L)

research papers

Deciphering unusually large modulations in two
related organic hydroxy channel structures

STRUCTURAL SCIENCE
CRYSTAL ENGINEERING
MATERIALS

Acta Cryst

ISSN 2052-5206
Arie van der Lee,** loan Stroiu,” Li-Bu Huang,? Erol Licsandru,® Istvan Kocsis,”

Mihail Deleanu,® Christian Hiibschle,® Mihail Barboiu® and Olivier Pérez®

AInstitut Européen des Membranes, Université de Montpellier, Montpellier, France, bBruker AXS,Ostliche Rheinbriick-
enstr. 49, 76187 Karlruhe, Germany, and “CRISMAT, CNRS, Normandie University, ENSICAEN, UNICAEN, Caen,

Received 7 January 2026
Accepted 11 May 2026

Edited by M. Dusek, Institute of Physics, CAS,
Czechia

Keywords: modulated structure; organic
structure; Lissajous representation; modulation
strength.

B-IncStrDB reference: wB4rflxhWfA

CCDC references: 2553612; 2558679;
2558680

Supporting information: this article has
supporting information at journals.iucr.org/b

o
.'/.

T &

& »
g >

. L = ’&' o

£ ) "

¢ ‘ ‘\( ~‘\f > N
S\ o c‘:\ ,

OPEN @& ACCESS

Published under a CC BY 4.0 licence

France. *Correspondence e-mail: arie.van-der-lee@umontpellier.fr

The incommensurately modulated structures of two related organic hydroxy-
channel compounds [(R)-1-(1,3-dihydroxypropan-2-yl)-3-(octan-2-yl)urea, 1; 1-
(1,3-dihydroxypropan-2-yl)-3-octylurea, 2] have been determined and compared
to the structure of a non-modulated reference compound [(R)-bis-3-(octan-2-yl)
urea, 3] lacking hydroxy-channel forming groups. The origin of the modulation
is explored through the competition between strong orthogonal urea—urea and
hydroxy-hydroxy interactions, though this competition may not be a prerequi-
site for modulation. Notably, the modulation in these two compounds is
unusually pronounced, as showed by the first-order satellite reflections exhi-
biting intensities comparable to those of the main reflections. This observation is
contextualized by comparing the relative intensity differences between main
and satellite reflections in a benchmark set of 117 modulated structures.
Additionally, an alternative graphical method is introduced to visualize struc-
tural modulation within the basic unit cell. This method combines a conven-
tional ball-and-stick representation of the average structure with Lissajous
curves that map the spatial modulation onto the unit cell. The curves are color-
coded according to the modulation ¢-parameter, enabling immediate visualiza-
tion of in-phase and out-of-phase individual modulation displacements.

1. Introduction

Incommensurately modulated structures are often thought to
be found only in inorganic structures with some notable
exceptions in organic phases such as thiourea (Yamamoto,
1980; Zuniga et al., 1989), biphenyl, 2-phenylbenzimidazole
(Cailleau, Moussa & Mons, 1979; Baudour & Sanquer, 1983;
Cailleau, Baudour & Zeyen, 1979) and host-guest urea
inclusion compounds (Forst et al, 1987; Van Smaalen &
Harris, 1997; Mariette et al., 2022). Schoenleber wrote in his
review on organic molecular compounds with modulated
crystal structures that this view might be biased (Schoenleber,
2011), but did not take completely away the illusion that
incommensurateness in organic compounds is more rare than
in inorganic compounds (Bakus et al., 2013). A recent survey
on modulated structures published in IUCr journals showed
that only 13 from the 102 structures could be classified as
organic (Gaydamaka & Rashchenko, 2024). From the
numbers of crystal structures in the main organic [Cambridge
Structural Database (CSD): 1300k; November 2025] and
inorganic databases (Inorganic Crystal Structure Database,
290k; November 2025) one may conclude that more organic
crystals have been determined than inorganic ones, which
would make the relative propensity of incommensurateness in
inorganic structures still more remarkable. One reason for the
high propensity of inorganic structures for incommensurate-
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ness could be that the presence of satellite reflections in their
diffraction pattern is more easily detected than those in the
patterns of organic structures, because of the stronger scat-
tering power of the elements usually present in inorganic
structures. The intensities of satellite reflections are usually
considered to be weaker than those of the main reflections
corresponding to the average structure. Another reason may
be that diffraction platforms work more in semi-automated
high-throughput mode for organic and organometallic
compounds than for inorganic compounds. At the same time,
expertise in aperiodic crystallography remains confined to a
relatively small community. As a result, diffraction signatures
of incommensurate modulation may not always be recognized
during routine screening and structure-solution workflows.
The identification of such features often requires careful
inspection of reciprocal-space sections and familiarity with the
characteristic patterns of aperiodicity. Without such exam-
ination, automatic procedures may fail to correctly index a
diffraction pattern with satellite reflections at irrational posi-
tions. Consequently, the crystal may be discarded for further
analysis. The present examples illustrate how the attentive
examination of reciprocal-space data can reveal modulation
features that might otherwise remain unnoticed in routine
workflows. Without careful examination of the reciprocal
lattice, automatic indexing may indeed fail to distinguish
between a single crystal displaying satellite reflections at
irrational positions and a multigrain sample. Consequently,
many modulated organic structures could remain unrecogni-
zed—or be discarded altogether —unless examined closely for
satellites. Yet, modern commercial software does, however,
give most of the tools needed to recognize and process
diffraction data with incommensurate features.

We present in this study two new related incommensurately
modulated organic structures (1 and 2, see schemes in Fig. 1)
of which 2 was published before by some of the authors of this
paper as a triclinic Z' = 9 structure (labeled H4) (Huang et al.,
2021). It was already recognized in the ESI of that paper that
the structure might be (in)commensurately modulated, but
that there had not been success in treating it as such. The
suspicion that the structure was probably incommensurate
resulted from the knowledge gathered by the structure solu-
tion of 1 in November 2017. The diffraction data of 1 were
presented by one of the authors at a workshop of the French
network for professional crystallographers (SIECIPROCS) in
Lille, France, during a session entitled ‘Structures resisting to
everything’. One of the co-authors in this event accepted the
challenge and determined and approximately refined the
principal features of the incommensurate structure of 1 during
the weeks after the workshop, but the structure was never
published. We decided to pick up the determination of the
incommensurate structure of 2 earlier this year and succeeded
in solving and refining it. We observed that the difficulties
related to the correct interpretation of the diffraction patterns
are, at least in these cases, not related to the weakness of the
satellite reflections, but rather to the strength of them, espe-
cially for 2. The first and second-order satellite reflections of
latter phase have approximately the same mean intensity as

the main reflections, making it very hard to correctly identify
the unit cell of the average structure (i.e. the basic unit cell)
and to do the indexing of the satellite reflections correctly. The
relative important strength of the satellite reflections means
that the structural modulation is particularly strong in both
phases.

The structure solution and refinement of 1 and 2 bear some
resemblance with that of quininium (R)-mandelate (Schon-
leber & Chapuis, 2004), a structure with can be described as a
structure with an unusual large value of Z’, 15 or 18,
depending on the commensurate approximation of the
supercell. As for the structure of quininium (R)-mandelate,
the average structures of 1 and 2 could not be solved from the
subset of main reflections only. The reason for the modulation
in 1 and 2 is similar to that in quininium (R)-mandelate, i.c a
competition between intermolecular hydrogen bonds and
intramolecular forces that are responsible for the molecular
conformation. We also report the structure of a related
compound 3 (Fig. 1) which was accidently crystallized when
trying to synthesize 1.

