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Abstract: The structure of a continuous-grid chiral cubic phase made of achiral constituent molecules
is a hot topic in the field of thermotropic liquid crystals. Several structural models have been proposed
so far. Resonant X-ray scattering (RXS), which gives information on the molecular orientation in
the unit cell, could be applied to select the most appropriate model. We modeled the RXS response
for the recently proposed chiral cubic phase structure with an all-hexagon chiral continuous grid.
A tensor form factor of a unit cell is constructed, which enables calculation of intensities of peaks
for all Miller indices. We find that all the symmetry allowed peaks are resonantly enhanced, and
their intensity is much stronger than the intensity of the symmetry forbidden (resonant) peaks. In
particular, we predict that a strong resonant enhancement of the symmetry allowed peaks (011) and
(002), not observed in a nonresonant scattering, could be observed by RXS at the carbon absorption
edge. By RXS at the sulfur absorption edge, one might observe a resonant peak (113) and resonantly
enhanced peak (233), and resonant enhancement of all the peaks that are observed in a nonresonant
scattering, which probably hide the rest of the predicted resonant peaks.

Keywords: chiral cubic phase; resonant X-ray scattering; theoretical modeling; tensor form factor

1. Introduction

Organization of molecules in three-dimensional continuous channel network in ther-
motropic liquid crystals has attracted much interest from two points of view. The first
is their complexity; these phases are interesting from a basic research point of view. The
second one is their potential for applications as optical materials [1], mechanically resistant
materials [2] and in photovoltaics [3]. The unit cells of these phases are extremely large:
the length of the unit cell is of the order of 10 nm, and the cell contains several thousand
molecules. Especially interesting is a chiral cubic phase, the structure of which is still under
debate. Upon the first observations of the phase [4,5], its chirality was not recognized and
the phase was assigned the achiral Im3m symmetry. Two structural models were proposed
for the phase. A three-continuous-grid model [6] with continuous grids of channels, two of
them consisting of interconnected octagons and the one between them of interconnected
hexagons. In a one-continuous-grid model [7], the octagons were replaced by micelles that
are enclosed by a continuous grid formed by interconnected hexagons. Neither of these
models could reproduce well the intensities of the peaks observed in the X-ray scattering
studies, especially regarding the intensities of the two most intensive peaks with Miller
indices (123) and (004). Almost a decade after the first observation of the cubic phase with
the Im3m symmetry (assigned at that time), chiral domains were observed in this phase [8].
The symmetry Im3m still persists in referring to this phase, but quote marks are usually
added (“Im3m”) to point out that the symmetry is not proper for this phase. We will refer
to this phase as a chiral cubic (CC) phase, instead.
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Several models were proposed so far to explain the origin of chirality in the chiral
cubic phase [8–11]. The latest two models [10,11] were proposed in 2020. Zeng and Ungar
constructed a three-continuous-grid with the symmetry I23 [10]. This model requires a
significant rearrangement of molecules upon the transition from/to the cubic phase with the
Ia3d symmetry having a double gyroid structure [12] of channels. The Ia3d cubic phase, which
is often observed in a sequence with the CC phase, is built of two intertwining continuous
grids (bicontinuous phase) of opposite chirality (Figure 1) and a helical arrangement of long
molecular axes along the channels [8,13–15]. Because the phase transition from the double
gyroid phase to the chiral cubic phase occurs with a negligible enthalpy change [16], such
an extensive rearrangement of molecules as required by the channel arrangement in the
phase with the I23 symmetry is less probable. In addition, the proposed structure with
the I23 symmetry does not give the (004) peak as the second highest intensity peak in the
X-ray scattering studies. Another model, presented in Reference [11], is based on the one-
continuous-grid model with micelles; however, the lengths of the hexagon sides are matched
to the lengths of the channels in the lower or upper temperature double gyroid phase and the
direct connections among the hexagons are replaced by channels connected to the unit cell
edges or faces, as shown in Figure 1. This model predicts proper intensity ratios among the
highest intensity peaks in the X-ray scattering. The basic idea behind the model is that the
structure of channels in the continuous grid (i.e., the major electron density) retains the
Im3m symmetry; however, the molecules on the opposite sides of the hexagon are slightly
tilted up/down in order to give more space for flexible aliphatic chains. Because each
hexagon is nonplanar (it has an armchair geometry, see Figure 2), the mirror symmetry
is broken. The packing of the eight hexagons in the unit cell can be chiral or achiral, but
having all the hexagons of the same chirality leads to more space for aliphatic tails also
among the molecules in the neighboring hexagons; thus, the chirality propagates from one
hexagon to the unit cell and to the whole phase [11].
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junction rotates in the opposite direction in the two systems of channels. The all-hexagon-continu-

