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I. ABSTRACT. -

In situ measurements are an increasingly 'mN ‘tool to inform the complex relationship

%

between nanoscale properties and macroscopie_material measurements. Knowledge of these
%ﬁ(ials to meet the performance demands of next

"
generation technologies. Conducti&g{ ex fluids have emerged as an area of research where

the electrical and mechanicalpgs@iag are key design parameters. To study the relationship

between microstmcture,qh\tivity and rheology, we have developed a small angle neutron

phenomena can be used to develop esg

scattering (SANS) ¢ompatible, Couette rheological geometry capable of making impedance
spectroscopy measurgmen {nder continuous shear. We have also mounted this geometry on a
commercial,s 'D:ontrolled rheometer with a modified Forced Convection Oven (FCO). In this
manuscrig e int/o uce the simultaneous measurement of impedance spectroscopy, rheological
propeﬁm\an SANS data. We describe the validation of this Dielectric RheoSANS instrument
-~
a‘@%nstrate its operation using two systems - an ion gel comprised of Pluronic® surfactant
\§ ignic liquid, ethyl-ammonium nitrate, and poly(3-hexylthiophene) organogel prepared in a
mixture of hexadecane and dichlorobenzene. In both systems, we use this new measurement

capability to study the microstructural state of these materials under two different protocols. By
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Publishimgnitoring their dielectric rheology at the same time as the SANS measurement, we demonstrate
the capacity to directly probe structure-property relationships inherent to the macroscopic

material response.

II. INTRODUCTION. /\
In situ measurements are increasingly used to interrogate the ité‘i%roperﬁes of suspensions

of conducting particles, self-assembled systems, a ‘@noco posites.'” When two
—

eaog§ R), the macroscopic material

measurements are combined, for example in dielectric
response can be understood based on the complex@ation s between a material’s electrical
and mechanical properties. The combination of small amplitude oscillatory shear (SAOS) with
impedance spectroscopy (IS) for instance caﬁ&u o probe fundamental relaxation processes
in materials. This has been used tg stu ielectric and mechanical relaxation spectra of
entangled polymers that arise due ipo -di?ole correlations with global chain motion.%” DR is
also particularly powerful for dy “of kinetic processes where both the electrical and
mechanical properties of/@ erial evolve due to a chemical reaction or gelation process. In

emerging methods, ea; 1 lied and the microstructural rearrangement imposed by the
1d 1

ébed using IS.!? In this case, the dielectric response arises due to

macroscopic ﬂO\/ \
microstructu s@e of the material. Underlying these experiment techniques is the intrinsic link

between &unatérial’s'macroscopic response and its underlying microstructure. DR, however, only
- V.
probes, this Sun erlying microstructural response indirectly. Indeed, it is only through
-
d Veloprxsent of constitutive relationships between microstructure and macroscopic

\ig\rements that the true nature of the material response can be reconstructed.

alternative approach is to simply measure the material microstructure directly. That

knowledge of the instantaneous microstructural state is often sufficient to reconstruct
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Publishimgcroscopic measurements has been demonstrated experimentally.®!® Small angle neutron
scattering (SANS) is ideal for this application as it provides information both about the disperse
phase material’s size, shape, and composition as well as information associated with colloidal
interactions in suspensions.'! Shear cells compatible with SANS me%éﬁrements are deployed at
SANS and SAXS beam-lines around the world capable of examini g%amp confined within a
Couette geometry along the vorticity, shear-gradient and ﬂOWX&tI 5.12716 The progress in
measurement sciences made by these shear geometries Q"Ted. to the development and

_—

validation of commercially available RheoSANS ins ment§17’18 RheoSANS increased the

8,19

e time and position of each neutron is

utility of shear cells making direct measureme tQﬁstrtl"ture—stress relationships possible.
L -
ere

Coupled with event mode data acquisition,\yk

tracked, and using a two-way handshaki g.wol, time-dependent shear experiments with

resolutions approaching 10 milliseco&%ei‘v Is have also opened to the door to a deeper
e

understanding of both steady state a 20

ependent material response.

More recently, in situ rhe&s\\'easurements have been expanded to combine other
techniques such as Ra n%troscopy.21 Also, the combination of DR, RheoSANS, and
Dielectric SANS waswuséd ‘9 tudy the in situ mechanical and microstructural response of a

conjugated @ganogel undergoing thermo-reversible gelation.’>>* These past

investigatiohs the future goal of examining materials under increasingly complex
experi ﬂg%%cols has motivated the development of a Dielectric RheoSANS instrument
capableef inbitu SANS, electrical and stress measurements.>* The technical specifications of the
ge etrys and the modifications necessary to install it on a commercial strain-controlled
>01B'eter are described in detail elsewhere.2* In this manuscript, we validate the performance of

the dielectric geometry for simultaneous SANS experiments, impedance spectroscopy, and
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Publishifgological testing using both oscillatory rheology and steady shear. We show that the design of
the Couette geometry provides the means to perform all tests without compromising the accuracy
or precision of the SANS, dielectric or rheological information over the entire accessible shear
rate range of the rheometer. We also demonstrate the application of(fﬁe Dielectric RheoSANS
technique using two case studies: 1.) The self-assembly of pol (3-71}xylth phene) organogel
networks, and 2.) Shear induced crystalline alignment of Pluronm{ic es in an ion gel.