Both self-assembled compounds 1 and 2 are hydroxy-
channel structures based on octyl-ureido-polyols, which may —
when embedded in liposome membranes — transport water
with transport rates slightly below rates observed in natural
aquaporins (Agre, 2004) while at the same time presenting
almost total ion rejection. This makes them useful as artificial
water channels for the fabrication of membranes for seawater
desalination. The single-channel permeability of the channels
formed by 2 was the highest (2.33 x 10° water / channel /
second) of the six reported structures bearing different hy-
droxylic interacting heads. The hydroxy channels inside the
crystalline structures as determined by the X-ray diffraction
study preclude, however, any water transport, since they are
completely dense without any pores or pockets to accom-
modate water molecules. The observed high transport rates
could only be explained by a re-arrangement of the crystal
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Figure 1
Schemes of 1, 2 and 3 with atom labeling and color codes for intramo-
lecular bonds to be used in Fig. 10 and Fig. 14.
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Table 1

Experimental and refinement data for the three crystal structure determinations.

1

2

3

Crystal data

Crystal system, space group Monoclinic, C2(o0053)

Wavevector q = 0.2253 (2)a* + 0.5044 (4)c*
ab.c (A) 11.516 (1), 4.619 (1), 26.775 (2)
aB,y (°) 90, 91.410 (7), 90

V(A% 1423.8 (4)

Z 4

Data collection

Absorption correction Multi-scan (CrysAlisPro)

Tnin> Tmax 0.82, 1.00
N[I>30(1)] 10348
Rinc 0.035
Refinement

R[F? > 30(F%)], wR[F? > 30(F?)], §
R[F? > 30(F?)] per order (0,1,2, ...)
WR[F? > 30(F?)] per reflection order

0.053, 0.074, 1.185
0.047, 0.048, 0.057, 0.076
0.072, 0.068, 0.075, 0.094

0,1,2, ...)
No. of reflections 18579
No. of parameters 557
No. of restraints 0
H-atom treatment Constrained
APinaxs APuin (€ A7) 027, =023

Triclinic, P1(oy 0,03)

q = 0.00816 (14)a* + 0.1172 (2)b* +

0.5789 (5)c*
4.6380 (4), 6.0367 (7), 25.779 (2)
89.802 (8), 88.106 (7), 71.190 (9)
682.83 (12)
2

Multi-scan (CrysAlisPro)
0.45, 1.00

10854

0.0912

0.077, 0.110, 2.037
0.073, 0.075, 0.075, 0.079, 0.093
0.116, 0.114, 0.104, 0.104, 0.113

33499

657

0
Constrained
0.56, —0.60

Monoclinic, C2

12.667 (1), 4.5897 (4), 16.146 (2)
90, 93.93 (1), 90

936.5 (2)

2

Multi-scan (CrysAlisPro)
0.45, 1.00

1146

0.034

0.047, 0.112, 1.190

1594

94

0
Constrained
0.11, —0.12

structure into a spongelike mesostructure or a cylindrical pore
structure as observed by molecular dynamics simulations,
depending on the concentration of the hydroxy channels
within the membrane (Huang et al., 2021).

Although improved knowledge about the real crystalline
structure of hydroxy channel compounds does not lead
directly to better insights in the transport phenomena of the
channels inside the lipid bilayers, it does give a hint about the
flexibility of the molecular confirmations in relation to inter-
molecular hydrogen-bond interactions which do play a role in
the more dynamic membrane environment.

2. Synthesis

All three compounds have been synthesized following the
following general procedure: the amino propanediol or octan-
2-yl amine (10 mmol) was mixed with the corresponding
equimolar amount of octyl isocyanate, with sonication. The
mixture was dissolved in tetrahydrofuran (thf; 10 ml), ethyl
acetate (5 ml) and acetonitrile (5 ml). The reaction system was
heated to 80 °C for 2 h. The resulting solution was dried with
conventional rotary evaporation under vacuum to obtain
white powder. The products were washed with methanol and
hexane, then were separated by rotary centrifuge. The residual
solvent was removed by vacuum desiccator. Compound 3 was
obtained in an initial attempt to obtain compound 1. A second
attempt with apparently slightly different starting conditions
(temperature, pH, ...) resulted in the target compound 1. No
attempt was made to understand the different outcome of the
two syntheses.

(R)-1-(1,3-Dihydroxypropan-2-yl)-3-(octan-2-yl)urea, 1
'"H NMR (400 MHz, DMSO-dq): § 0.85 (¢, J = 6.4 Hz, 3H,
CH3'), 0.96 (d, J = 6.6 Hz, 3H, CH5"), 1.23-1.30 (m, 10 H,
CH,°CH,’CH,*CH,’CH,?), 3.27-3.36 (m, 2H, H® CH,"),
3.37-3.44 (m, 2H, H* CH,"), 3.45-3.60 (m, 2H, CH', CH"?),
4.63 (t,J = 5.2 Hz, 2H, OH'), 5.56 (d, J = 7.7 Hz, 1H, NH'"),
5.84 (d, J = 81 Hz, 1H, NH’) p.p.m.; >CNMR (100 MHz,
DMSO-d): 6 13.91 (CH5'), 21.44 (CH3%), 22.02 (CH,®), 25.44
(CH,Y), 28.68 (CH,"), 3126 (CH,’), 36.90 (CH,?), 44.58
(CHY), 52.62 (CH"), 60.53 (CH,"” CP), 60.55 (CH,"” C*),
157.44 (CO™); MS: m/z (%): 247.6 (100) [MD-I-3-P + H], 269.7
[MD-I-3-P + Na], 516.2 [2*MD-1-3-P + Na].

1-(1,3-Dihydroxypropan-2-yl)-3-octylurea, 2: 'H NMR
(DMSO-d,, 400 MHz): § (p.p.m.) = 0.86 (1, J = 6 Hz, 3H,
CH;CH,), 1.21-1.35 [m, 12H, CH;3(CH,)sCH,], 2.94 (q, J =
6.7 Hz, 2H, CH,CH,NH), 3.38-3.43 [m, 2H, CH(CH,OH),],
3.45-3.53 (m, 1H, CH,CHNH), 4.62 [, J = 53 Hz, 2H,
CH(CH,OH),], 5.62 (d, J = 7.8 Hz, 1H, CH,NH), 5.98 (¢, J =
56 Hz, 1H, CHNH); “C NMR (DMSO-d,, 100 MHz): §
(p.p-m.) = 14.44 (CH3), 22.57, 26.88, 29.19, 29.24, 30.46, 31.72
(6 x CH,), 39.60 (CH,NH), 53.09 (CHNH), 60.90 (CH,OH),
159.45 (CO); MS Calc. = 246.4, ESI-MS found [M+H']" =
247 4.