ous grid of a chiral cubic phase consists of eight nonplanar hexagons (blue lines) in which the 

sides are of the same length as in the double gyroid phase, and hexagons consisting of two sides of 

the blue hexagons connected to the centers of edges and centers of faces of the cube (black lines). 

There are micelles in the center and edges of the unit cell. The unit cell side in the 𝐶𝐶 phase is 

always approximately 50% longer than in the double gyroid phase. 

Figure 1. Unit cells of (a) a double gyroid cubic phase and (b) chiral cubic phase used to model
the resonant X-ray response. The double gyroid cubic phase consists of two entangled systems of
channels (red and blue). Three channels meet in a planar junction, and the direction normal to the
junction rotates in the opposite direction in the two systems of channels. The all-hexagon-continuous
grid of a chiral cubic phase consists of eight nonplanar hexagons (blue lines) in which the sides
are of the same length as in the double gyroid phase, and hexagons consisting of two sides of the
blue hexagons connected to the centers of edges and centers of faces of the cube (black lines). There
are micelles in the center and edges of the unit cell. The unit cell side in the CC phase is always
approximately 50% longer than in the double gyroid phase.
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Figure 2. (a) A nonplanar hexagon in the coordinate system (xh, yh and zh ) centered on the hexagon.

(b) A side view of the hexagon. Vector
⇀
d 1 connects the opposite vertices of the hexagon that lie

on the xh axis, and vector
⇀
d 2, which is perpendicular to

⇀
d 1, connects the opposite midpoints of

the hexagon edges and points along the yh axis. Anisotropic scatterers (blue and red lines) are
positioned perpendicular to each side of a hexagon. Inside the hexagon, the polarization axis of the
blue scatterers is tilted in the −zh direction by an angle φ and along the +zh direction for the red
scatterers. Scatterers, vertices and polarization axes are numbered from 1 to 6;

⇀
s 6 thus determines

the polarization axis of the 6-th scatterer.

Which of the proposed models (if any) of the chiral cubic phase is a proper one could
be determined by the resonant X-ray studies. In this paper, we develop a method by
which one can predict the intensity of the resonant and resonantly enhanced peaks that are
expected for the structure of the chiral cubic phase proposed in Reference [11]. The model
presented also gives a general approach to the prediction of the positions and intensities
of the resonant and resonantly enhanced peaks for the other proposed structures. By
comparing predictions to experimental measurements, once they are available, one could
thus decide on the proper structure of the chiral cubic phase. This approach has recently
proven successful to determine the structure of the double gyroid phase [15].

2. Methods

To determine molecular orientation in addition to the periodic electron density variation,
resonant X-ray scattering (RXS) is used. When the energy of the incident photons is close to
the absorption edge of some element present in the material (sulfur and carbon are usually
used), the form factor of the material investigated becomes anisotropic; it becomes a tensor
quantity, while it is a scalar for a nonresonant X-ray scattering. As a result, one can obtain
scattering peaks at positions that are forbidden by the symmetry of the phase [17–19] (resonant
peaks), as well as enhancement in the intensity of the symmetry allowed peaks (resonantly
enhanced peaks) [18,20]. Because the form factor is a tensor quantity, the intensity of the
peaks depends on the polarization of the incident X-rays [20,21]. The theoretical basis for
the description of the RXS in liquid crystals was given by B. Pansu in A. M. Levelut [22],
who suggested that the form factor is analogous to the anisotropic part of the polarizability
tensor. In order to calculate the position and intensity of the resonant and resonantly
enhanced peaks, one thus has to obtain the tensor form factor first and evaluate it at the
values of the Miller indices (hkl) allowed by the cubic symmetry (F(hkl)). The intensity of
a chosen peak with the Miller indices (hkl) depends on the scattering amplitude (Ahkl),
which is calculated from the tensor form factor as [17]:

