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The smectic phase shows a layered structure, which is the most fundamental and universal order found in
soft materials. However, previous technical limitations made it difficult to fully and microscopically observe the
interlayer molecular motions in the smectic phase. We were able to directly measure the interlayer molecular
motions by quasielastic scattering spectroscopy using Mdssbauer gamma rays for 4’-n-octyl-4-cyanobiphenyl
(8CB). From the measured motions, we evaluated the order parameter of the layer structure and explain the
macroscopic diffusion coefficient in the microscopic viewpoint. Our methodology can be applied broadly to
determine the layer order parameter of various soft materials.
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The unique macroscopic property and function of soft
materials originate from the coexistence of structural ordering
and dynamical motion on a molecular scale [1,2]. Accord-
ingly, understanding the relationship between structure and
dynamics on a molecular level provides crucial information
on how macroscopic properties can be engineered from their
microscopic origins and leads to a rational and efficient design
of the macroscopic functionalities. However, thus far, there
have been limited attempts to clarify such correlations [3].
In this manuscript, we focus on a thermotropic liquid crystal
system that shows a layered smectic (Sm) phase. Layered
structures are the most fundamental and universal nanometric
order found in soft materials such as lipid and surfactant
bilayer systems as well as polymer systems. In the layered
structures, anisotropic molecular motions coexist within the
layer order and lead to an anisotropic soft response to external
forces [4].

Recently, understanding microscopic molecular dynamics
in the layered structures has been getting more important
for the purposes of revealing the fundamental layer effect on
molecular dynamics [5], the caged molecular dynamics in the
Sm phase as a model system of supercooled glass formers
[6-8], and the mass transportation mechanism in cell and
drug delivery systems [9,10]. In addition, observation of the
interlayer molecular motions allows for direct determination
of the layer order parameter in the microscopic layer scale
[11], though such direct determination has not been realized
yet. So far, diffraction studies determined a translational order
parameter in Sm and nematic (N) phases from diffraction
intensity by layers; however, the translational order parameter,
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which is nonzero in the N phase, is different from the Sm-layer
order parameter [12].

Understanding the interlayer molecular motions is also
a key to fully understanding the macroscopic diffusion co-
efficients behavior in the Sm phase. For many Sm phases,
anisotropic mobility has been discussed by the macroscopic
diffusion coefficients parallel (D)) and perpendicular (D) to
the layer normal vector obtained by using techniques such
as nuclear magnetic resonance (NMR) [13]. The nanometric
layer order affects Dy, while D, is less affected by the layer
order and instead shows a liquidlike behavior [11,13,14].
Volino and Dianoux (VD) predicted a general relationship
between these macroscopic diffusion coefficients and the
layer order parameter using the microscopic periodic potential
model [11]. The VD theory can explain the anisotropy of the
diffusion coefficients, i.e., D < D, seen in the Sm phase
of many systems via NMR [11,13,14]. However, for several
liquid crystals, such as 4’-n-octyl-4-cyanobiphenyl (8CB), the
opposite relation Dy > D, exists in the Sm-A phase where the
molecular long axis (director) is oriented normal to the layer
plane [14]. Thus, the diffusion coefficient behavior in the Sm
phase has yet to be explained. So far, quasielastic neutron
scattering (QENS) spectroscopy has been used to measure dy-
namics on a microscopic scale [11,15,16]. However, interlayer
motions of liquid crystal molecules in the Sm phase are too
slow to be fully detected by QENS, and only perpendicular
intralayer motions can be fully measured [13,15,16].

Quasielastic Mossbauer gamma-ray scattering (QEGS)
spectroscopy using °’Fe-nuclear resonance has a 4.7-neV
energy resolution, which is about three orders of magnitude
higher than the resolution of conventional QENS spectroscopy
[17-19]. The validity and uniqueness of QEGS spectroscopy
have been previously demonstrated [20]. So far, we showed
that QEGS has enough spatial and energy resolution to resolve
interlayer molecular translational motions occurring in the
100-ns timescale in the Sm phase [21]. A recent neutron
spin echo study for an ionic liquid system with Sm-A order
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FIG. 1. X-ray diffraction spectrum and normalized intermediate
scattering functions obtained by QEGS measurements. (a) Molecular
formula of 8CB and schematic diagram of the molecular arrangement
of Sm-A phase. The definition of the interlayer molecular distance
[y is shown. (b) Diffraction spectrum of 8CB obtained at 301 K.
The inset shows S(g) obtained by analyzing the diffraction spectrum.
(c) Examples of the normalized intermediate scattering function
S(g, t) obtained by QEGS measurements at ¢; ~ 2.0nm™" at 300 K
(circles) and at 308 K (squares) and the corresponding fitting curves.

