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Abstract

The bicontinuous double gyroid phase is one of the nature’s most symmetric and
complex structures, the electron density map of which was established long ago. By
utilizing small-angle X-ray scattering (SAXS), resonant soft X-ray scattering (RSoXS)
at the carbon K-edge and model-dependent tensor based scattering theory, we have

not only elucidated morphology but also identified molecular packing in the double



gyroid phases formed by molecules with different shapes, i.e. rod-like vs taper-shaped,
thus validating some of the hypothetical packing models and disapproving others. The
spatial variation of molecular orientation through the channel junctions in the double
gyroid phase can be either continuous in the case of anisotropic channels or
discontinuous in the case of isotropic channels depending on the molecular structure

and shape.

To understand self-assembled hierarchical structures in soft matter and biomaterials
and to realize their potential in many industrially-relevant areas, there is a high
demand for going beyond reconstructed electron density maps or morphology, which
is accessible now with existing experimental and theoretical capabilities, and going
down in length scale, i.e. deciphering local molecular orbital, chemical bond or
molecular level packing in complex structures, which play a key role in the observed
microscopic or macroscopic chiral phenomena in soft and biomaterials. The cubic
phase in liquid crystal was first discovered by V. Luzzati in 1968 [1] and different
types of cubic phases were studied [2-4] since then including the micellar type, which
is composed of discrete objects arranged into a cubic lattice [5-8] and the type with
continuous network of channels, for example, with Ia3d or Im3m symmetry,
intersected by infinite periodic minimal surfaces [9]: Schoen Gyroid G or Schwarz P,
respectively [10-13]. Continuous network phases garnered significant attention due to
their complexity and various applications including ion transportation, catalysis, drug

delivery, organic electronic devices and energy conversion [14-19].

Among the continuous network phases, a double gyroid Ia3d phase is the most
common one. The Ia3d phase exists in chemically distinct systems including
amphiphiles [20,21], polycatenar molecules[11, 22] and polymers [23]. The electron
density maps reconstructed from the small-angle X-ray scattering (SAXS) suggest
that the double network of channels possess opposite chirality with each network

composed of short straight fragments (channels) connected via three-way junctions



[24]. While periodic minimal surfaces capture the continuous network structure in
mathematical framework reasonably well [25], the chirality of the networks and the
fundamental driving force for such symmetry breaking phenomena remains still
intriguing. In particular, how molecules are packed in the channels continues to be a
longstanding open question. Several packing models have been proposed based on the
molecular shape and size [12,26] but there has been no direct validation of these

hypotheses on the level of molecular orientation variation until now.

During the past few decades, resonant X-ray scattering based on the anisotropic
polarizability of atoms close to their absorption edge has been developed into a
powerful characterization tool to probe both the spatial modulations and electronic
structure in complex materials [27-30]. Often, sulfur, selenium or chlorine atoms are
built into the molecular structure to serve as resonant centers. Recently, resonant soft
X-ray scattering (RSoXS) at carbon K-edge enabled significant advancements in
probing the in situ helical pitch variation [31,32] of B4 helical nanofilaments and the
newly discovered twist bend nematic, phase separation in block-copolymers and
organic photovoltaic solar cells [33,34]. Close to the absorption edge, the scattering
form factor of the resonant atom becomes a complex 2™ order (3 x 3) tensor, the
elements of which are extremely sensitive to the X-ray energy and the bond
orientation with respect to the incident and scattered X-ray polarization. Because of
this, RSoXS can be used to probe bond orientation ordering of specific bonds, e.g. C-,
N-, O-related, which is of great interest especially in the field of organic materials.
Using RS0XS, one may observe signals forbidden by the crystallography extinction
rule (purely resonant or “forbidden” peaks), which contain highly desirable
information on molecular packing. Understanding such forbidden peaks in
one-dimensional model structures has been demonstrated in B4 helical nanofilaments
and twist bend nematic. However, there has been very limited success in
understanding the molecular-level packing in three-dimensional complex phases

besides the blue phase.



In this letter, we examined the structure and molecular packing in a double gyroid
bicontinuous cubic phase of liquid crystals. Scattering peaks forbidden by the
crystallography extinction rules were observed in RSoXS in addition to those
observed in SAXS. A combination of SAXS, RSoXS and model-dependent
tensor-based scattering pattern simulations enabled validation of two molecular
packing models, 1.e., continuous and discontinuous at three-way junctions of channels

among several previously proposed models.