A(hkl) =
⇀
e out·F(hkl)·⇀e in (1)

where
⇀
e in and

⇀
e out are polarization directions of the incident and scattered wave, re-

spectively. The polarization direction of the incident and scattered wave is split into a
component perpendicular to the scattering plane (σ-polarization) and a component lying
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in the scattering plane (π-polarization). Based on the polarization of the incident and
scattered wave, four scattering amplitudes A(hkl)

σσ , A(hkl)
πσ , A(hkl)

σπ and A(hkl)
ππ are defined,

where the first index denotes the polarization of the scattered wave and the second one the
polarization of the incident wave [17]:

A(hkl)
σσ =

⇀
σ out·F(hkl)·⇀σ in (2)

A(hkl)
πσ =

⇀
πout·F(hkl)·⇀σ in (3)

A(hkl)
σπ =

⇀
σ out·F(hkl)·⇀π in (4)

A(hkl)
ππ =

⇀
πout·F(hkl)·⇀π in (5)

If unpolarized light is used in the measurements and no polarization grating is used
to filter the output light, the intensity of the scattered light (Ihkl) is calculated as a sum of
squares of scattering amplitudes of all possible pairs of polarizations:

Ihkl =
∣∣∣A(hkl)

σσ

∣∣∣2 + ∣∣∣A(hkl)
πσ

∣∣∣2 + ∣∣∣A(hkl)
σπ

∣∣∣2 + ∣∣∣A(hkl)
ππ

∣∣∣2 (6)

3. Results

In this section we present the construction of the model, calculation of the tensor form
factor and intensities of the resonant and resonantly enhanced peaks. In the case of the
resonantly enhanced peaks, we focus only on the peaks that are allowed by the Im3m
symmetry but are not observed in the nonresonant X-ray scattering.

3.1. Tensor Form Factor

To calculate the tensor form factor of the unit cell, we use a simplified model of the unit
cell. We assume that the major contribution to the RXS response is due to a slight up/down
shift of the molecules on the neighboring sides of nonplanar hexagons (blue hexagons in
Figure 1b). Next, a group of molecules that are arranged along the channels presented by
the hexagon sides is replaced by a single anisotropic scatterer placed in the midpoint of
a hexagon side. We assume that the polarizability of this scatterer in the direction of the
molecular long axis (we shall call it the polarization axis, blue and red lines in Figure 2;
Figure 3) is different than perpendicular to it. We calculate the tensor form factor of the
unit cell as a sum of the tensor form factors of all individual scatterers (six on each hexagon,
eight hexagons in the unit cell, see Figure 3).

We begin by examining scatterers on one of the hexagons and calculate the tensor
form factor in the coordinate system centered in the hexagon (Figure 2). The length of
the hexagon side within this model is 0.226 a, where a is the length of the side of the unit
cell [11]. Positions of scatterers and orientation of their polarization axes in the case of
φ = 0 are given in Table 1.

Table 1. Position (
⇀
r
(i)
o ) of the i-th vertex of the hexagon and direction ŝ(i) of the polarization axis

for the i-th scatterer in the case of an achiral hexagon (φ = 0 in Figure 2) in the coordinate system
centered on the hexagon (see Figure 2). Coordinates of vertices are given in units of the unit cell
length (a ).

i ⇀
r

(i)
o

/a ^
s

(i)

1 {−0.2244, 0, 0} {−0.8643, 0.5,−0.0539}
2 {−0.1109, 0.1940,−0.0209} {0, 1, 0}
3 {0.1109, 0.1940, 0.0209} {0.8643, 0.5, 0.0539}
4 {0.2244, 0, 0} {0.8643,−0.5, 0.0539}
5 {0.1109,−0.1940, 0.0209} {0,−1, 0}
6 {−0.1109,−0.1940,−0.0209} {−0.8643,−0.5,−0.0539}
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Figure 3. Hexagons in the unit cell of the chiral cubic phase in the laboratory system. Red and blue
lines represent different inclinations of anisotropic scatterers with respect to the hexagon sides. All
hexagons are identical (see Figure 2); they differ only by location and orientation inside the unit cell.