(R)-Bis-3-(octan-2-yl)urea, 3: '"H NMR (400 MHz, DMSO-
de): 8 0.86 (1, J = 6.4 Hz, 3H, CH3"), 0.96 (d, J = 6.6 Hz, 3H,
CH;"), 1.23-1.30 (m, 10H, CH,°CH,’CH,"*CH,*CH,?), 5.56 (d,
J =7.7Hz, 1H, NH"), 5.84 (d, J = 8.1 Hz, 1H, NH’) p.p.m.;
BCNMR (100 MHz, DMSO-dg): 8 1391 (CH;'), 21.44
(CH;%), 22.02 (CH,®), 2544 (CH,%), 28.68 (CH,"), 31.26
(CH,), 36.90 (CH,?), 44.58 (CH"), 157.44 (CO").
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3. Diffraction experiments and interpretation of the
reciprocal lattices

Crystals of 1 and 3, obtained by slow evaporation from
methanolic solutions, were selected and mounted on a Gemini
single-crystal diffractometer equipped with a Sapphire-3
detector. The CrysAlisPro program (Rigaku Oxford Diffrac-
tion, 2012) was used to collect data, for frame integration using
default parameters, for the empirical absorption correction
using spherical harmonics employing symmetry-equivalent
and redundant data, and for the correction for Lorentz and
polarization effects. w rotational scans (counting time 57.5 s
per frame for 1 and 42.5s for 3) were employed for the
acquisition of the intensity data. The data collection
temperature was 175 K.

Crystals of 2 were tested and measured at the XRDI1
beamline of the Elettra synchrotron (Basovizza, Italy) at a
wavelength of 0.6999 A with a Huber four-circles K-goni-
ometer and a Pilatus-2M (Dectris) detector at 100 K (Lausi et
al., 2015). The data were collected at 100 K in 360 ¢-scan
frames with an exposure time of 1 second for each frame. The
data were integrated using the XDS software (Kabsch, 2010b;
Kabsch, 2010a) for the supercell approximation and with
CrysAlisPro (Rigaku Oxford Diffraction, 2012) for the
incommensurate model.

All structural refinements were carried out with JANA2020
(PetriCek et al., 2023). Table 1 compiles the crystal data, data
collection and refinement parameters for the three structures.

3.1. Interpretation of the reciprocal lattice of 1

Indexing proved to be challenging with less than 70% of the
integrated spots assigned to lattices with varying cell para-
meters in a monoclinic setting with only the b-axis constant at
about 4.63 A, notably the following two cells: a = 34.9190 A,
b = 4.6262 A, ¢ = 357164 A, a = 90.0240°, B = 98.6917°, y =
89.9655°, V = 5703 A’ or a = 103.5825 A, b = 4.6268 A, ¢ =
53.6123 A, « = 90.0558°, B = 91.4504°, y = 89.9694°, V =
25685 A>. It could be anticipated that the cell axis of 4.63 A
corresponds to the intermolecular repeat distance of aligned
urea motifs (Nguyen et al.,2001), but the a and ¢ parameters of
these automatically determined unit cells are unusually large
and hence the volumes, suspecting a twinned structure or a
commensurately or incommensurately modulated structure. It
was furthermore noticed that a substantial number of reci-
procal lattice nodes is systematically absent.

Based on the invariance of b and the apparent monoclinic
symmetry, reconstructions of the (k0l)*, (hll)* and (h2)*
diffraction planes, perpendicular to the b axis, were
performed.

A detailed examination of these diffraction patterns reveals
an unusual distribution of reflections: broad ribbons of
diffraction spots alternate with dark, reflection-free regions.
This pattern is strongly reminiscent of intensity distributions
typically observed in modulated phases.

Within each reflection ribbons attempts were made to
identify periodicities that could allow the diffraction peaks to
be assigned in terms of main reflections—corresponding to the

average structure which is equal to the zero-order terms of the
harmonic expansions of the structural coordinates (x,y0,20)
—and satellite reflections, which characterize the modulation
as a periodic perturbation of this average structure. The main
difficulty in identifying the various periodicities lies in the
absence of a clear intensity hierarchy among the reflections.
The modulation appears to be very strong, making it impos-
sible to distinguish the main and satellite reflections based
solely on their intensities. As a result, the solution relies
entirely on a geometrical analysis of the diffraction pattern.
After numerous trials, we identified a basic unit cell (Table 1)
indexing only 23% of the reflections. The ratio between the
volumes of the two before-mentioned supercells and this basic
cell is very close to 4 and 18, respectively, implying a direct
transformation relation between them.

By introducing a modulation vector q = 0.226a*+ 0.508¢*,
the indexing rate increased to over 80%. The remaining
unindexed reflections are either randomly distributed or
located on the tails of indexed peaks, suggesting that they
correspond to peak broadening rather than distinct reflections.
Satellite reflections are observed up to third order.

A comparison of the (h0/)* and (h1l)* planes reveals a C-
centered lattice (Fig. 2). Data integration was carried out to
obtain 31811 reflections, 18579 were independent and 10348
were measured with I > 30(I) yielding R;,; = 3.5%.

The structure could then be solved directly in superspace
(Palatinus, 2004) using Superflip (Palatinus & Chapuis, 2007)
with superspace groups C2(0100,)0 or C2/m(0,00,)00. A first
structural model was obtained in the non-centrosymmetric
superspace group with 12 C,3 O and 2 N atoms. The positions
of 26 H atoms were determined based on geometrical
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Figure 2

Reconstructed (h0/)* and (h1l)* diffraction planes of 1. The filled blue
circle shows the origin of the pattern. The horizontal and almost vertical
blue lines are corresponding to the a* and c¢* direction, respectively. The
red dot-dashed lines are drawing the lattice defined by the basic unit cell.
The purple-circled magnification highlights the modulation vector.
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considerations; positional constraints were imposed so that the
hydrogen atoms move in accordance with the atomic displa-
cements of the bonded carbon, oxygen, or nitrogen atoms.
Harmonic modulation waves were introduced up to the third
order (consistent with the experimental observation of satel-
lite reflections up to the third order) to model the atomic
displacement of C, O and N atoms; a harmonic wave was also
defined to describe their anisotropic atomic displacement
parameters (ADPs).

3.2. Interpretation of the reciprocal lattice of 2

The structure of 2 has already been published as a Z' = 9
structure before (Huang ef al., 2021) and shortly described in
supporting information. Here we give additional details about
the reciprocal space interpretation, structure solution and
refinement as a modulated structure. Consistent cell para-
meters corresponding to the Z' = 9 structure were obtained for
different crystals.

For the re-investigation using the superspace formalism, the
diffraction frames were imported into the CrysAlisPro
package and a closer inspection of the diffraction pattern
revealed imperfections in the initial model. The reconstructed
(hk0)* plane (Fig. 3) highlights inconsistencies: although the
lattice based on the given unit cell is generally followed,
certain reflections are misaligned, and large areas devoid of
reflections are evident. In addition, segments of reflections
appear aligned along the b* direction. These observations
suggest that the original cell (a, b, ¢;) serves only as an
approximate description of the true structure.

Based on the midpoints of these reflection segments, a basic
unit cell (ay, by, ¢,) was defined (Table 1). The volume of this
cell is nine time smaller of that of the aforementioned super-
cell, explaining the description of the original structure as a
7' =9 structure. This new cell corresponds to a refined lattice,

Figure 3

Reconstructed (hk0)* plane calculated in the original cell (ag, by, ¢) for 2.
In the right part, (a,, by, ¢) is drawn. Significant deviation of the reflec-
tions from the vertical red dashed lines are observed (see purple
rectangles). Left part: identification of six segments of reflections. The
blue dashed lines highlight the significant deviation in between the
segments direction and the red dashed line corresponding to the by
stacking direction.

where its nodes pass through the midpoints of the afore-
mentioned segments. Unindexed reflections in the original
model can now be interpreted as satellite reflections. Fig. 4
gives a schematic view of the diffraction patterns with respect
to the reciprocal supercell approximation and the reciprocal
basic unit cell.