<

ITI. Dielectric RheoSANS Description: -~

ITI.A Dielectric RheoSANS Geometry C 3

Advanced DR instrumentation commonly us%id__metals to maintain electrical contact
under arbitrary deformation profiles, allowing,fo eriments to be performed on samples in

their quiescent state and far from equilibrium, such as under applied shear flow. Common DR

N
instruments also employ parallel Kﬁ&ometries to simplify sample loading and impedance

correction as the electrical c%&nt is only a function of plate diameter and the gap
spacing.!? While much ab® e electrical response of materials to applied shear can be learned
from such instruments, tl‘;ar%several limitations. First, for a stress-controlled rheometer, the
liquid metal cong/ contri

electrical res@a parallel plate geometry under steady shear represents an average over the

radial sh@ar profile“and therefore, is itself a convolution of the true macroscopic material

=
response. Fi:sal , the construction of parallel plate geometries compatible with SANS

1{es a non-negligible resistance to the measured torque. Second, the

-
"@%ents has proven challenging. Consequently, the Couette geometry is preferred for the

bﬁle.s\tnc RheoSANS technique.
enz et al. demonstrated a Couette geometry compatible with rheo-impedance measurements

of carbon black suspensions in mineral 0il.?> In their custom-built instrument, the shear rate is
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Publishieghstant across the entire gap and they probed the electrical properties of the material along the
shear gradient projection of the deformation. This instrument represents an important
improvement as compared with parallel plate geometries for the measurement of the electrical
and rheological response of a material under steady shear. A further Zé\provement can be made
using a strain-controlled rheometer with an independent torq tﬁ’sduc . This effectively
decouples the application of strain from the measurement OW so there is no torque
correction necessary. Therefore, our design begins with a 9_? ‘t>e"Geometry attached to a strain-
controlled rheometer. The radial cross-section is shown Figu%; 1. In this geometry, the sample
is confined between two cylinders (dob0p=25.1 L@ndﬁ)cup:N mm) that are mounted to an
ARES G2 Rheometer (TA Instruments — Newark, D .%(T The inner bob cylinder is 34 mm tall
and capped on the bottom with a 4° cone %;ncated to operate at a 100-micron gap. The cup
and bob walls are machined from titani Mn&l\ e 0.5 mm thick in the hollow region to balance

neutron transparency with mec af&w ity.!® The cap, the bottom of the cup, and the bob

shaft are machined from Poly(ethér.ether ketone) (PEEK) to electrically isolate the impedance

measurement from the i‘%ﬁ and to reduce fringing. They are bonded to the titanium walls
with a high-temp?at%o-y epoxy (3M DP420).2*

AN,
A
5
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Figure 1: Cross-section of Dielectric RheoSA eometry. Sample is contained in space

between two cylinders. S~

\7

Electrical contact with the bob %mﬁe at the center axis of the bob, while electrical
contact with the cup wall is m exterior radial position on the bottom of the cup wall as

shown in Figure 1. A sily,

r‘m% bus bar ensures uniform distribution of current around the cup

wall. In this rheometef, the cup retates and the torque is measured by the bob. Therefore, in order

£
| co d( with the cup as it undergoes steady shear, a slip ring (Fabricast,

to maintain elecQ(
Paﬂ#1972-2@180 is mounted to the cup shaft, as described in a previous publication.* A

compositégarbon/silver brush mounted to the rheometer maintains electrical contact with the slip

-

Y.
ring a@de for low noise and low frictional contact. A two-electrode measurement is made
using anSAgl ent E4980 LCR meter with a 20 Hz to 2 MHz frequency range through electrical

}sﬁnec ns to the bob and the carbon brush.
~

I1I.B Modifications to Force Convection Oven
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Publishinghe entire Dielectric RheoSANS Geometry is contained within a Forced Convection Oven
(FCO), an accessory that is commercially available with the ARES G2 rheometer. To facilitate
SANS measurements, we modified the FCO to allow for the passage of incident and scattered
neutrons over a wide angular range as highlighted in Figure 2. The iz/strument can be mounted
on the NG-7 beam-line at the National Institute of Standards an T%molo y in Gaithersburg,
Maryland and aligned to do SANS measurements over a wide % 01 nm! to 2.5 nm™).%’
This provides microstructural information over an effectiv_ei '?r'ange from 2 nm — 300 nm. To
make the oven compatible with SANS measurements t stoc§ ceramic inserts that control the
convection within the oven were replaced with us(o.m—nm)ie ceramic inserts that provide beam
entry and exit pathways defined by the desire&wKxi ;1- beam size and scattering angle (17° at
0.6 nm wavelength neutrons) on the detéct is design enables access for probing both the
radial (1,3) and tangential (2,3) she WHQS of the Couette Geometry with SANS.>* The
modifications to the ceramic i se&\w wn in Figure 2. These inserts were made by 3-D
printing molds from ABS plas&hﬁe desired oven geometry as the mold negative. A silica
refractory compound wa: %te in these molds (CER-CAST Fused Silica — Cotronics Corp,
Brooklyn, NY). Afte ¢ cas}ing set, the entire mold was cured at 150°C. The ABS plastic was
then dissolved in)a}hke, and the castings were fired at 400°C overnight to finish the curing