We assume that the tensor form factor of one anisotropic scatterer is proportional to
the anisotropic part of the polarizability tensor. In the eigen system in which the zl axis
points along the direction of the long molecular axis, i.e., along the polarization axis, the
tensor form factor (Fei) of a single anisotropic scatterer is equal to:

Fei =

 f 0 0
0 f 0
0 0 −2 f

 (7)

where f is the tensor element.
In order to obtain the tensor form factor of the unit cell in the laboratory system, in

which the direction of axes x, y and z are along the sides of the unit cell (Figure 3), we
first rotate the tensor form factor of one scatterer from the eigen system (xl , yl , zl) to the
coordinate system centered on the hexagon (xh, yh, zh) as follows. The unit vector ŝ(i),
given in Table 1, is rotated by the rotation matrix Rs by an angle ±φ around the hexagon
side to account for the polarization axes of the scatterers on the opposite sides of the
hexagons, tilted such that the hexagon is chiral. This unit vector is then rotated by the
rotation matrix Ri to point along the zl axis of the eigen system:

Ri Rs ŝ(i) = (0, 0, 1) (8)

The tensor form factor of the i-th anisotropic scatterer in the coordinate system of the
hexagon (Fi) is then:

Fi = Ri
T Rs

T Fei Rs Ri (9)

There is a single anisotropic scatterer on each side of each hexagon, so we obtain
the tensor form factor (Fh) of a single hexagon in the coordinate system of the hexagon
(Figure 2) by summing up the tensor form factors of all the scatterers, including the phase
difference between them due to their different positions on the hexagon:

Fh =
6

∑
i=1

Fi ei Q ⇀h ·
⇀
r i (10)

where
⇀
Qh is the scattering vector expressed in the coordinate system of the hexagon and

⇀
r i is the position of the i-th anisotropic scatterer, i.e., the midpoint of the i-th side of the
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hexagon, again given in the coordinate system of the hexagon. The vectors
⇀
r i are obtained

from the positions of the hexagon’s vertices (
⇀
r
(i)
o ) (see Table 1) as

⇀
r i =

⇀
r
(i)
o +

⇀
r
(i+1)
o

2
(11)

The tensor form factor of the unit cell is a sum of the tensor form factors of all the
hexagons in the unit cell. Once a single hexagon with the belonging scatterers is defined in
the coordinate system centered on the hexagon, we can use translations and rotations to
place it in the proper position; the center of each hexagon is in the center of each octant of
the unit cell. Orientation of each individual hexagon in the laboratory coordinate system,
the origin of which is in the center of the unit cell and the axes (x, y, z) run along the unit
cell sides, is determined by the directions of axes xh and yh, which are given by the unit
vectors d̂lab

1 and d̂lab
2 . These parameters for our model are presented in Table 2.

Table 2. Coordinates of the centers r(i)s of hexagons within the unit cell with a side length a, unit

vectors d̂lab
1 and d̂lab

2 along the direction of vectors
⇀
d 1 and

⇀
d 2 (see Figure 2) given in the laboratory

coordinate system (x,y,z) (Figure 3).

i (Color on Figure 3) 4
⇀
r

(i)
s

/a ^
d

lab

1
√

2
^
d

lab

2

1 (magenta) {1,−1, 1} {0.4434, 0.7790, 0.4434} {1, 0,−1}
2 (gray) {1, 1, 1} {0.4434,−0.7790, 0.4434} {1, 0,−1}
3 (black) {−1, 1, 1} {0.4434, 0.7790,−0.4434} {−1, 0,−1}

4 (brown) {−1,−1, 1} {0.4434,−0.7790,−0.4434} {1, 0, 1}
5 (green) {1, 1,−1} {0.4434,−0.7790,−0.4434} {1, 0, 1}

6 (orange) {1,−1,−1} {0.4434, 0.7790,−0.4434} {−1, 0,−1}
7 (pink) {−1,−1,−1} {0.4434,−0.7790, 0.4434} {−1, 0, 1}
8 (cyan) {−1, 1,−1} {0.4434, 0.7790, 0.4434} {−1, 0, 1}

As seen from Figure 2,
⇀
d 1 in the coordinate system centered on the hexagon points

along the xh axis, while
⇀
d 2 points along the yh axis. Thus, we can obtain the rotation matrix

R1, which acts on the unit vector d̂lab
1 to transform it into

⇀
d 1 in the following way:

R1 d̂lab
1 = (1, 0, 0) (12)

In the same way, we define the rotation matrix R2:

R2 d̂lab
2 = (0, 1, 0) (13)

where d̂lab
2 is the unit vector that points along

⇀
d 2 in the laboratory system. Because vectors

⇀
d 1 and

⇀
d 2 are orthogonal, we obtain the tensor form factor (F(hex)

j ) of the j-th hexagon in
the laboratory system as:

F(hex)
j = R1 j

T R2 j
T Fh R2 j R1 j (14)

The tensor form factor of one unit cell is now constructed by summing up the tensor
form factors of all the hexagons, taking into account the phase shift due to their relative
positions in the unit cell:

F(CC) =
8

∑
j=1

f (hex)
j

ei
⇀
Q·⇀r

(j)
s (15)

where
⇀
r
(j)
s is the position of the center of the j-th hexagon inside the unit cell (see Table 2).
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⇀
Q is the scattering vector in the laboratory system:

⇀
Q =

2π

a
(h, k, l) (16)

where h, k and l are Miller indices. The scattering vector
⇀
Q is given in the laboratory system,

while the scattering vector
⇀
Qh in Equation (10) is given in the coordinate system of the

hexagon. The relation between them for the j-th hexagon is:

⇀
Q

(j)

h = R2 j R1 j

⇀
Q (17)

3.2. Resonant and Resonantly Enhanced Peaks

By using Equation (15), we can calculate the tensor form factors for any combination
of Miller indices (hkl). We find that all the peaks allowed by the Im3m symmetry are
resonantly enhanced. In addition, the model predicts 10 purely resonant peaks for the
combination of Miller indices such that h2 + k2 + l2 ≤ 25. Because of a cubic symmetry,
permutations of Miller indices should only affect the position of the tensor form factor
elements without changing their magnitudes. This was used to debug the model. Table 3
gives tensor form factors for the resonant peaks and only those resonantly enhanced peaks
that are not observed in a nonresonant X-ray scattering.

Table 3. Miller indices (hkl) of the resonant (green) and resonantly enhanced (orange) peaks predicted
by the model and the corresponding tensor form factor (F(CC) ) in units of the tensor element ( f ), for
two inclinations of the polarization axis of scatterers (φ ). Only those resonantly enhanced peaks are
included that are not observed in the nonresonant X-ray scattering.

F(CC)/f

(hkl) φ = 0.01 φ = 0.1

(011)

( −9.2 0 0
0 4.6 −10
0 −10 4.6

) ( −9.2 0 0
0 4.6 −9.8
0 −9.8 4.6

)

(002)

(
9.2 0 0
0 9.2 0
0 0 −18.4

) (
9.2 0 0
0 9.2 0
0 0 −18.4

)

(012)

(
0 −0.12 i −0.12 i

−0.12 i 0 0
−0.12 i 0 0

) (
0 −1.2 i −1.2 i

−1.2 i 0 0
−1.2 i 0 0

)

(113)

(
0.41 i 0 0

0 −0.41 i 0
0 0 0

) (
4.1 i 0 0

0 −4.1 i 0
0 0 0

)

(023)

(
0 0.16 i −0.084 i

0.16 i 0 0
−0.084 i 0 0

) (
0 1.6 i −0.83 i

1.6 i 0 0
−0.83 i 0 0

)

(014)

(
0 −0.037 i 0.20 i

−0.037 i 0 0
0.20 i 0 0

) (
0 −0.36 i 2.0 i

−0.36 i 0 0
2.0 i 0 0

)

(223)

( −0.41 i 0 0.084 i
0 0.41 i −0.084 i

0.084 i −0.084 i 0

) ( −4.1 i 0 0.83 i
0 4.1 i −0.83 i

0.83 i −0.83 i 0

)

(124)

(
0 −0.037 i −0.12 i

−0.037 i 0.13 i −0.084 i
−0.12 i −0.084 i −0.13i

) (
0 −0.36 i −1.2 i

−0.36 i 1.3 i −0.83 i
−1.2 i −0.83 i −1.3 i

)

(233)

(
4.4 −0.00074 −0.00074

−0.00074 −2.2 17
−0.00074 17 −2.2

) (
4.4 −0.073 −0.073
−0.073 −2.2 17
−0.073 17 −2.2

)

(034)

(
0 0.025 i 0.27 i

0.025 i 0 0
0.27 i 0 0

) (
0 0.25 i 2.6 i

0.25 i 0 0
2.6 i 0 0

)
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3.3. Intensities of the Peaks