Introducing the modulation wavevector q = 0.008a,* +
0.117by* + 0.579¢p*, all reflections—main and satelli-
tes—could be successfully indexed. Satellite reflections were
observed up to the fourth order. A major challenge in iden-
tifying the correct cell stemmed from the comparable inten-
sities of main and satellite reflections. It should be noted that
only the high resolution of our dataset collected at Elettra
allowed us to identify the weak component according to a* of
the modulation vector.

The relatively large atomic displacement parameters
(ADPs) refined in both the original and new unit cells, coupled
with the irrational components of the modulation vector q,
support the conclusion that the published structure is an
approximation of a more accurate incommensurately modu-
lated model.

The first step in the data processing procedure consisted in
the accurate determination of the basic reciprocal lattice and
modulation vector parameters. Using the complete set of
diffraction images, the positions of all observed reflections
were extracted with the CrysAlisPro software. To ensure the
reliability of the indexing procedure, the dataset was
processed independently in parallel using both CrysAlisPro
and JANA2020.

In both programs, the reciprocal basis vectors a,*, bp*, e,
and the modulation vector ¢ were determined manually. This
procedure proved to be particularly demanding and time-
consuming, but was unavoidable in the present case because
the comparable intensities of main and satellite reflections
prevented an automatic prioritization of reflection classes
during indexing. Consequently, careful manual selection and

- a¥ ' X
(@) (b)

Figure 4

Scaled diffraction diagram of the C;;H,,N,O3 compound and its inter-
pretation using the unit cells (a) (ag*, by*, ¢*) and (b) (ap*, bp*, ¢p*). In
(a) the reflections are not all accurately accounted for by the unit cell. In
contrast, in (b), the satellite reflections are properly indexed using the
modulation vector q = 0.008a* + 0.117b* + 0.579¢*. Due to the significant
0.579¢,* component of the modulation vector, these reflections lie
outside the plane of the sketch. For clarity, they have been projected onto
the (hpkp0)* plane.
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verification of reflection positions were required in order to
define a consistent reciprocal grid.

Once a reliable set of reflections had been established, both
the unit-cell parameters and the components of the modula-
tion vector were refined against the selected reflections. The
results obtained from the two independent software packages
were fully consistent, providing confidence in the robustness
of the indexing solution. The refined unit cell and modulation
vector were subsequently used as fixed input parameters for
the data reduction.

The integration step itself presented additional difficulties.
The unusually high intensity of the satellite reflections,
combined with the very small component of the modulation
vector along a,*, made the refinement of cell and modulation
parameters during integration unstable. In particular, uncon-
strained refinement systematically led to incorrect indexing
and inconsistent reflection statistics. To overcome this
problem, both the unit-cell parameters and the components of
the modulation vector were fixed to the values obtained
during the preliminary refinement stage. In addition, the
components of g were kept fixed throughout the integration
procedure due to the near-zero value of the a,* component.
This precaution proved essential for achieving a stable and
physically meaningful data reduction.

Ultimately, a dataset of 10 854 independent reflections with
I > 30(I) was obtained, yielding an internal agreement factor
Rin = 0.093.

The intensity distribution across reflection orders is
unusual, with main reflections exhibiting intensities compar-
able to those of first-order satellite reflections (see also
Section 4). In most modulated structures, satellite reflections
are typically significantly weaker than the main reflections, as
they arise from a relatively small periodic distortion of an
average structure. In contrast, the comparable intensity
observed here indicates a strong structural modulation,
making the structure solution particularly challenging within
the superspace formalism.

The appropriate superspace group was identified as
P1(0,0,03). Two alternative structure-solution strategies were
initially considered: (1) a direct structure solution in super-
space using the charge-flipping algorithm (as successfully
applied for compound 1), and (2) a two-step strategy
consisting of solving the average structure first, followed by
modeling the modulation.

The first approach was unsuccessful, most likely because the
strength and complexity of the modulation exceeded the
capability of the single-harmonic description assumed in the
Superflip implementation. The second approach, involving the
solution of the average structure using only the main reflec-
tions, also failed when tested with several commonly used
programs [SHELXT, SHELXS (Sheldrick, 2008); SHELXD
(Schneider & Sheldrick, 2002); Olex2.solve (Bourhis et al.,
2015)].

A similar situation has been reported previously (Schon-
leber & Chapuis, 2004), where information from a commen-
surate superstructure approximant was used to obtain starting
values for both atomic coordinates and modulation para-

meters. In the present study, an alternative strategy imple-
mented in JANA2006 (Petticek et al., 2014) was adopted. This
method consists in generating an artificial dataset in which the
intensity of each main reflection is enhanced by summing it
with the intensities of its associated satellite reflections. The
resulting dataset effectively represents a reinforced approx-
imation of the average structure.

This modified dataset was successfully processed using
SIR2019 (Burla et al., 2015) yielding ultimately a stable solu-
tion for the average structure. Twelve carbon atoms, two
nitrogen atoms, and three oxygen atoms were identified in the
electron-density map. Subsequently, twenty-six hydrogen
atoms were introduced based on geometrical considerations
using JANA2020 (Petticek et al., 2023). During refinement,
both atomic displacement parameter (ADP) restraints and
geometrical restraints were applied to the hydrogen atoms.

Refinement of the average structure with isotropic ADPs
yielded an R factor of approximately 55% for the main
reflections and, as expected, 100% for the satellite reflections.
These high residual values clearly demonstrate that the
average structure alone is insufficient to describe the diffrac-
tion data of such a strongly modulated system.

An additional difficulty in the refinement arises from the
chemical composition of the compound, which contains only
light atoms (C, N, O and H) and no heavy atoms with high
scattering power. In many modulated structures containing
heavy elements, the modulation can initially be modeled by
refining the displacement parameters of the dominant scat-
terers, which often provides sufficient phase information to
describe the satellite reflections and stabilize the refinement.
In the present case, however, no single atom type contributes
disproportionately to the scattering, and the modulation is
distributed over the entire molecular framework.

As a consequence, it was not possible to obtain a stable
description of the modulation by refining the displacement of
a limited subset of atoms. Instead, the refinement had to be
carried out in a collective and progressive manner, involving
all atoms in the structure from the early stages of the super-
space refinement. A first-order harmonic wave was initially
applied, resulting in a modest but measurable improvement of
the model. Higher-order harmonic components were then
introduced sequentially, in accordance with the experimental
observation of satellite reflections up to the fourth order.
After each refinement cycle, the model quality improved
significantly, confirming the physical relevance of the addi-
tional modulation terms.

To further stabilize the refinement, the damping factor
controlling the least-squares parameter shifts was deliberately
reduced during the initial refinement cycles, thereby
preventing divergence and ensuring gradual convergence of
the model.

In the final stages of refinement, anisotropic atomic
displacement parameters were introduced for all non-
hydrogen atoms. At the same time, the modulation model was
simplified to retain only the statistically significant harmonic
components. All modulation parameters with values smaller
than three times their standard uncertainty were fixed to zero
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in order to avoid over-parameterization and to ensure model
stability.

The final refinement involved 657 refined parameters. For
comparison, the previously published supercell model
required 1378 parameters for 10918 observed reflections and
yielded an agreement factor of 11.62%. In contrast, the
present superspace approach provides a significantly
improved description of the diffraction data while using fewer
refined parameters, demonstrating both the physical validity
and the efficiency of the modulated structure model.