For these studies, three compounds that differ in molecular structure were chosen (Fig.
1) and all of them form a double gyroid cubic phase. In this work, we focus primarily
on the double gyroid cubic phase, however, the same approach can be applied to other
phases as well such as the tri-continuous cubic phases. Compound 1 is a rodlike
polycatenar molecule (having multiple terminal chains) exhibiting a double gyroid
phase Ia3d in a temperature range between the isotropic and tetragonal phase.
Similar materials were studied before and hypothesized to have a helical molecular
packing along the channels [11,22,35,36]. This new compound was synthesized using
similar procedures as reported previously [35]. To examine the differences in
molecular packing between distinct molecular shapes, we selected two taper-shaped

amphiphiles that were systematically investigated in previous studies [20,21].
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FIG.1. Molecular structures of the studied compounds and phase transition temperatures [20,21].
The purple and red parts of molecules match with the regions of higher and lower electron density

on the electron density maps in FIG. 3 and coincide with the polar and nonpolar molecular parts,

respectively.



SAXS experiments were conducted at beamline 7.3.3 (10 KeV) at Advanced Light
Source (ALS) and beamline BL16B1 (12 KeV) at Shanghai Synchrotron Radiation
Facility (SSRF). For all materials, SAXS results (FIG. S1) show several sharp peaks,
the positions of which in the scattering vector (¢) space are in the ratio of V6: V8: V14:
V16: \22: V24, which is consistent with a double gyroid phase. The first two peaks,
the strongest reflections in SAXS, are indexed by Miller indices (4kl) as (211) and
(220). These are the first two peaks allowed by the extinction rules, without
considering resonance effect. Detailed results (unit cell parameter acuw,
crystallographic plane spacing or d-spacing for different peaks and their intensities /)

are listed in Tables S.I-S.III of the Supplementary Information.

RSoXS was conducted at beamline 11.0.1.2 at ALS. The RSoXS patterns for
compounds 1 and 2 at C K-edge (284 eV) are shown in FIGs. 2a, b and S2, S3. Unlike
SAXS, the RSoXS results are qualitatively different among the three studied
compounds. For compound 1, the peak observed in Fig. S2d corresponds to a
d-spacing of 4.69 nm, which is the same as the (211) peak observed in the hard X-ray
SAXS (see Tables S.I and S.IV). Hence, the (211) peak is not forbidden and is
observable both in hard X-ray SAXS and RSoXS. Using the (211) peak as a reference,
the other two resonant peaks were indexed as (110) and (200) respectively (FIGs. 2a
and S2). For compound 2, the non-resonant (211) peak is too large in ¢ and out of the
accessible g range for RSoXS. Nevertheless, one resonant peak was observed (FIGs.
2b and S3), and indexed as the (110) peak, which gives the lattice parameter acu =
9.14 nm. Interestingly, no (200) resonant peak was observed. For compound 3, no
resonant peak was detected within the same g range. Additional details are provided in
FIG. S2-S3 (diffractograms) and Tables S.I-S.V (lattice parameter acw, d-spacing and
intensities) in the Supplementary Information. We note here that the small discrepancy
in lattice parameters between SAXS and RSoXS is attributed to the differences
associated with sample preparation (1 mm sample thickness in SAXS vs ~1 micron in

RS0XS), and the challenges with temperature calibration in RSoXS due to its vacuum



environment and delicate silicon nitride membranes.

In order to verify the resonant character of the signals, X-ray energy scans were
conducted from 270 to 290 eV in a step of 0.5 eV for compound 1 (FIG. 2¢). The (110)
and (200) peaks are strongly dependent on the X-ray energy, which is characteristic of

a resonant peak. Similar energy dependence was observed for the (110) peak observed

in compound 2 (FIG. S3) as well.
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FIG.2. CCD images of resonant peaks of (a) compound 1 and (b) compound 2 at the carbon
K-edge absorption energy 284 eV. Two resonant peaks of compound 1, visible only in the vicinity
of the absorption edge, can be indexed as (110) and (200). Compound 2 exclusively exhibits only
one, the (110) resonant peak. (c) Energy scan of compound 1 from 270 to 290 eV in a step of 0.5

eV. Red thick line corresponds to the scattering at the energy of the C K-edge, £ =284 eV.