process. Thin lar (0.001” thick) windows were mounted to the openings as transparent

£

neutron win s/The ARES G2 FCO accessory has a reported temperature range from -90°C to
6202C ensusing the liquid nitrogen dewar. However, due to thermal expansion of the
Di ctrib RheoSANS Geometry, the use of Mylar windows, and the temperature limitations of

}eﬁxy, the maximum accessible temperature range is limited to more restricted range of -50

°C to 150°C.
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Figure 2. Diagram highlighting modifications to he FCO necessary to accommodate SANS

experiments including the beam entry (15 mm d 10 mm tall) and exit ports (solid angle
cut accommodating angular divergence of 17°

III.C. Calibrations and Validation
II1.C.1. Impedance Correction ‘\

ERESA o
% . A

Figure 3. Sche atic ﬂ{e equivalent circuit diagram for the Dielectric RheoSANS
measurement for h en and short circuit correction.

AC impe Q\easurements are made concentrically on the sample within the Couette.”® The
compl da , Z*, 1s measured by applying a time-oscillating voltage characterized by a
Voltag amplitude, Vo, and frequency, f. The measured linear response is then given by the

ent aﬁlplitude, Iy, and the phase shift, ¢. The resulting complex impedance of the system can

}'be calculated by Z,, =1,/V, e” where i=+/-1. To quantify the electrical response of the

sample, the instrument response must first be removed from the measured signal. The instrument
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PUb”Shiﬂ’gl onse (Figure 3) is modeled by two impedance elements; a resistor in series, Z;, with the

sample and a capacitor in parallel, Z,, as shown in Figure 3.

. (z-z)

“r1-(2,-23)/z, /

By making a short circuit and open circuit measurement, Z; an Z}respectively, the system

Equation 1.) z

*

response, can be corrected, Z

Corr

per Equation 1. A typica op'% andsshort circuit measurement
T~

short circuit measurements is

are shown in Figure 4a. Z’ and Z” are the real and @1‘1\% components of the complex
impedance, Z*. The ideal dielectric response of @open d

described by Equations 2 and 3 respectively.?’ T
Equatio M =<i/27 fC,
\
Equa ) Ze=R+i-2xfL

™
In these equations, R; is the series resx . Lyis the inductance of the short-circuited cell, and Cy is the
capacitance of the empty cell. Theéﬁ\xehhresponse shows very good agreement with Equations 2 and 3
at low frequencies. How er,o7\frequencies exceeding ~10,000 Hz there is a frequency dependent
component of the inst ment respefise in the short-circuit measurement causing the resistance of the cell
to increase with 1%0@{ u/ency. This increase is a result of the electrode skin effect leading to non-
uniform current distribution®throughout the metallic conductors that comprise the cable connectors. The
magnitud@i(in ctance imply that the short circuit response is not dominated by the sample
geom ry“ﬁt high«frequencies, but instead by the cable connections leading from the LCR meter to the
ggometry ‘1 and therefore, should be independent of the resistivity of the material being tested.

) *
Ther 30
\

¢, the frequency dependent short circuit response is directly subtracted to calculate Z
key design feature of the Dielectric RheoSANS instrument is that the instrument response is

(¢}

—

Corr *

independent of the sample deformation and shear rate. This requires the cylinder eccentricity to
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Publishibg maintained within a tight tolerance such that the parameters which describe the electrical
response of the instrument do not vary with shear rate or strain. The alignment procedure for the
Dielectric Couette is described elsewhere.?* We have found that the alignment is adequate when
the capacitance of the open cell varies by less than 0.5% under steady(énear, a condition that can
be reproducibly achieved using our design. When the geomet is)ell aligned, the relevant
parameters describing the instrument response can be extracté\bk asuring a liquid metal
(Gallium-indium eutectic — E-Galn, Aldrich) under stead}‘/\s deitions at different rotation
velocities, ®. The results interpreted using Equations 2%nd 3»f the low-frequency impedance

-

data are shown in Figure 4b to be independent, of\the s‘l’rjar rate. The cell constant and other
| -

dielectric parameters are summarized in Tab‘le\\

10° 1 — %‘%29.0 % %
y - ZF SN 280
6 | sho b C
10" ,“ ~ %2?.0
R T 36
N N 10 I \\ : SR
10° - e a4 2006
Ji Q’ So.14
J =" Cﬁm
Ry & 0.12
10 T4 T~ T T T 0.00 2 46 2 46
05 4 10° 10° ' 1 10

i) 3\ f (Hz) b) ® (rad/s)

Figure 4./a.) Representative complex impedance versus frequency for open and short circuit
the dielectric Couette geometry, b.) Open and short circuit parameters
extracfed fro tvalent circuit modeling of the low-frequency conductivity data as a function
of rog%iz , @ (rad/s). The short circuit measurements were made with E-Galn filled within
thé “Cou o facilitate measurements under steady shear. Error bars represent 1 standard
d viatiorsfrom the average.