Furthermore, a substantial reduction in the refined ADPs is
observed in the present model compared to those in the initial
supercell approximant. This observation strongly suggests that
the abnormally large displacement parameters reported in the
original supercell description were most likely artifacts arising
from the use of a supercell approximation.

3.3. Structure solution and refinement of 3

Crystals of 3 were obtained in an attempt to grow crystals of
1 from methanolic solutions. Only after the structure solution
it appeared that a symmetrized octyl-ureido structure had
been serendipitously obtained without any hydroxy group. No
sign of twinning or modulation was detected in the recon-
structed diffraction images. Structure solution and refinement
proceeded smoothly without any difficulties.

4. Modulation strength in the structures of 1 and 2

Based on the visual inspection of the reconstructed diffraction
images in selected planes (Figs. 2 and 3) it seems that the
modulation in both phases is particularly strong, but there is
there is currently no generally accepted definition of what
should be considered as ‘strong’. Three different approaches
can be used to quantify the strength of the modulation, one in
real-space and two other related ones in reciprocal space. The
real-space approach considers the modulation amplitudes,
either in absolute length units or in relative units with respect
to the lengths of the cell axes. While this seems appealing, it
considers the amplitudes of different atoms of different nature
and it is not clear how to obtain one overall modulation
strength parameter for the whole structure. A reciprocal space
approach based on the diffraction intensities has the advan-
tage that an overall modulation strength parameter which
represents the whole structure is automatically obtained. The
intensity statistics of the main and satellite reflections give a
first indication of the modulation strength. Table 2 gives the
statistics for the structures 1 and 2.

Whereas the mean intensity of first-order satellites (I//o(I))
[I>20()] for 11is 80.4% of that for the main reflections, for 2
first-order satellites are on the average nearly as strong as the
main reflections (98.8%). However, this still does not give one
overall parameter that characterizes the strength of the
modulation. We therefore calculated the percentage of the
total diffraction intensity that is distributed in the satellite
reflections, which amounts to 54% for 1 and 67% for 2.

Table 2
Intensity statistics per reflection order for 1 and 2.

Nt N lo()) (o)) %l %I
Order  (all) [I>20()] (all) [I>20()] (all) [I>20(])]
1
0 2494 2020 15.73 19.16 46 46
1 5018 4062 12.69 15.41 35 35
2 4986 3798 7.48 9.48 14 14
3 4570 2602 3.82 5.94 5 4
All 17068 12482 9.24 12.24 100 100
2
0 3112 1728 6.34 10.74 32 33
1 6145 3524 6.44 10.62 38 39
2 6097 3242 5.68 9.95 18 18
3 5905 2733 4.37 8.52 8 8
4 5418 1968 2.95 6.75 4 3
All 26677 13195 5.09 9.46 100 100

It is tempting to compare these numbers to those obtained
for other modulated structures. We analyzed the observed
intensity statistics for 117 modulated structures, irrespective of
their chemical nature (hybrid: 2, inorganic: 85, metal-organic:
14, organic: 16) or the radiation used to collect the data
(X-rays, neutrons, electrons), the method (single-crystal or
powder), single domain or twinned, the modulation dimension
(1 or 2) or the method used (single-crystal or powder). Some
datasets from strictly commensurately modulated structures
with low denominators in their g values were excluded,
because they could give rise to particular unusual features
such as the mean intensity of the seventh-order satellites being
equal to that of the main reflections and virtually no intensity
for the other satellite orders (Pavlyuk ef al., 2014). Fig. 5 gives
a histogram of the percentage of the total intensity that is
distributed in the satellites (I's;). The 50% percentile of the
distribution, i.e. the value of under which 50% of the observed
values fall (median), is calculated to be 11.4%, whereas the
90% percentile is 49.0%, i.e. 10% of the observed intensity
distributions of modulated structures has a I'y, value larger

Number of structures

0 20 40 60 80

Satellites intensity percentage

Figure 5
Histogram of the diffraction intensity that is scattered in the satellite
reflections for 117 different modulated structures.
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than 49.0%. Based on the (arbitrarily chosen) 50% and 90%
percentile values we can consider the strength of the modu-
lation being normal if it is below [y, = 11%, strong if 11% <
[sat < 49%, and very strong if ['g, > 49%. Both 1 (I, = 54%)
and 2 (Is, = 67%) have modulations that can be considered as
very strong. The incommensurately modulated molecular
structure of CgH4S,AsCl which was reported to have strong
satellite intensities falls also in this category with 'y, = 60%.

In many inorganic materials, modulated phases are
observed during phase transitions leading to states with
distinct electronic properties such as charge-density waves,
ferroelectricity, or magnetism. The non-modulated ground
state defines the average structure of the material, which
becomes periodically perturbed in the modulated phase. This
perturbation results in weak or moderate modulations
according to our classification.

However, certain inorganic crystals display very strong
modulations that originate from their intrinsic structural
arrangements. This is the case for the [Bi,Sr3Fe,Oglm
[BiySr¢Fe,014] family, where the observed diffraction patterns
closely resemble those reported for compound (2), notably
exhibiting waves of intense reflections alternating with regions
of lower intensity [see Fig. 4 in Elcoro et al. (2012)].

The observation of diffraction planes presenting a high
density of diffraction spots with wave-like modulations in
diffracted intensity appears to be a distinctive hallmark of
these highly modulated structures, and may guide the crys-
tallographer toward an interpretation in terms of incommen-
surately modulated order.

Other structures have been reported to have very strong
incommensurate modulations, such as the tungsten bronze-
type structure of PbBiNbsO;s (Lin ef al., 2015). From a closer
look at the published details it appears that the characteriza-
tion as ‘unusual’ by the authors originates from satellite

1
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Figure 6

Histograms of the intensity fall-off fractions with respect to the intensity
of the main reflections. The number on the horizontal axis represent the
fall-off fraction of the last bin for each reflection order. The number of
bins for each reflection order was taken as 10 if at least 10 structures were
available and otherwise the number of structures available. The black
dots are the median values of each histogram.

reflections observed up to the fifth order in selected-area
electron diffraction images, whereas in the X-ray powder
diffraction data only first-order satellites have been observed
which amount to only 3% of the total diffraction intensity.
Electron diffraction can indeed be every effective in observing
high-order satellites (Li et al., 2020), but it does not necessarily
mean that the modulation is strong.

The benchmark set of modulated structures used for the
calculation of I'y, can also be used to verify whether the mean
intensity of the satellites decreases exponentially with the
reflection order, which is sometimes put forward as the usual
behavior of the intensity decrease of satellites of modulated
structures (Rekis et al, 2021). This is approximately true
although the data for higher reflection orders are evidently
rather scarce. It can also be seen that in some cases the mean
intensity of a reflection order is higher than that of the main
reflections.

The supporting information gives all information and
detailed statistical information, as well as the sources — in the
form of the digital object identifiers of the original scientific
publication — of the 117 incommensurate structures used for
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Figure 7

Packing of 1 along the b axis. The packing diagram has been drawn using
the average structure.
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Figure 8
Packing of 2 along the b axis. The packing diagram has been drawn using
the average structure.
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this study. The reflection data have been extracted from
different sources, in particular from the Bilbao Incommensu-
rate Structures Database (Gabirondo-Lopez et al., 2024), but
also from the electronic supplementary information archives
of different journals. The script to produce the statistics of
Figs. 5 and 6 is also included.