Intensities of the resonant and resonantly enhanced peaks are calculated by following
the procedure given in Section 2, where F(hkl) in Equations (2)–(5) is F(CC) from Equation
(15) and given explicitly in Table 3, calculated at Miller indices (hkl). The polarization
directions

⇀
σ and

⇀
π are obtained in the following way. Figure 4 shows the scattering plane,

which is defined by the scattering vector
⇀
Qhkl for the peak with Miller indices (hkl) and the

wave vector of the incident (
⇀
k in) and scattered (

⇀
k out) wave. The angle between the vector

⇀
k in and the xy plane is denoted by αin, while the angle between

⇀
k out and xy plane is αout.

A projection of the scattering vector on the xy plane forms an angle ϕ0 = arctan(k/l) with
the x axis. The components of the incident and scattered wave in the scattering plane (

⇀
π in

and
⇀
πout) and perpendicular to it (

⇀
σ in and

⇀
σ out) are

⇀
π in = {sin αin cos ϕ0, sin αin sin ϕ0, cos αin} (18)

⇀
πout = {− sin αout cos ϕ0,− sin αout sin ϕ0, cos αout} (19)

⇀
σ in = {sin ϕ0,− cos ϕ0, 0}, (20)
⇀
σ out = {sin ϕ0,− cos ϕ0, 0} (21)
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Figure 4. Scattering geometry for the peak with Miller indices (hkl) in the laboratory system. (a)
⇀
Qhkl is the scattering vector,

⇀
k in and

⇀
k out are the wave vectors of the incident and scattered wave, respectively;

⇀
π in and

⇀
πout are in-plane components

of polarization of the incident and scattered wave, respectively, and
⇀
σ in and

⇀
σ out are perpendicular components. θ0 is the

angle between the scattering vector and the z axis and θhkl is the scattering angle. The angles between the wave vectors of
the incident and scattered wave and the xy plane are αin and αout, respectively. (b) Projection of the scattering vector on the

xy plane (
⇀
Qp ) forms an angle ϕ0 with the x axis.

From Figure 4, we observe that the angle αin = θ0 + θhkl/2 and the angle αout =

θ0− θhkl/2, where θ0 = arctan
[√

h2 + k2/l
]

is the angle between the scattering vector and z

axis and θhkl , is the scattering angle for the peak (hkl). From the condition
⇀
Qhkl =

⇀
k out−

⇀
k in

we obtain: ∣∣∣∣⇀Qhkl

∣∣∣∣ = 2k sin
(

θhkl
2

)
(22)
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where k = 2π/λ is the wave number and λ is the wavelength of the incident X-rays. By
using Equations (16) and (22), we find:

θhkl = 2 sin−1
(

λ

2
√

h2 + k2 + l2

)
(23)

In the case of a powder sample, we average the intensity of the peak with Miller indices
(hkl) over ϕ0 and multiply it by the multiplicity of the peak (M). The calculated intensities
of the resonant and resonantly enhanced peaks are given in Table 4. Intensities of the peaks
(011), (002) and (012) were calculated with the X-ray wavelength λC = 4.4 nm, which
corresponds to X-rays at the absorption edge of carbon (resonant soft X–ray scattering,
RSoXS). Intensities of the rest of the peaks were calculated with the X-ray wavelength
λS = 0.5 nm, which corresponds to X-rays at the absorption edge of sulfur (tender resonant
X-ray scattering, TReXS). The intensity of the peak (012) was calculated by using both
wavelengths. An intensity of a chosen peak is normalized with respect to the intensity of
the peak (113), due to the reasons provided in the discussion. Results are given for two
inclinations of scatterers: φ1 = 0.01 rad and φ2 = 0.1 rad (see Figure 2).

Table 4. Relative intensities of peaks with Miller indices (hkl) and multiplicity M, calculated at
λC = 4.4 nm (RSoXS) and λS = 0.5 nm (TReXS) for the scatterer’s inclinations φ1 = 0.01 (I(φ1)) and
φ2 = 0.1 (I(φ2)). Intensities are normalized with the intensity of the peak (113) at the scatterer’s

inclination φ1 = 0.01 (I(φ1)
113 ).