The electron density (ED) maps of all studied compounds (FIG. 3) were reconstructed
using intensity signals (FIG. S1) measured by SAXS. For the reconstruction, both the
magnitude and phase of the structure factors, corresponding to a given set of Miller

indices are required (see the Supplementary Information). The magnitudes of the
6



structure factors were obtained from the signal intensities (as a square root of
intensity), while the phases in the centrosymmetric structures were assumed to be 0 or
n. The phases of the two strongest peaks, (211) and (220), should be the same as
shown using theoretical modelling [37] as well as by a direct reconstruction of the ED
maps by using all possible combinations of phases. If both phases are =, the structure
with the highest electron density inside the channels (Cuby2) is obtained and if they
both are 0, the situation is reversed, i.e, the electron density is lowest inside the
channels (Cuby1). We chose phases of the signals to be 0 for compound 2, and & for

compounds 1 and 3, to ensure that the regions of high and low electron density in the

reconstructed maps match the relative volumes of polar and nonpolar molecular parts.
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FIG.3. Reconstructed electron density maps of the Ia3d phase for (a) compound 1, (b)
compound 2 and (c) compound 3. The color bar shows that a high electron density is in purple and

low in red. The isoelectronic surfaces represent the boundaries between the aromatic cores and

alkyl tails.
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FIG.4. (a)-(d) Self-assembly of rodlike polycatenar molecules (compound 1) near the junctions of

\

Taper-shaped

the gyroid networks: (a) schematic molecular shape; (b) proposed molecular packing near the
three-way junction; (c) perfectly aligned junction (molecules from all three channels shown in
different color transfer smoothly through the center of the junction without overlapping) and (d)
simplified Model 1 used for simulation, where the arrows represent the polarizability axes. (e)-(h)
Self-assembly of taper-shaped amphiphiles (compound 2): (e) schematic molecular shape; (f)
proposed molecular packing near the three-way junction; (g) overlapping at the three-way junction

leads to a mismatch and (h) simplified Model 2 used for simulation.

Next, we focus on the molecular orientation aspect in the proposed structure models.
For compound 1 (FIG. 3a) the channels in the double gyroid network correspond to a
high electron density region and are thus filled by aromatic cores. The molecular long
axes are expected to be preferably parallel to each other and perpendicular to the
channels, as shown in FIG. 4b, c. In this arrangement, the steric crowding leads to a
helical twist along the gyroid networks, which is opposite in the two networks.
Amphiphiles of compound 2 in the double gyroid phase (Fig. 3b) have the alkyl tails
located in the channels. Four molecules per channel stratum are required to fill the
space, as shown in FIG. 4f, g and Table S.IX. Filled by flexible alkyl tails, the
channels are thus isotropic. Due to the taper molecular shape and the crowding of the
polar end by three polar glycerol units, compound 2 could be assumed to give rise to a

local helical organization around these alkyl chain channels, though such helical twist



would be expected to be significantly weaker than for compound 1 because of the
reduced size of the aromatic core being insufficient to provide an efficient
transmission of the helical twist. With such an order, there can be no smooth transfer
of molecular order and helicity at the junctions. Such an organization is likely
responsible for mismatch and discontinuity at the three-way junctions (FIG. 4g). For
compound 3, the polar N-methyl glucamide tails occupying the double gyroid
channels exhibit a similar isotropic feature as the alkyl chains in compound 2..
However, unlike compound 2, the two alkyl tails provide a reduced crowding of the
periphery around the polar channels, thus reducing the driving force for a helical
organization and this leads to the loss of any local helicity providing continuous and
isotropic three-way junctions with randomized molecular packing in the columns and

at the junctions.

Table 1. Calculated tensor structure factor (F) and intensities (/) from models in FIG. 4

Model 1 Model 2
0o 1 -1 0o 1 -1
Fuo'  fiol 1 0 0] flao( 1 0 0
-1 0 O -1 0 O
1 0 O
Fo0) fa00l0 =1 0 0
0O 0 O

1(110) o« 22, sin? @
lntensilyb
1(200) « fZ,(cos? a + sin* @ sin? )