suggested a similar timescale for the interlayer motion [22].
In this study, we measure interlayer molecular translational
motions in the Sm-A phase of 8CB with varying temperature
(T) toward the Sm-A-N transition. Using the microscopic
periodic potential model, we obtain the layer order parameter
from interlayer molecular translational motions. In addition,
we attempt to explain the behavior of the macroscopic diffu-
sion coefficient obtained by NMR based on the microscopic
dynamical picture obtained by QEGS.

The molecular formula of 8CB is shown in Fig. 1(a). We
purchased 8CB (with purity >97%) from Wako pure chem-
ical industries (Osaka, Japan) and used it in the experiment
without further purification. The phase transitions of 8CB
follow the phase sequence Sm-A-306 K-N-314 K-liquid
isotropic (/) phase. X-ray diffraction study in the g region
of 1 —5nm~! was performed by using Cu Ko x rays in a
Nanopix (Rigaku, Tokyo, Japan), where g is the magnitude of
the wave vector transfer defined as g = 4 /Asin(6/2) with A
being the wavelength of the incident x ray and 6 being the
scattering angle. In addition, diffraction study in the g region
of 3 —257nm~' was performed at the high-energy x-ray
diffraction beamline (BL0O4B2) of SPring-8 in Japan [23]. The
diffraction spectrum obtained at 301 K is shown in Fig. 1(b).
The peaks located at gy ~ 2.0nm ™' and ¢; ~ 15nm~"' reflect
the distance between molecules in the interlayer and intralayer
directions, respectively. Here, g ~2.0nm~! is associated

with the interlayer molecular distance [} = 27 /q; ~ 3 nm.
Figure 1(a) shows the schematic diagram of the molecular
arrangement of the Sm-A phase. Although the Sm phase of
8CB is known to have a partial bilayer structure [24,25],
the details of the layer structure are unrelated to this study.
Following the definition of Faber and Ziman, we evaluated
the static structure factor S(g) from the diffraction spectrum
I(q) obtained at 301 K, as shown in the inset of Fig. 1(b) [26].

QEGS experiments were performed at the nuclear resonant
scattering beamline (BLO9XU) of SPring-8 (Japan) in an
operating mode with a bunch interval of 684.3 ns. Directional
Mossbauer gamma rays (with an energy of 14.4 keV and
an energy width of ~4.7 neV) from the >’Fe nucleus were
utilized for the QEGS measurements using multiline time
domain interferometry [19]. We applied a magnetic field (MF)
(~1.4 kG) to align the director of the 8CB molecules using
permanent magnets and to suppress the molecular rotation
and accompanying layer undulation. We first applied the
MF to 8CB in the I phase at well above the I-N transition
temperature of 314 K. Then, the sample was cooled down to
the liquid crystal phase under constant MF. We confirmed that
the azimuthal angle distribution of the small-angle scattering
from the interlayer molecular correlation of 8CB molecules
is sufficiently narrow at 5.5° around its average direction. We
placed the detector to cover the whole azimuthal angle distri-
bution of the small angle scattering. The 7-dependent QEGS
measurement was performed on heating at g; ~ 2.0nm™!
with a ¢ resolution of 0.9 nm~!. The g resolution was selected
to include whole small-angle diffraction peaks at all measure-
ment temperatures.