~
.C.2: Rheological Corrections

The conversion between shear stress, 7, and torque, M, are given in Equation 4.%!
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1+06°
Equation 4.)7,, = K,,M where K,, =( 4LR252

=K owherek, 0TV

Here we assume that there are no end effects. In Equation 4, L is as:%k\of the cup and R is

the radius, o is the ratio of the cup to bob diameter. The coneﬁg\; machined such that the
l/ra

strain constant, Ku, is closely matched to the Couette secti A truncation gap of 100

um is used for this geometry. Therefore, the theoretica@on tant, Ky, for the geometry is
W

25182 m®. Measurement of rheological standards|show .good agreement with the predictions
from the geometry alone as shown in Figure \’:ﬂ’ml force, F~, from the sample confined

underneath the cone can also be measured rted to the normal stress coefficient, Ni,
\
using Equation 5.3! These calculation rized in Figure 5.

E Sh
qu\ =7, -1, = KF—2Z
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Figure 5. (top) Viscosity (Pa- Mbottom) Torque (uN-m) versus rotational velocity, w,
(rad/s) for a Newtonian viscosity standard of 2.107 Pa-s measured at 25°C. Blue dashed line is

torque limit of the rheondeter«The red line marks the expected viscosity and solid black lines
show the onset of secondary, flows.
£
s

II1.C.3: Scatteriyéqti

Typical SA nfigurations to cover the entire accessible Q-range employ 0.6 nm and 0.8 nm
waveleng Il?}lt s. Figure 6 summarizes the theoretical transmission of titanium as a function

réss and neutron wavelength. The transmission of the Dielectric Couette, Tkc,

of titaAtum t
was-determinéd to be 0.75 +/- .01 for A=0.6 nm neutrons and 0.71 +/- .01 for A=0.8 nm neutrons

% tiV)ly. The empty cell scattering measurements show low coherent cross-section scattering
\\has been observed for other RheoSANS geometries machined from titanium with slight

anisotropy at low-Q.>? The scattering from the Mylar windows is undetectable in our
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Publishimgasurements. The oven geometry attenuates the SANS signal at highest achievable Q-values as
shown in Figure 6b. This region must be masked during the reduction process and limits the

largest accessible Q-value to Q < 2.5 nm..

10 - a
*. :. Tee ~ A=0.1 :
4 4 Sso o A0 nm =
0.8 “‘§~ e - :
Y IS - -
- " . S =}
I AN 3 : 2
= 1 ‘s v 2=0.5 nm x L E
0.4- | “ S o o = =
I A ~, -
| A ~ -
024 | "+ =1 nm .
“| ® A=0.6 nm ~~ MAEEEEEENEEEENEEE
l =
0.0 [ ] :k 0'.8 nm . . \ _
0 2 4 6 8 10 25 0 40 80 120
a.) tr; (m) <10° \\ b’ pixel x
Figure 6. a.) Transmission calc%%izmas a function of wavelength and thickness for titanium.
Measured Quantities are shown fo mm thickness of the Dielectric Geometry, b.) Two-
dimensional detector imdge of'the 1m scattering data collected from Dielectric Couette within
the FCO. The white b arkslthe largest Q-range obtainable due to the occlusion of the oven

geometry. y.

Table 1: Instnéﬁ%’ii eters for the Dielectric, Rheological and Scattering Measurements.
<5 All'egrors represent 1 standard deviation from the mean.

( y \ Parameter Value Unit

~g / Stress Constant, Km 25182 +/- 10 Pa/N'‘m
=~ §03 Strain Constant, K 14.5 +/- 1 1/rad
ks 5 Normal Stress Constant, Kn 4070 +/- 10 Pa/N
w n Truncation Gap 100 um
Conductivity Constant 2.94 +/- 0.06 I/m
Rs 0.15+/-0.05 Q

Dielectric

Co 28.4+/-0.2 pF
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Publishing L 1500 +/- 100 nH
" Tec 71 (0.8 nm), 75 (0.6 %

E Sample Volume 3.2-4.0 mL

Maximum Beam Area 8 / mm

4 \
IIL.D. SANS triggering and Clock Reset Protocol Q

A final critical component of the Dielectric RheoSANS p‘é}ime is the synchronization of

