadulterated material (14 A vs 10 A),
presumably due to the longer side chains. The fits also suggest that
helices are longer in the liquid crystal than in dioxane, and this
could be evidence of end-to-end aggregation; however, due to the

divergence of the data to the fits at low Q, this is not necessarily
significant.

Despite the good solubility in the isotropic phase, on cooling
below the isotropic nematic transition temperature, the PBLG mate-
rial begins to precipitate out of the nematic phase. This behavior
can clearly be seen in Fig. 5; as the temperature decreases, the inten-
sity initially increases at low Q, presumably due to the formation of
larger aggregates before the intensity drops off substantially at high
Q. Once the temperature increases above the nematic-to-isotropic
transition, the intensity at high Q begins to recover as the helices
are gradually “redissolved” in the liquid crystal. The changes can
also be observed in the detector images shown in Fig. S6(a) in the
supplementary material. At T = 30 °C, the intensity of the scattering
close to the beamstop increases and becomes isotropic (the intensity
is higher above and below the beamstop), indicating the presence
of large horizontally aligned aggregates. Indeed, when the sample is
removed from the electric field, these aggregates are visible to the
naked eye as streaks on the walls of the cuvette, radiating out from
the electrode [see Fig. S6(b)]. The large surface area of the PBLG
aggregate film on the cuvette walls also explains the comparatively
fast “redissolution” of the helices into the composite upon heating.

These results indicate that, although the PEGylated polypep-
tides are well-solvated and maintain the a-helical structure in
the isotropic phase, they are excluded from solution during the
isotropic-nematic transition. It is considered likely that this aggre-
gation behavior may be due to the influence of the nematic field,
whereby colloidal particles are effectively bound together by discli-
nations anchored to their surface.”® Although these results resolve
the question surrounding the absence of particle scattering in the x-
ray measurements, they unfortunately also preclude further investi-
gation on the influence of temperature, field strength, and frequency
on the guest-host system that would otherwise have been possible
using this sample environment.

IV. DISCUSSION AND CONCLUSIONS

Conceived to counteract the relative dearth in electric field
sample environments available to users of SANS instruments, the
setup described herein was designed to be as functional, flexible,
and user friendly as possible. It features external electrodes, allow-
ing potentially conducting samples to be studied, accepts standard
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quartz cuvettes, and allows for fields up to 8 kV/cm to be applied
to the sample. Furthermore, the temperature can be controlled by
means of a standard water bath and the air flow around the sample
ensures a uniform temperature and mitigates the potential problem
of condensation at low temperatures. Finally, the setup is easy to
assemble and the sample holder itself can be 3D-printed on any suit-
able printer. The temperature, field-strength, and frequency can all
be controlled remotely via the instrument control software.

Commissioning experiments were conducted on thermotropic,
lyotropic, and guest-host liquid crystal systems. It was shown that
the sample environment functions as expected and can be used
to investigate various alignment phenomena. However, due to the
aggregation of guest molecules in the nematic phase, the effects
of field-strength and frequency could not be explored to their full
extent. In addition to the types of liquid crystalline system exhib-
ited in this work, the electric field sample environment is well-suited
to study a wide variety of field-alignable and electro-responsive sys-
tems, including organic’ and inorganic nanoparticles,”’ biologi-
cal structures,”® and directed self-assembly systems,”” and can be
used to complement magnetic-field alignment experiments. Fur-
thermore, the use of the high-speed high-voltage amplifier allows
alternating fields with frequencies up to ~60 kHz to be applied,
and the sample environment is therefore well-suited to stroboscopic
techniques such as TISANE,*®*’ enabling alignment or relaxation
phenomena to be investigated on millisecond timescales.

The principal drawbacks of the design presented here are the
limit of the maximum temperature due to the properties of the resin
and the inhomogeneity of the field in the presence of a conduct-
ing thermal fluid. The first issue can easily be solved by fabricating
the sample holder from a ceramic material, which is both electri-
cally insulating and thermally conducting, thereby increasing the
temperature range and decreasing the equilibration time. The inho-
mogeneity in the field can be somewhat mitigated by using deionized
water or oil-based fluids instead of ethylene glycol. However, this
will not completely eliminate the problem as ions will rapidly leach
into the thermal fluid from the water bath, increasing the conduc-
tivity. A more complete solution would be to apply a symmetrical
field with two live electrodes driven in anti-phase and to replace the
thermal fluid with a temperature-controlled air flow over the sam-
ple, which also has the advantage of facilitating rapid temperature
jumps. The sample environment is currently available to users at the
ILL neutron scattering facility and the .STL file is available from the
authors on request.

SUPPLEMENTARY MATERIAL

See the supplementary material for figures S1-S6 and Table S1
referenced in the text.
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