In Fig. 1(c), we show examples of the intermediate scatter-
ing function [ISF;S(g, t)] normalized by the static structure
factor obtained at 300 K (circles) and 308 K (squares) at
qy- See Ref. [19] for details of the data analysis. The spec-
tra contain direct information of the molecular translational
motion in the interlayer scale. Because, at the microscopic
level, the molecular alignment in the Sm-A phase of 8CB is
far from a perfect periodic structure [25], the interlayer jump
distance is expected to be rather distributed. In cases with
enough distribution, the relaxation of ISF can be expressed
by an exponential function [27]. We assumed an exponential
function, fexp(—t/t), for the relaxation behavior of S(g, t),
where ¢, 7, and f represent time, the interlayer molecular
translational relaxation time, and the factor for the strength
of the relaxation, respectively [21,28]. The relaxation curves
obtained by fitting with the exponential function are shown as
the solid lines in Fig. 1(c). The fitting could be successfully
performed for all spectra measured between 300 and 308 K
suggesting that the obtained relaxation time 7 nicely reflects
the timescale of the interlayer molecular motion. In the Sm
system, ISF is often expressed by the stretched exponential
form [7]. The present result suggests that the stretching degree
is too small to be detected in the 8CB case because of its
relatively lower layer order. The obtained 7 dependence of
7 is shown in Fig. 2(a). We confirmed that the interlayer
molecular translational motion occurs in the timescale of
100 ns in the Sm phase of 8CB, as expected from a previous
simulation study [24]. In the Sm-A phase, it was found that
the T dependence of 7j cannot be described by the Arrhenius
law. Instead, 7; rapidly decreases toward the Sm-A—N phase
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FIG. 2. T dependence of the interlayer relaxation time 7, and
the evaluated layer potential, layer order parameter, and interlayer
diffusion coefficient. (a) T dependence of the relaxation time T
obtained at ¢ = 2.0nm™" (red squares). The solid line represents the
factor Tjpexp(E /RT ) of Eq. (1). The dotted line represents the Sm-A—
N phase transition temperature. (b) 7 dependence of the potential V,
obtained from 7 using the microscopic periodic potential model. The
dotted line represents the RT curve. (¢) T dependence of the order
parameter y evaluated from V;. The solid line represents the fitting
curve by assuming a critical behavior. Inset shows the y dependence
on 1 — T/T*.(d) T dependence of the interlayer diffusion coefficient
DﬁzEGS directly obtained from 7 using the jump diffusion model
(filled squares). The dotted line represents the diffusion coefficient
behavior (D}™R) obtained by NMR [14]. The empty squares repre-
sent the averaged diffusion coefficient (D?EGS) evaluated by using
both the ¢ and T dependence studies considering the dynamical
inhomogeneity.

transition temperature Tgp,_y. Thus, we could directly mea-
sure the molecular motion in the interlayer scale of the Sm
phase and observe the 7-dependent behavior toward Tgy, .

We next aim to find an expression for the relaxation time of
the microscopic interlayer translational motion. The periodic
potential due to the layered order can be expressed as V (z) =
—V1/2 cos(zg)), where z is the coordinate of the layer normal
direction and V) is the height of the potential [11]. Here, V;
is closely related to the layer order parameter. The VD theory
treats the macroscopic diffusion coefficient at spatial scales
much larger than the interlayer distance using the periodic
potential model [11]. Considering the microscopic molecular
motion under the potential barrier, the interlayer molecular
relaxation time 1) is obtained as

7(T) = tjoexp(E/RT)exp(Vi/RT), (1

where R is the gas constant, E is the intrinsic activation
energy in the absence of a periodic potential, and 7)o is the
frequency factor. The factor tjoexp(E/RT) represents the

timescale of the attempt to traverse the potential barrier at each
temperature. This is the microscopic representation of the VD
theory [11,29,30].

First, we determine the factor tjoexp(E/RT) to obtain the
periodic potential V; from 7. To achieve this, we measured
the relaxation times in the N phase close to Tgy,_y, Where
V1 can be assumed to be 0. By fitting the relaxation times in
the N phase using the E value of 31 kJ/mol determined by
previous NMR experiments, we obtained 79 = 0.37 ps [14].
The obtained tjpexp(£/RT ) factor of Eq. (1) is shown as the
solid line in Fig. 2(a). The difference between the experimen-
tally measured relaxation time (red squares) and the factor
Tj0eXp(E/RT) is due to the periodic potential exp(V;/RT)
from Eq. (1). We determined V; from the measured relaxation
time; the obtained V; values are shown as the filled squares in
Fig. 2(b). We found that the obtained periodic potential V; is
~4 kJ/mol at room temperature (300 K) and rapidly decreases
as the temperature approaches ~Tgm_n.