M (hkl) I(φ1)
RSoXS/I(φ1)

113 I(φ2)
RSoXS/I(φ1)

113

12 (011) 947 908
RSoXS6 (002) 1.51·103 1.49·103

24 (012) 0.57 57

24 (012) 0.59 58

TReXS

24 (113) 1 99
24 (023) 0.96 95
24 (014) 0.012 1.1
24 (223) 2.8 2.8·102

48 (124) 1.6 1.6·102

24 (233) 1.5·103 1.5·103

24 (034) 0.83 82

4. Discussion and Conclusions

We modeled the resonant X–ray scattering response for the structural model of the
chiral cubic phase proposed in Reference [12]. This model predicts a one-continuous grid,
which is built of molecules arranged into channels that form hexagons with an armchair
geometry. The length of one segment in the hexagon is the same as the length of the
segments forming a double gyroid structure of the Ia3d phase, the phase to which CC
structure evolves on heating or cooling. Hexagons are connected by lower density channels,
as shown in Figure 1. A grid of hexagons surrounds micelles. The model predicts that the
chirality of the phase originates from the packing of molecules along the hexagon sides. In
order to enable more space for the fluctuation of the aliphatic tails, molecules at the centers
of the opposite sides are slightly tilted up/down as shown in Figure 2. The resonant X-ray
scattering response was modeled by putting one anisotropic scatterer at the center of each
hexagon side, the axis of the largest/lowest polarizability being along the direction of the
long molecular axis.

The model predicts that all the Im3m symmetry allowed peaks are resonantly en-
hanced and their intensity is much stronger than the intensity of the pure resonant peaks
(see Table 4). One thus expects that all the peaks that are observed in a nonresonant
scattering will also be detected in the resonant scattering experiments. Because of that,
we plot the resonantly enhanced peaks and resonant peaks on top of the experimental



Crystals 2021, 11, 214 10 of 12

diffractogram [11] obtained by a nonresonant scattering (Figure 5). We plot only those
resonantly enhanced peaks that were not observed in the nonresonant scattering: (011),
(002) and (233). Concerning the purely resonant peaks, they are all very weak and their
positions are close to the resonantly enhanced peaks, except for the peak (113). This is the
reason why, in Table 4, we normalized the calculated intensities with respect to the (113)
peak. The predicted resonant peaks (023), (223)/(014), (124) and (034) are of a comparable
or higher intensity than the (113) peak (Figure 5). However, since they all lie close to the
resonantly enhanced peaks, the intensities of which are three orders of magnitude higher
than the intensities of the resonant peaks (assuming a small tilt of molecules, φ = 0.01) or
one order of magnitude higher if we increase the tilt to φ = 0.1, we expect that only the
peak (113) might be detectable.
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Figure 5. Intensities (in arbitrary units) of the diffracted peaks, measured by the nonresonant X-ray
scattering (black curve) [11] and the predicted resonant (red lines) and resonantly enhanced peaks
(blue arrows) as a function of the normalized scattering vector magnitude (Q/Q0), defined by the
Miller indices (hkl): Q/Q0 =

√
h2 + k2 + l2. The measured and calculated intensities are not to scale.

The intensities are calculated at the scatterers’ inclination φ = 0.1.

Based on the theoretical modeling, we thus predict that for the structure of the chiral
cubic phase proposed in Reference [11], one should observe resonantly enhanced peaks
(011) and (002) when using the resonant X-ray scattering at the carbon absorption edge. By
the resonant X-ray scattering at the sulfur absorption edge, one might observe the resonant
peak (113) and resonantly enhanced peak (233) plus resonantly enhanced all the peaks that
are observed in the nonresonant scattering. All the other resonant peaks might be hidden
by the nearby resonantly enhanced peaks.

The results reported in this paper can be directly applied to analyze experimental
measurements (when these are available) only if powder samples are studied and the
incident and scattered beams are not polarized. In the case of polarized incident/scattered
light, this should be taken into account in the calculation of the intensity (only the appro-
priate term in Equation (6) should be taken). In the case of the partially or fully aligned
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sample, one should omit averaging over ϕ0 and multiplication by the multiplicity factor M
in the calculation of the intensity. Finally, we point out that the model of the RXS response
should also be built for the structural model presented in Reference [10]. Providing that
the experimental results will have sufficiently high resolution, it will then be possible to
decide if any of the proposed structural models describes well the actual structure of the
chiral cubic phase.
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