[

the acquisition of the rheology, dielectric spectroscopyfand small angle neutron scattering data
during a test. This is enabled using event mode triggerin ocol. In event mode processing,

each neutron event that is detected on the two-dimepsional SANS detector is recorded in a single

line of binary containing the arrival time and\é@.{el osition. Each list entry contains the pixel

exceeding the allocated memory giz each entry, the detector clock is reset at a known

y
values defined as two 8-bit integers and t%alue. To accommodate experimental times
;\D\

periodic interval that correspo‘x&g\2 ime intervals, which with 100 nanosecond resolution,

corresponds to ~ 6.71 s ds. The“first step in data processing for event mode data is to
Y

reconstruct the relative arr
Y.

accomplished th{/qﬂl\il rdﬁing addition of accumulated neutron time based on these clock
roce

e of neutrons during an experiment using this list. This is

resets. Whil thi%) re can allow for reconstitution of time-dependent neutron scattering

experimedts, it is

£

ffer, and inaccurate interval times. While some of these errors are corrected

one to errors associated with neutron event detection, corruption of data

. r—
writteh to th%
a toﬂr'ﬁatiga by the Igor Pro Event Mode Loader function provided by the IGOR Pro SANS
'ise%uc ten macros used by the NCNR, residual time errors can remain in the data sets.>* These

~

residual time errors are infrequent but can accumulate throughout the course of long acquisitions

to 100’s of seconds of absolute time error. Fortunately, time errors are easily identified as
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Publishidigcontinuities in the derivative, At/event, of the difference in neutron time per neutron event.
Events that are near a time-error will have large and sometimes negative At/event corresponding
to greater than 100 ms difference per event detected. Such values are physically impossible given
the neutron flux (107 neutrons/cm?/s) and are a result of miscorrecticz;/ of the total accumulated
neutron time. By scrolling through the accumulated neutron ti 1-13, events that occur with
|At/event| > 100 ms are assumed to be time correction error anﬁ\{ orrection is applied to
the data. Using this protocol, absolute neutron time can be ES ?u?l'yhreconstructed.26

Synchronization of absolute neutron time with the rhe ogicaband dielectric data acquisition is
achieved using an analogue triggering protoco, t(sa& ha‘S)been developed at the NCNR that

-
permits a user-reset of the detector clock at timg-intervals that do not correspond to the memory

least 1 millisecond to be sent to the deéte resets on the trailing edge of the pulse. Using

limited clock reset. This requires an anal%ignal pulse with a specified peak width of at
th
"
this protocol, manual trigger resetw a means to synchronize the SANS acquisition with
the motion of the rheometer wit\temporal resolution of, in principle, 10’s of milliseconds
limited primarily by the ite%ht time of the neutrons from the sample to the detector.?’

In a typical Dieleefri RheoSANS experiment, these capabilities are harnessed. The detector is

maintained at afixe sition and event mode data is continuously acquired as a preprogrammed

i

set of expgrimental protocols are executed by the rheometer. The detector clock is reset at
£
interyal

periodic.in sﬁ:orresponding to the actions taken by the rheometer. In this way, when the
rheome cokmences a test or changes condition, the time of that change is encoded within the
sa SA}IS event mode file. Impedance measurements are similarly made as a function of
}uﬁlcy and time and are linked to the actions of the rheometer via a similar mechanism and

stored in a separate text file. These actions are controlled by a Labview code and data acquisition
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Publishiegd that monitor the rheometer state, the elapsed experiment time, and coordinates the actions of
the LCR meter. For a typical experiment protocol of a Dielectric RheoSANS experiments, the
many processes that are overseen by the Labview code limit temporal resolution to ~200 ms.
This is more than sufficient for steady shear experiments and allows ?{ the reconstitution of the
entire time-evolution of the dielectric, rheological and microst tu@ properties of a sample.
After the test, the event mode data stream and the impedance‘}atxc be separated and then
analyzed and corrected based on the experiment time and 1}\1 eterstate. The raw SANS event
mode data can be further reduced using standard reduction prytocols by accounting for empty
cell, dark current, and sample transmission and c n\(eaed tt)absolute scale.’?

IV. Results:
The Dielectric RheoSANS instrument \(ﬁ-ha\i:%demonstrated on the NG-7 SANS beamline at
the NIST Center for Neutron Resea ) at the National Institute of Standards and

Technology (NIST) in Gaithersbu&ﬂ{ For all subsequent results, the sample aperture was

rectangular with a 1 X 6 mm cros}ﬁbn. To demonstrate the capability of the instrument, we

have provided two exa lhsere the simultaneous interrogation of the microstructure of a

sample is coupled w1 itg rhe?- lectric properties. As will be shown, our unique synchronization

protocol and ardNrowde high resolution kinetic and steady state information about
materials ndergo self-assembly and deform under applied shear flow.