We next obtain the order parameter from V;. The potential
V1 is related to the layer order parameter y given by y =
Li(Vi/2RT)/1o(V1/2RT), where 1, is the nth order modified
Bessel function of the first kind [11]. The obtained layer order
parameters are shown as the filled squares in Fig. 2(c). The
T dependence of the order parameter is often expressed to
follow a critical behavior y(T) o« (1 — T/T*)?, where B is
the critical index and T* is the critical temperature; hence,
we use this expression to obtain the fitting curve shown
as the solid line in Fig. 2(c) where T* ~ 306 K (~Tsm—n)
with a sub-K accuracy and g = 0.14 (£0.04). The observed
behavior is consistent with the second-order or very weak
first-order transition nature of the Sm-A-N phase transition
of 8CB [31]. Accordingly, the layer order parameter could
be directly obtained from the interlayer molecular motion.
Our methodology can be applied broadly to many layered
systems including Sm systems with high-order structure and
Sm films [4].

We then estimate the diffusion coefficient from the mea-
sured interlayer relaxation time to understand the macroscopic
diffusion coefficient by NMR. When the periodic potential
barrier is high enough such that V; > RT, molecular motions
are treated as jump motions [11,29,30]. In Fig. 2(b), the RT
curve is shown for comparison. Between 300 and 305 K,
we assume that V| >> RT and evaluate the interlayer diffu-
sion coefficient D) using the one-dimensional jump diffusion

model such that D?IQEGS = [}/(27)), where [ is the average
interlayer distance corresponding to the step length of the
interlayer motion and 7 is the time required for the step.
The DﬁEGS values obtained by QEGS are shown as the filled
squares in Fig. 2(d). The diffusion coefficient obtained by
NMR is also shown as the dotted line in Fig. 2(d) [14]. The
figure shows that the slopes of the diffusion coefficients are
similar; however, the DT%EGS values obtained by QEGS are
approximately three times smaller than those by NMR.

The difference in the diffusion coefficients obtained by
QEGS and NMR can be explained by the difference in the
objects they measure. The NMR measures self-diffusion mo-
tions in the spatial scale of the micrometer [14]. On the other
hand, QEGS selectively observes molecular motions in the
interlayer scale of the nanometer. In the Sm phase, intrinsic
layer order fluctuations always exist due to the Landau-Peierls
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FIG. 3. g dependence of the relaxation time obtained at 302 K
around ¢; ~ 2.0nm™! and the evaluated interlayer diffusion coeffi-
cient. (a) Schematic picture of dynamical inhomogeneity due to the
LPI and defects in the Sm system and objects measured by NMR and
QEGS. (b) g dependence of the relaxation time obtained at 302 K
around ¢ ~ 2.0nm~!. The solid line represents the simple liquid
model assuming dGN narrowing, tygn(g). The liquid model cannot
explain the experimental result, which suggests that dynamical inho-
mogeneity is present. (c) g dependence of the diffusion coefficient
evaluated by assuming the jump diffusion model. The dotted line
represents the diffusion coefficient obtained by NMR [14].

instability (LPI) [32]. In addition, inhomogeneity of the layer
order is caused by defects, where molecular motions are faster
than these in more ordered regions [33,34]. The diffusion
coefficient obtained by NMR is treated as the averaged dif-
fusion coefficient over regions with structural and dynamical
inhomogeneity; therefore, we write it as (D)™¥). On the
other hand, because QEGS measures the coherent quasielas-
tic scattering, it selectively observes nanometric molecular
motions in regions with a more-ordered layer because they
have a higher (quasi-)elastic scattering intensity. In addition,
a more-ordered layer has slower molecular motions than
average motions. This explains why the diffusion coefficient
D?EC’ obtained by QEGS is smaller than (D}™X), as shown
in Fig. 2(d).