® fio and /110 represent different values from distinct models

b 20 is the scattering angle and a the azimuthal angle

In order to obtain novel insights on molecular level packing from the RSoXS data,
specifically the appearance of the forbidden peaks, we carried out model-dependent
resonant X-ray scattering simulations. In Model 1, we considered anisotropic channels

and continuous junctions (FIG. 4d). A stratum of rod-like molecules is replaced by



one resonant atom with the polarizability along the long molecular axis being
different to the polarizability in the plane perpendicular to it. We name the axis, along
which the polarizability in the Eigen frame of the atom differs from the
polarizabilities along the other two axes as the “polarizability axis” (double-sided
arrow in FIG. 4d). As molecular long axes rotate around the channel direction, so do
the polarizability axes. At three-way junctions, the polarizability axis is perpendicular
to the junction plane. In Model 2 we considered isotropic channels and mismatch
junctions, which are modeled by three resonant atoms placed at the junction with their
polarizability axes pointing along the three channels meeting at the junction (FIG. 4h).
To predict the position and intensity of RSoXS peaks, we begin with the anisotropic
polarizability of a resonant atom and assume that the tensor correction to the form
factor is proportional to the anisotropic part of the polarizability tensor [38]. The
structure tensor factor is then obtained by summing up the contributions from
different resonant atoms (along the channels in Model 1 and in the junctions in Model
2), taking into account their position and orientation of the atoms’ eigen coordinate
systems with respect to the laboratory system. The polarization of incoming and
scattered X-rays were also taken into consideration. The calculated results of structure
factors and intensities are listed in Table I (see details of the calculation in the
Supplementary information). The calculated positions and magnitudes of the non-zero
tensor elements are in line with the Ia3d symmetry allowed terms [39, 40]. It is
worth emphasizing that among the six models used for calculations (see
supplementary for details), the appearance of the (200) peak arises from anisotropic
channels (model 1) while the (110) peak arises from junctions (model 1 and model 2).
In the calculated intensity, 26 is the scattering angle and o the azimuthal angle,
chosen in such a way that it is zero for the incident light being polarized in the
direction perpendicular to the scattering plane (o-polarization). The intensity of the
(110) peak has no azimuthal dependence while the intensity of the (200) peak is
largest for the o-polarized incident and scattered light. Assuming the scattering angle
is small and fi10 and f>00 are of the same order of magnitude, the modelling predicts

that the intensity of the (110) peak is lower than the intensity of the (200) peak, which
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is in line with the experimental results.

Comparison of experimental and simulation results (Fig. 5) revealed three specific
molecular packing features of double gyroid phase. In the case of isotropic channels
and mismatch of molecular orientation in the three-way junctions (model 2, Fig. 4),
the model-dependent resonant X-ray scattering calculation predicted one resonant
peak at (110), which indeed was observed in experiment for compound 2 (FIG. 5).
Anisotropic packing of molecules along the channels (model 1, Fig. 4) is calculated to
lead to two resonant peaks, (110) and (200) and these were observed for compound 1.
The two widely accepted models of packing were thus proven to be valid. The
absence of resonant peaks in compound 3 that has the ED map similar to compound 1,
may be due to a combination of reduced molecular aspect ratio and reduced crowding
at the periphery, thus rendering the local structure isotropic as well at the junctions as

described above.

Experimental S Compound 1
- Q
= = =
t
Simulated é‘ Model 1
=) e =
E
1q° |
Compound 2

Experimental “

Simulated Model 2

(110)

1 1 1 1 L

07 08 09 10 11 12 13 14
q(nm?)

FIG.5. Comparison between the experimental RSoXS diffractograms and simulation results based
on models shown in FIG. 4d (Model 1) and 4h (Model 2). Dashed line in Compound 2 and Model
2 marks the position of (200) peak if that peak was to exist experimentally. Note that the

intensities of simulation result are not to scale.



To conclude, we have comparatively studied bicontinuous double gyroid cubic phases
formed by rodlike polycatenar molecules as well as taper-shaped amphiphiles and
revealed the local molecular packing in such a complex phase for the first time by
employing a combination of RSoXS, SAXS and model-dependent resonant scattering
pattern simulations. Clearly, such crystallographically forbidden peaks, which appear
near elemental absorption edges, contain new structural information that can be used
to reveal variations in molecular orientation in three-dimensional phases, for example,
within a network of channels, beyond the electron density maps or morphology. As
RS0oXS can be tuned to specific bonds or elemental edges, it thus has a strong
potential for distinguishing local orbital/bond/molecular packing modes in complex
self-assembled structures. Despite a rather simplified theoretical calculation, a
detailed description of the local molecular anisotropy is elucidated. This approach can
potentially be made more robust by incorporating molecular orbitals, which can be
calculated from density functional theory, in the polarizability tensor. Such
comprehensive analysis will lead to a more precise understanding of molecular

packing in complex materials, both man- or nature-made.
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