IV.A Poly(3- yl‘chlophene) Organogels:

lectrigal cbhductlwty in conjugated polymer based composites has gained increasing attention
in cenbyears with the advent of efficient conjugated polymer based electronic devices. Of

ﬁdz?mental interest is the connection between the microstructure of the polymer phase and its

electrical properties. Many conjugated polymers associate in solution to form semi-crystalline
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Publishipigses with distinct electronic characteristics from their soluble counterparts, which has
important implications both for thin-film processing and for fundamental understanding of
charge transport in these materials. To study these relationships recent work has focused on the

use of small angle scattering methods in combination with both conduCtivity measurements and

rheology to identify microstructural characteristics such as bran in%tm consequential in
X

achieving high conductivity materials. Regio-regular polN iophene) (P3HT) is
frequently used as a model system for this purpose OWiIl.gi ‘?ts‘pmpensity to form extended
fibrillar structures with nanoscale cross-sections both ™ sol§tion and in thin-films.*® These
structures facilitate long range charge transpo (qa. in%r—chain exciton hopping within the
fibrillar domains. Solutions consisting of P3HT di l1.\-I—e:d in a moderate solvent have been
observed to undergo a thermally reversi sq];g&ransition where the gel consists of a network
of interconnected fibers. Dielectric 5&51}1\ is an ideal technique to study the self-assembly
of these fibers into gels as it CM oth the electrical characterization and rheological
characterization in the same m%em. In order to demonstrate the feasibility of doing

detailed experiment on clhyples, we have measured 20 mg/mL (P3HT) in a mixture of

deuterated ds4-hex né/ds-dichlorobenzene (30% weight fraction hexadecane) as described

elsewhere.’® Dj %)kb{zene is a good solvent for P3HT and hexadecane is a non-solvent. They
e<\

are chosen/du their low volatility and their ratio selected such that strong organogels form at
£
erature

7

he SANS hleasurement for the interrogation of the P3HT Organogel sample as it assembles in

room temp

solution éas performed at a single configuration — A=0.6 nm with AA/A=14% and a 13-m detector
?iﬁbn covering the Q-range from 0.05 nm™ < Q < 0.4 nm’!. At the beginning of this test, the

temperature was stepped from 40°C to 25°C while both the complex impedance (f=2 kHz) and
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Publishithg rheological response was monitored using a small amplitude oscillatory test (f=1 Hz and o
=0.001). The ac conductivity cac (S/m), the elastic modulus, G’ (Pa), and viscous modulus,
G”(Pa), were monitored as a function of time after the temperature quench. The corrected signal
values are shown in Figure 7a. Additionally, event mode neutron acql?éftion was used to monitor
the microstructural evolution of the sample during the test. I% scattering events were
accumulated into a histogram corresponding to the number ofw ounts as a function of
time. This is shown along with the electrical and mecha '}‘Tesponse of the sample as it

—-—

undergoes gelation in Figure 7a. While the count rate is 1§1corrected, it is related to the

-

conversion of dissolved polymer chains into ex ded‘j'lbrillary structures. This is further

7 -
confirmed by the I(Q) dependence calculatéd, by bimning all the neutrons that arrive at the

detector within a specified 100 secon inte.\}lw\and reducing the resulting 1-D profiles to

absolute scale using traditional correct thods as shown in Figure 7b.

A\

\
N
&

Y
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Figure 7: P3HT DielettricisRheoSANS Summary — a.) top — Elastic and Viscous Moduli (f=1
Hz and y0 =0.001). Température as a function of experiment time, bottom — AC conductivity and
Count Rate VGI‘S?{ experiment time, b.) Reduced 1-D SANS, I(Q) vs Q, profiles taken as a
function of time“cortgsponding to the time since quench in Figure 7a. Error bars represent 1

standard devi idﬁ)from ¢ average.
As is € 1d691 Figure 7, the nucleation and growth of fibers is rapid, occurring within

£

~1504 of “the inning of the quench. Fiber formation is indicated by the increase in the

)

s¢atterin nt rate, the increase in ac conductivity and the finite elastic modulus. Fiber

-

0 ion continues to evolve and reaches ninety percent of its terminal value within 10 minutes
ofit

N
he quench. After an hour at 25°C the evolution of the conductivity and the elastic modulus

also reaches within 90% of their steady state values. These results are consistent with previous
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Publishifmgasurements of not only the electrical properties but also the viscoelastic and scattering

measurements of P3HT organogels.®’

Further, as the count rate is proportional primarily to the volume fraction of nanofibers present
in the solution, time-binning of the neutrons allows for direct compa{ of the growth rate of

saall as 10 seconds. This is

fibers with the rheological and electrical properties with time bin
in contrast to previous measurements that used one-mi u&s t ins to determine the
microstructural evolution of the samples.’® Importantly,~because all three measurements are

made on the exact same sample at the exact same Cf’ t al directly comparable. Figure 8a

shows the conductivity, elastic modulus and coufit rate @alized per Equation 6 plotted versus

t-tgel, where tgel is identified as the time G’ a M over.