To better explain the ( value qualitatively from the
microscopic viewpoint, we evaluate the average diffusion
coefficient by QEGS. The effect of the dynamical inhomo-
geneity due to the LPI is demonstrated by the broadening
of the small-angle scattering peak in the x-ray diffraction
spectrum [35], where the off-center scattering originates from
regions with a less-ordered layer. Similarly, we assume defect
regions with lower layer order also contribute to the off-center
scattering. In Fig. 3(a), we show the schematic picture of ob-
jects measured by NMR and QEGS and show how molecular
motions in regions with different layer orders are selectively
observed by the g-dependent measurement of QEGS. This

NMR
D)

shows that the average diffusion coefficient ( can be

Dl(leGs)
evaluated by averaging the DﬁQEGS obtained by QEGS at
different g positions. Therefore, we studied the ¢ dependence
of the relaxation time around the small-angle scattering peak
at several ¢ points between 1.88 and 2.13nm ™! with a higher
g resolution of 0.09 nm ™! under the MF of ~1.4 kG at 302 K.
The g dependence of the relaxation time at 302 K in the
Sm-A phase, as shown in Fig. 3(b), has a maximum at g ~
2.0nm~!. We found that molecular motions in regions with a
less-ordered layer are much faster than those in regions with a
more-ordered layer.

We next consider if the behavior cannot be explained by
the liquidlike g dependence known as de Gennes narrowing
(dGN). The relaxation time of a coherent ISF is expressed as
Tagn(q) = S(q)t* (q), where % (¢) oc g~ is the relaxation
time of a self-ISF obtained by incoherent QENS [36-38]. The
T46N(g) determined from the measured S(g) considering the g
resolution of the measurement is shown as the solid curve in
Fig. 3(b). The 73! parameter was taken as the experimental
7| at the center for the small-angle scattering of ¢ = 2.0nm™".
Figure 3(b) reveals that the measured relaxation time off the
peak center, where we observed regions with a less-ordered
layer, is approximately several times faster than the predicted
tioN(g). The observed difference is large compared to the
differences seen in previous results on simple liquids [37,38]
and more complex system [39]. Therefore, the g-dependent
result may not be explained solely by dGN suggesting the
presence of dynamical inhomogeneity due to the LPI and
defects.

We evaluate the average diffusion coefficient (DTIQEGS>
from the g-dependent study and compare it with (D)¥). In

Fig. 3(c), the g dependence of DT‘)EGS calculated from the
relaxation time assuming the jump diffusion model is shown.
The observed g dependence has a minimum in D‘?EGS at the
small-angle scattering peak below the value determined by
NMR (dotted line) [14]. However, the D" obtained at the
off-center ¢ region is larger than the value by NMR. This
is consistent with the picture that (DJ™X) is the averaged
diffusion coefficient over regions with different layer orders.

We roughly evaluate the averaged relaxation times (DﬁEGS)
from the g-dependent DTEEGS obtained by QEGS as (DTEEGS) =

Y0 1(@dWo, (gD i)/ Yo, 1g) W, (q), where g; s
the g position of each measurement and / and Wp, are the scat-

tering intensity and the statistical weight of each D‘?EGS

spectively. The obtained (D‘?EGS) =3 x 107" m?/s is three

times larger than DTEEGS directly obtained by QEGS at the
small-angle diffraction peak. Despite only having five points
to do the estimation, our results follow (D‘?EGS ) ~ (DﬂIMR) ~

3 x 107" m?/s at 302 K. Between 300 and 304.5 K, the
order parameters have similar values of around 0.35 (ranging
between 0.33 and 0.37), as shown in Fig. 2(c), suggesting
similarities in the degree of the dynamical inhomogeneity

in the T region. Therefore, in the T region, (D‘?EGS) can be

evaluated from D‘?EGS

, Te-

by taking into account the factor of 3

in the first approximation. The evaluated (DﬁZEGS) is plotted in

Fig. 2(d), confirming that (DﬁzEGS) agrees well with ( Dh\IMR>.
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We conclude that the macroscopic diffusion coefficient
could be explained by the microscopic interlayer molecu-
lar translational relaxation time by considering the intrinsic
dynamical inhomogeneity. We showed that the diffusion co-
efficient obtained by NMR is not directly affected by the
layer order parameter but is instead largely affected by other
additional factors such as intrinsic dynamical inhomogeneity
due to the LPI and defects. This complex nature of the
macroscopic diffusion coefficient is the origin of its anoma-
lous behavior reported previously [14]. We demonstrated
the importance of understanding the microscopic dynamics
to fully elucidate the origin of the macroscopic transport
property.
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