5. Description and origin of the modulated structures
5.1. General packing features

Both structures 1 and 2 consist of molecular double layers
packed along the ¢ axis (Figs. 7 and 8). The two individual
layers within each sandwich are hold together by strong
intermolecular HO---HO hydrogen bonds. Within each

— C1
— Q2
— C3
— C4
— C5
— C6
Cc7
c8
c9
Cc10
Cl1
C12
N1
— N2
— 01
— 02
— 03

o o o
I o [

Displacement (A)

o©
N

0050 02 04 06 08 10

Figure 9

Displacements of the individual non-hydrogen atoms in the modulated
structure of 1 with respect to their position in the average structure. For
the atom labels, see scheme for 1 in Fig. 1.
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Figure 10

Covalent bond distance modulations as a function of ¢ for structure 1. The
bond distances are color-coded according to the pictorial representation
of 1in Fig. 1.

molecular layer the molecules bind through strong NH. - -O
hydrogen bond urea—urea interactions in the b direction for 1
and in the a direction for 2. The urea—urea interactions also
determine the cell repeat distances in these directions, i.e.
4.619 (1) A and 4.6380 4) A for 1 and 2, respectively, Le. the
distance between two urea groups. The double layers interact
to each other by weak van der Waals interactions between the
aliphatic methyl end groups.

5.2. The modulated structure of 1

Structural modulations can be described in different ways,
either by tracing individual atom displacements with respect
to their position in the basic unit cell, or by tracing selected
geometric angles and torsion angles versus the modulation
parameter ¢ (see also Section 8). The first way gives insight in
the strength of the modulation, whereas the second way
presents more insight in which parts of the molecule are

190 +
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140

Torsion angle (°)
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Figure 11
Selected torsion angles in the structure of 1 as a function of the modu-
lation parameter ¢. For the atom labels, see scheme for 1 in Fig. 1.
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Figure 12

Projection along b of the (9a,b,2c) approximant unit cell of the structure
of 1. The purple ribbon enlightens the displacive modulation occurring at
the level of the C-(COH), groups. The bidirectional arrows act as refer-
ence markers, illustrating the modulation effect: it is particularly
pronounced in the area of the purple ribbon, while nearly negligible at
the termini of the alkyl chains.
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affected. Fig. 9 gives the individual atom displacements as a
function of ¢. The largest amplitudes are for the carbon atoms
at the end of the aliphatic chain; the C1 position is modulated
between 0.08 A and 0.93 A with respect to the average posi-
tion, whereas the carbon positions not far from the urea motif
have a much smaller modulation amplitude. The displacement
amplitudes never reach zero amplitude, since the values are
composed of phase-shifted x, y and z individual vector
components, which individually may reach and cross the zero
line, but in most cases not at the same ¢ value.

Fig. 10 shows the distribution of the bond-valence distance
variations as a function of the modulation parameter t. The
C=O0 distance of the urea motif shows the largest variations
between 1.214 and 1.254 A which is not exceptional in view of
the observed C—O distances in similar urea motifs in the
Cambridge Structural Database [514 observations 1.242 A
with a standard deviation of 0.018 A; CSD version 6.00;
Groom et al. (2016)]. Other intramolecular bond distances
show very little variation along the modulation.

The largest intramolecular modulations occur in the rota-
table bonds around the pivot between the alkyl chain and the
urea group (Fig. 11), whereas the rotatable bonds within the
urea group are also involved. In both cases all torsion angles
fall within the limits of observed values for similar structural
fragments (Mogul; (Bruno et al., 2004)). It appears that the
modulations of the C6—C7—N1—C9 and C7—N1—-C9—N2
torsion angles which connect the alkyl chain with the urea
motif are in phase but out of phase with the
N1—C9—N2—CI10 torsion angle which connects the urea
group to the 1,3-dihydroxypropan-2-yl group.

The (9a,b,2¢) supercell approximant of the basic unit cell
gives another pictorial representation of the structural
modulations in 1 (Fig. 12).

The modulation wave is clearly visible within the hydroxy
channel, whereas the interface between adjacent terminal
alkyl methyl group is hardly affected. Interestingly the pair of
intermolecular O—-O hydroxy hydrogen bond distances is
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Figure 13

Intermolecular hydrogen bond distance modulations as a function of 7 in
the structure of 1.
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Figure 14

Displacements of the individual non-hydrogen atoms in the modulated
structure of 2 with respect to their position in the average structure. For
the atom labels, see scheme for 2 in Fig. 1.

hardly affected as well despite the visual modulation, whereas
the pair of intermolecular N-O urea hydrogen bond distances
is strongly modulated (Fig. 13)

5.3. The modulated structure of 2

Fig. 14 presents the atomic displacements in the structure of
2 with respect to their position in the basic cell. The displa-
cements are in general somewhat larger than in the structure
of 1, but the main pattern is observed, i.e. the carbon atoms at
the unconnected end of the aliphatic chain have the largest
displacements and amplitudes, whereas the carbon atoms
close to the urea group have relatively small amplitudes and
medium displacements. The oxygen atoms of the two hydroxy
groups have on the other hand large modulation amplitudes

1.55F
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Figure 15

Covalent bond distance modulations as a function of ¢ for structure 2. The
bond distances are color-coded according to the pictorial representation
for 2 in Fig. 1.
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Figure 16

Selected torsion angles in the structure of 2 as a function of the modu-
lation parameter ¢. For the atom labels, see scheme for 2 in Fig. 1.

and strong displacements, but they are nearly in phase with the
terminal carbon atoms of the octane chain, whereas they are
out of phase in the structure of 1.

The bond distance modulations (Fig. 15), the torsion angles
(Fig. 16) and the intermolecular hydrogen bond modulations
(Fig. 17) follow also the trend of those in the structure of 1, but
the intermolecular hydroxy hydrogen-bonds are stronger
modulated in the structure of 2 than in the structure of 1.

Fig. 18 gives a projection along a of the approximant
(a, 9b, 7Tc) supercell for 2 providing a global overview of the
effect of the modulation.

5.4. The non-modulated structure of 3

Compound 3 was obtained when trying to synthesize 1. The
urea group is central to two octyl chain groups so that the
obvious supramolecular assembly only takes place via urea—
urea interactions. These interactions again dictate one of the
cell axes being equal to the urea-urea distance [b =
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Figure 17 t

Intermolecular hydrogen bond distance modulations as a function of 7 in
the structure of 2.
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Figure 18

Projection along a of the (a,9b,7¢) approximant unit cell of the structure
of 2. The structure can be regarded as an assembly of stacked blocks (e.g.
bloc I and II), each two molecules thick. The C-(COH), groups form
ribbons running along the b axis (highlighted by purple lines), with their
undulation being out of phase between adjacent blocks. In contrast, the
long hydrocarbon chains (highlighted by purple lines) exhibit in-phase
undulations both within a block and between successive blocks.

4.5897 (4) A, Fig. 19(a)] whereas the ¢ axis [16.146 (2) A,
Fig. 19(b)] is equal to the repeat distance between stacked
single molecular layers, in between which only weak van der
Waals type interactions play a role. Within the molecular
layers no short intermolecular interactions are found in the
direction perpendicular to the linear urea chains. The absence
of the hydroxy-hydroxy hydrogen bonds orthogonal to the
urea—urea hydrogen bonds in 3 may explain the absence of
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Projection along a (left) and b (right) of the structure of 3.
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structural modulations in this structure, but other similar
structures have been reported with hydroxy—hydroxy groups
concomitant with orthogonal urea—urea interactions without
structural modulation (Huang et al., 2021). The data sets from
that publication have been rechecked for the presence of
overlooked satellite reflections, but this appeared not to be the
case.