}p o) = XO=X©)

Equa
\\ X(@)-X(0)

Because the data are taken 51multan usly these reduced properties can be used to directly probe

the effect of fiber gro helatlon behavior with a 10 second resolution. This is shown in
Figure 8b. Here uce onductwlty, Oelect, and reduced elastic modulus, Orheo, are plotted
against reduce unt e, ®sans. Because @sans in this Q-range is proportional to the increase

in volume ractl of fibers, Figure 8b effectively removes the time-dependent evolution of the

materidlpr op e{ and instead relates both the elastic and electrical properties to the increasing

volume ctl n of fibers. In this representation, two growth regimes are clear. In the early stage

% er Qrowth, the elastic modulus and conductivity are strong functions of ®@sans. In the late
N

ges of gelation, the elastic modulus exhibits a stronger power-law dependence with ®sans

suggesting a new growth mechanism. The fact that the conductivity is only weakly affected by
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Publishithgs process suggests that the transition from linear fiber growth to branching may be responsible

for the different regimes. This is due to the contribution of branching to the mesh size of the
network comprising the gel. While the elastic modulus is very sensitive to mesh size, increased

branches results in more dead-ends and therefore has a weaker effect (z(the conductivity.

0.01

0.001

2 AN s

Figure 8. a.) Reduced electrical,\omgical, and SANS properties plotted versus t-teel, and b.)

the reduced conductivity, and reduced elastic modulus, ®reo, plotted against reduced count
rate, ®sans. Error bars gctfcﬁ%ated as one standard deviation from the average on the count

rate.

These results a?/con istent/with previous observation of the intrinsic link between branching,

connectivity d‘ﬁond ivity and for the first time are measured on the same sample as it

2,38,39

/

compdred” wit

assembless e Dielectric RheoSANS instrument provides improved time resolution

revious techniques and the unique combination of all three measurements
provides uantitative comparison between the mechanisms underlying the conductivity and
lastiei

e of these conjugated polymer organogels. Finally, Dielectric RheoSANS enables new

N
protocols that are not currently possible with any other technique including monitoring rheo-

electric response of P3HT fibers during gelation under applied shear, which has been suggested
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Publishiteghinder branching and allow for the growth of longer fibers with intrinsically lower network

connectivity.??

IV.B Ionic Liquid Gels that Align under Steady Shear
Ion gels have recently found application in organic electronics owir{ t&eir high capacitance,
excellent thermal and chemical stability, and ability to be pro s&i using low-temperature
casting methods. While the elastic properties of the gel net rk)are function primarily of their
mesh density, the ionic conductivity is influenced by the relati ‘f:r.-e..é ion concentration and ion
mobility. While a growing body of literature has il&Sti d t}e effect of network architecture
-

and polymer chemistry on the ion mobility il\\hgrrzicabcross-linked ion gels, physical gels
f

formed via thermo-reversible self-assem% luronic® micelles show promise as

reconfigurable ion conductors. These ph§§i\al'\'mn~gels form as a result of the self-assembly of

block copolymers to form micellgs &\t‘& critical temperature and volume fraction form

crystalline mesophases in ionit%
A recent question regarding the elopment of these advanced ion gels is the role that the

crystalline mesophase l@emining ion mobility. It has been previously shown by Lopez-
£
stallin

Barron et al. tha{t/éry e/mesophases can be reoriented and aligned in the shear direction
producing hi qtflity ingle crystalline phases.!” This system provides an excellent model to

test the pen}en of the ion conductivity as a function of crystalline order, a parameter that

)

may Q form t éesign of advanced thin-film structures. Dielectric RheoSANS is the ideal
re to test this question as the AC conductivity can be monitored as the sample is

east

)

\.QE to increasing shear rate. This AC response can then be related to the intrinsic ion

~
bility and because the SANS data is acquired simultaneously, the degree of alignment and

order of the crystallite can be compared with the evolution of conductivity. Therefore, as the


http://dx.doi.org/10.1063/1.4986770

E I P | This manuscript was accepted by Rev. Sci.Instrum. Click here to see the version of record. |

Publishisggond case study to demonstrate the utility of Dielectric RheoSANS experiment, we performed
a flow sweep test consisting of 13 shear rates where the shear rate was stepped from 0.001 1/s to
45 1/s logarithmically. The shear rate was held steady for 1800 seconds at each shear rate.

The SANS configuration for this study was A=0.6 nm with AA/A=14% and a 4-meter sample-to-
detector distance covering the Q-range from 0.07 nm™! < Q < 0. nn?) At beginning of the
experiment, the temperature was ramped from 10 °C to 40°C aM ated. The static SANS
pattern was then measured to confirm the formation of a gﬂ ?iﬁiﬂ.g of an isotropic crystalline
mesophase. The flow sweep was then initiated and the A@é}/ dependent complex impedance
and shear stress were recorded as a function of(t.j_me ﬁjld shear rate. Event mode neutron
acquisition was used to monitor the microst L%otl;tion of the sample during the test and
the detector clock reset between each sh r-ate\ensure synchronization over the course of the

long acquisition. At the end of the te ,\ﬁatte ing events corresponding to steady state in the

~
shear stress (the last 300 secondsw hear rate) were accumulated into a 2-D histogram

I(Qx,Qy) and reduced to absolu‘éts%
5 N

3. : . : 04 00 04

(5) 10° 103f - 10 10 - Q, (nm)

}u?e 9. a.) Permittivity and conductivity (S/m) versus frequency (Hz) with Randle’s Circuit
maogdel overlaid, and b.) Corrected 2-D SANS pattern plotted versus Qx and Qy. The regions in

white are those that are integrated to calculate DOO and DOS.

=
[
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Publishin@ representative dielectric sweep consisting of the conductivity and the permittivity of an ion
gel is plotted against the frequency is shown in Figure 9. The data is fit using complex non-linear
least squares method to the equivalent circuit model of a Randle’s Circuit with constant phase
element that accounts for the polarization of the electrode.*® This cir?ét describes the dielectric
response from an ionic solution and the charge transfer resistan ca) be used to calculate the
DC conductivity, co =k/Rct, where k is the inverse of the CON' constant. This fitting
protocol is applied for the impedance measurements made zgﬁhe last 300 seconds of each

_—

shear rate where the shear stress was at steady state. Th resulf’ of the analyzed data are shown

in Figure 10a. L ‘)

| -
In order to characterize microstructural chﬁ% ted to the alignment of the crystallites

under steady shear, the reduced 2-D d\l@ages are analyzed according to previously
t

developed protocols.*® Briefly, we ta \Seﬁ QL tegration of the intensity in regions shown in

Figure 9b along the dr=<i110> projectg\ FCC lattice which corresponds to the primary reflection

of a hexagonal lattice. As the c\?ﬂe mesophases align the isotropic powder ring sharpens

giving rise to qro, qr,1, gr, eﬂ}}ons becoming more pronounced over the isotropic background.

To quantify relativ. r/ges )n lignment of the crystal, the degree of order (DOO) and degree

Q%)\N;\calculated per the following equations DOO:(Ir,l—Im )/]r,1 and

of slipping

(1 B P ) This procedure is performed at every shear for the steady state

SANS, data. 3
-
The re%ﬂts of the dielectric and SANS analyses of the ion gel are plotted in Figure 10 along
Wl .ile shear stress as it undergoes the flow sweep experiment. As can be seen from the figure
as the shear rate increases there is weak decrease in the dc conductivity but a dramatic change in

the ordering of the crystalline mesophase as indicated by the increase in the DOO approaching
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Publishitmgty. At shear rates in excess of 3 1/s shear induced melting occurs leading to a reduction in
order. This is further demonstrated by the 2-D detector images in Figure 10b. Coincident with
these observations is that as the DOO increases, the DOS decreases. This has been previously
ascribed to twinning.*! These results agree well with previously pub?d]ed results and the shear
stress extracted from the steady state rheology of the samplg! Tf)a Diclectric RheoSANS
experiment points to the fact that microstructure for this saN s a negligible role in
determining the ion mobility. Despite the dramatic micro_s'f QMarrangements, only slight
changes in conductivity are observed further confirming the ﬁyct that the ionic liquid is only
modestly confined within the crystalline doma'ns&lhefefore, alignment does not significant

| -

change its confinement. \\

o

1 e —
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PublishiRiure 10. a.) Steady state electrical — conductivity (S/m), microstructural -DOO and DOS, and
Kheological — shear stress plotted versus applied shear rate (1/s), b.) Representative steady state
2-D detector images selected to demonstrate the evolution of mesophase alignment under applied
shear. Error bars represent 1 standard deviation from the average.

V. Conclusions. /

In this work, we have detailed the development and vgdlida h& a new Dielectric
RheoSANS instrument and demonstrated its application in two t‘&&% We have demonstrated
how both steady shear and kinetic studies can be performeﬁ:ii\ igtultaneously measuring electrical
rheological, and microstructural properties. Importantly,(%ﬁ)easurements are all made on the
same region of interest within the sample such that resﬂ‘)ts can be directly and unambiguously
compared. This opens new opportunities f%;ﬁterials using complex experimental
protocols, as well as thixotropic materia%mplicated sample histories. The case studies
presented here show that the instrum T‘vﬁn q{r k with excellent time resolution the structural

origins of the gelation of the conjl§\t ymer P3HT and demonstrate that the shear induced

structural changes do not significa affect the electrical response of an ionic liquid gel phase.

These examples demon t%utility of the Dielectric RheoSANS instrument for examining

the microstructural,Origiffs of,the rheo-electric properties of soft matter materials. Further the

instrument prowvides ‘a,flexible platform for the interrogation of a wide range of potential

experimen léwols as a generic RheoSANS instrument with expanded temperature

£
in

capability, sfrument is available for use at the NIST Center for Neutron Research.
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