6. Origin of the structural modulation

Several theories have been proposed to explain the structural
modulations observed in crystalline molecular organic
compounds. These theories have been developed in the
context of both commensurately and incommensurately
modulated structures (Schoenleber, 2011). They also help
interpret the occurrence of high-Z’ structures (Steed & Steed,
2015; Johnstone et al., 2010; Brock, 2016) which are frequently
identified as (in)commensurately modulated but are typically
refined using a supercell approximant. The prevailing
perspective suggests that competition between different
interactions can lead to frustration, resulting in structural
modulations. It is important to distinguish between structu-
rally flexible molecules—those with one or more torsional
degrees of freedom—and rigid molecules. In flexible mole-
cules, the interplay between conformational variability
(intramolecular energy) and packing features driven by
intermolecular interactions, such as hydrogen bonds (Cana-
dillas-Delgado et al., 2019) or weaker van der Waals interac-
tions (Dzyabchenko & Scheraga, 2004), can promote
frustration and, consequently, structural modulation. Addi-
tionally, competition between different intermolecular forces,
such as less-directional van der Waals interactions and more-
directional hydrogen bonds, has been identified as a cause of
structural frustration, leading to modulation in the form of
high-Z’ structures (Anderson et al., 2008). For rigid molecules,
such as those found in urea inclusion compounds, a mismatch
in size between guest and host molecules can create packing
frustration, resulting in structural modulation. Another
proposed explanation for structural modulation is the opti-
mization of hydrogen-bond interactions to minimize total
lattice energy (Rekis et al., 2021).

For the two modulated hydroxy channel structures 1 and 2
of this study the urea—urea interactions direct the packing in
the non-modulated direction (b for 1 and a for 2) between
neighboring alkyl chains. In both structures the alkyl packing
is hardly modulated along the modulation vector and the
modulation is concentrated in the hydroxy channels. The hy-
droxy hydrogen bond distances through the channels them-
selves are only weakly modulated, but instead the center of
masses of the entire (1,3-dihydroxypropan-2-yl) modulate
smoothly through the 3D structure, keeping the hydrogen
bond distances approximately equal. The existence of two
strong competing perpendicular hydrogen bond interactions,
i.e. the urea—urea ones and the hydroxy-hydroxy ones, could
lead to a relaxation of the latter through a structural modu-
lation leading to a lower-energy structure. This cannot be
more than a hypothesis, since, as outlined earlier, similar

compounds having both urea—urea interactions and hydroxy
channels do not lead to modulated structures.

7. DFT calculations

To gain deeper insight into the energy variations along the
modulation parameter ¢ in the structures of compounds 1 and
2, density functional theory (DFT) calculations using the
Gaussianl6 software package (Frisch et al., 2016) were
performed. It should be noted that these energy variations are
only related to the amount of conformational strain along ¢,
but that they do not explain the origin of the modulation.
Structural snapshots were exported from JANA2020 at 20
equidistant ¢ values between 0.00 and 0.95. C—H atomic
distances were renormalized to 1.089 A, N—H distances to
1.015 A, and O—H distances 0.993 A. Single-point energy
calculations were performed using both MO062X (54%
Hartree-Fock exchange) (Zhao & Truhlar, 2008) and B3LYP
(20% Hartree-Fock exchange) (Becke, 1993; Lee et al., 1988)
hybrid functional in conjunction with the def2-TZVP basis set
(Weigend & Ahlrichs, 2005). As shown in Fig. 20, both hybrid
functionals yielded highly consistent results, with the relative
energy varying clearly as a function of the modulation para-
meter .

For compound 1, only a modest energy fluctuation
(£7 kJ mol ") was observed along the modulation coordinate
[Fig. 20(a)]. This variation arises from a subtle yet meaningful
bending of the hydroxy-ureido moiety anchored to the 2-hexyl
alkyl chain [Fig. 20(b)], driven by the intramolecular
hydrogen-bonding network discussed above (see Fig. 12). In
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Figure 20

(@) Relative energy (kJ mol ") with respect to the average structure as a
function of the modulation parameter (¢) for compound 1. (b) Super-
imposed geometries of compound 1 corresponding to the energy
maximum (yellow) and the average structure (gray). (c) Relative energy
(kJ mol™") with respect to the average structure as a function of ¢ for
compound 2. (d) Superimposed geometries of compound 2 corresponding
to the energy maximum (yellow) and the average structure (gray).
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contrast, the linear compound 2 exhibits a much larger energy
modulation amplitude [~90 kJ mol™', Fig. 20(c)], corre-
sponding to a pronounced bending of the alkyl tail [Fig. 20(d)].
To better quantify this deformation, the deviation from line-
arity was defined as the difference between 180° and the
calculated bending angle. As shown in Fig. 20, a strong
correlation emerges between this deviation and the DFT-
computed relative energies, with the maximum energy
amplitude coinciding with the largest bending deviation (~8°).
The energy variances for both 1 and 2 along ¢ are considerably
larger than those determined for the saccharinate anions in
the modulated structure of sodium sacchiranate 1.875-hydrate
(~3 kJ mol™), the only other case reported for which similar
single-point energy calculations have been performed (Rekis
et al., 2020).

It is worth emphasizing that packing interactions in the solid
state compensate for such energy increases. Indeed, the solid-
state structure is stabilized by multiple non-bonding interac-
tions absent in the gas phase, leading to energy differences
between experimental solid-state geometries and the ideal gas
phase global minima. For compound 1, the optimized gas-
phase geometry at the M06-2X/def2-TZVP level is approxi-
mately 47 kJ mol ™' more stable than the average solid-state
conformation, primarily due to relaxation of the urea moiety,
which in the gaseous phase is not engaged in the directional
hydrogen-bonding network observed in the solid state. Simi-
larly, compound 2 displays an even greater stabilization
(~150 kJ mol™") upon optimization, reflecting relaxation of
both the alkyl chain (elimination of bending) and the ureido
group, as well as the C—O—H angle adjustment in the
absence of the hydrogen-bonding channel network present in
the crystal structure.

8. Visualization of modulations by 3D Lissajous curves

In modulated structures, such as incommensurate crystals, the
atomic positions can be described as periodic functions of the
internal coordinate x,. The displacement i/ of each atom is
therefore represented by a linear combination of sinusoidal
functions, corresponding to the Fourier series expansion of the
modulation wave developed up to the n'™ order:

w(x,) = ZA’n sin(2nmix,) + B! cos(2nmix,)

Modulations are typically visualized in so-called #-plots (as in
Section 5), where geometrical parameters such as inter and
intramolecular distances, angles and torsions are traced as a
function of the modulation period ¢. This parameter is defined
ast = x4 — q-(L + ro) with L the lattice vector, g the modulation
vector and ry the average position. All geometrical parameters
can then be obtained by computing the atomic positions r = r,
+ u(f + q1p) as a function of ¢.

Although this gives the most precise information about the
structural consequences of the modulation for a certain
geometrical parameter, a more visual representation of the
modulation is often desirable for the structure as a whole.
Programs such as Jmol (Hanson, 2010) or JANA2020

(Petticek et al., 2023) offer such an option, generating
animations in which each atom ‘vibrates’ as a function of 7,
with ¢ interpreted as time. This is the current preferred way for
the representation of modulated structures in Acta Crystal-
lographica Section B based on the definitions in the modulated
and composite structures dictionary (msCIF, https://www.iucr.
org/__data/iucr/cifdic_html/1/cif_ms.dic/index.html).

Here, we present an alternative way to visualize modulated
structures, based on so-called Lissajous (also called Bowditch)
curves (Lissajous, 1857). Lissajous curves correspond to the
trajectories generated when several sinusoidal oscillation-
s—potentially with different amplitudes and phase shifts—-
combine in a multidimensional space. They can be expressed
as

x =x,+ A'sin(wt + ¢*), y =y, + A’ sin(wt + ¢’),
7 =7y + A’ sin(wt + ¢°)

Lissajous curves therefore offer a natural geometric repre-
sentation of harmonic displacements. When a modulation is
purely harmonic, the atomic trajectories in three-dimensional
space are, by definition, Lissajous curves. If the modulation
contains higher Fourier terms (n > 1)(n > 1)(n > 1), the
trajectory is no longer a simple elementary Lissajous curve but
a superposition of multiple such curves. The resulting figure
becomes more intricate, yet remains fundamentally of the
same nature—a combination of periodic sinusoidal compo-
nents forming quasi-Lissajous trajectories.
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Figure 21

Lissajous visualizations of the effect of modulation on the individual
atoms of 1 and 2. Each colored ring traces the modulation path of an
individual atom over one full period; the color progression indicates the
internal phase .
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Visualizing atomic modulations in terms of Lissajous curves
provides several advantages. It allows one to clearly depict the
spatial shape of the modulation (elliptical, circular, or more
complex), to visualize the relative phase relationships between
its components, and to obtain an intuitive geometric repre-
sentation of the harmonic periodicity inherent in the modu-
lation function. Moreover, this approach establishes a direct
and visually transparent link between the geometrical char-
acteristics of the modulation and the Fourier coefficients
that define the crystallographic model. Conveniently, software
capable of generating such structural Lissajous figures already
exists, most notably MoleCoolQt (Hiibschle & Dittrich, 2011),
even if it was not originally designed for this purpose.

Fig. 21 gives the Lissajous representation of the modulation
of the structures 1 and 2. They give immediately an insight in
the strength of the modulations, i.e. it is easily seen that most
of the individual displacements have only a slightly lower
magnitude as the typical covalent bond distance in this
molecular structure. The color scheme along each Lissajous
curve represents the progression along the modulation para-
meter f.

Whilst the global representation of structural modulations
using Lissajous curves is not more than an alternative to the
Jmol representation (Hanson, 2010), it has the advantage
that it does not give the impression of vibrating atoms. The
color scheme along the curves immediately permits to see
which displacements are in phase or out of phase and they give
also a very clear impression of the magnitudes of the displa-
cements which are nearly as large as the covalent interatomic
distances.

9. Discussion and conclusions

This study presents the results of a detailed reciprocal and real
space examination of unusually strong modulations in two
related organic hydroxy channel structures. Whereas the
diffraction pattern of a structure with a modulation of
ordinary strength is easily recognized as a basic set of main
and relatively strong reflections decorated with another set of
much weaker satellite reflections, the diffraction patterns of
very strongly modulated structures are much less easily
decomposed into a clear hierarchy of main and satellite
reflections.

Certain crystal structures, despite producing strong
diffraction patterns, are classified as ‘unsolvable’ because they
cannot be indexed using automated methods. This challenge
mirrors the difficulties encountered with heavily twinned
structures, which also may resist indexing when standard
automated procedures fail. In the case of twinned structures,
however, progress has been made through the development of
semi-automated techniques that may decompose the patterns
into those of individual twin domains.

For both twinned and modulated structures, successful
indexing begins with a thorough examination of the unwarped
diffraction planes—a step frequently overlooked due to
overreliance on automated tools. Visual inspection of the
intensity distribution in these planes should, however, prompt

crystallographers to consider whether the pattern originates
from a twinned or modulated structure.

In this study, the interpretation of the diffraction pattern for
structure 2 was initially guided by the indexing of its super-
structure approximant. Yet, this approach does not inherently
lead to a clear decomposition into a basic reciprocal unit cell
and modulation wavevectors, as the process of deriving these
components from a reciprocal supercell lacks a unique solu-
tion. For structure 1, not even a reciprocal superstructure unit
cell could be reliably assigned, and no superstructure solution
was achieved.

A shared feature in the diffraction patterns of both 1 and 2
is the presence of aligned ribbons of diffraction spots inter-
spersed with reflection-free ribbons—a characteristic remi-
niscent of incommensurate diffraction patterns. Once
recognized, the primary obstacle lied in distinguishing the
main reflections from the first-order satellite reflections, which
exhibit similar mean intensities. This distinction could only be
resolved through iterative trial-and-error.

More broadly, this type of crystals may, following the failure
of automatic indexing procedures, be prematurely dismissed
as a poor-quality specimen and discarded. In such cases, the
crystallographer returns to the center of the investigation and
must, with an expert eye, regain control over the analysis of
reciprocal space. The task is, in essence, to rediscover the
underlying rules governing the diffraction pattern. These
examples highlight the continuing need for specialized
expertise at a time when single-crystal diffractometer manu-
facturers increasingly promote instruments as tools accessible
to non-specialists. Far from rendering expertise obsolete,
challenging diffraction patterns such as those described here
demonstrate that human interpretation remains an essential
component of crystallographic analysis.

The origin of the very strong modulations in these organic
hydroxy-channel structures remains unclear, although several
hypotheses can be put forward. It is even not known whether
‘strong’ modulations, as characterized by, for example, the I'y,,
parameter, occur more frequently in inorganic than in organic
structures, since the total number of organic structures in the
reference data set is too small to draw firm statistical conclu-
sions.

This relative lack of documented examples may itself
contribute to the difficulty of recognizing and interpreting
very strongly modulated diffraction patterns in molecular
crystals. Historically, much of the methodological develop-
ment and practical expertise in the analysis of modulated
structures has emerged from studies of inorganic materials,
where such phenomena are encountered more routinely.
As a consequence, comparable cases in organic crystal-
lography may be underreported, misinterpreted, or occasion-
ally overlooked when automatic procedures fail, not because
of a lack of competence, but rather because the relevant
reference framework and accumulated experience are less
extensive in this domain. The present study therefore illus-
trates the importance of maintaining and disseminating
specialized crystallographic expertise across disciplinary
boundaries.
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There is a relation between structural modulations and
reported high-Z’ structures, although not each high-Z’ struc-
ture is necessarily modulated, for instance structures with
significantly different molecular conformations. Brock wrote
in her study on high-Z’ structures that about 70% of high-Z’
organic structures include strong intermolecular interactions,
(Brock, 2016) which is also the case for the 2 modulated
structures of this study. This does not give in any way a clue
why the latter modulations are particularly strong. A more
systematic investigation would therefore be required to clarify
the origin of very strong modulations in molecular crystals. In
particular, a closer inspection of Brock’s database of 284 Z' > 4
well determined organic structures and a superspace rede-
termination of those which can be categorized as (in)
commensurately modulated, would be needed in order to shed
light on the mechanisms underlying unusually strong struc-
tural modulations in incommensurate systems.
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