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Short-range order in the quasiliquid phases of alkane substructures
within aperiodic urea inclusion crystals
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n-alkane/urea inclusion compounds are prototypical examples of aperiodic crystals with uniformly aligned
alkane guest molecules contained within linear channels formed by the supramolecular urea host. Here, we
investigate single-crystal diffuse scattering, which is present in the form of sharp layers, from short-chain guest
molecules (from octane to dodecane). The strong modulation of diffuse scattering within these layers shows that
the positions of alkane molecules in neighboring channels are correlated. Using the three-dimensional difference
pair distribution function method, we have extracted the effective interaction potentials and have shown that the
interaction is mediated by the relaxation of urea molecules.
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I. INTRODUCTION

Aperiodicity in materials generates very specific prop-
erties. From the structural point of view, the translational
symmetry, which is lost in the physical space, is recov-
ered in higher-dimensional spaces called crystallographic
superspaces [1,2]. From the dynamical point of view, supple-
mentary degrees of freedom are predicted, such as phasons,
which are thermal fluctuations along the supplementary (in-
ternal) dimensions of the crystallographic superspace [3,4].
Three families of aperiodic crystals can be distinguished:
Quasicrystals, incommensurately modulated crystals, and
aperiodic composites [4]. The latter family is defined by
two or more interpenetrating sublattices with lattice param-
eters whose ratio is an irrational number along at least one
direction.

n-alkane/urea crystals are a prototype family of aperiodic
composites. In these crystals, urea molecules connected by
hydrogen bonds form a honeycomblike host structure with
hexagonal channels that stretch along the ¢ direction and are
characterized by the periodicity ¢, (Fig. 1). By construction,
the channels are filled with linear alkane molecules, which
have their own incommensurate periodicity c¢,. Much work
has been dedicated to various aspects of this system, includ-
ing collective and individual dynamics and phase transitions
[5-26]. For almost all the long-chain, linear alkane guest
molecules having the formula n-C,H,,,,, with n > 12, a
four-dimensional superspace group describes the whole set of
Bragg peaks at room temperature. Since the host and guest
share the unit cell axes a and b, the use of four indices (hklm)
permits the description of the whole set of diffraction Bragg
peaks within the reciprocal space:

Giim = ha* + kb* + Ic; + mc;.
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Alkane molecules with <13 carbons do not exhibit long-
range order at room temperature. This is evident from the
absence of Bragg reflections associated with the guest struc-
ture. Instead, the diffraction patterns contain sharp diffuse
layers, commonly referred to as s layers [Fig. 1(b)]. The
thickness of the layers along ¢* is proportional to m?, which is
a sign of the so-called quasiliquid or paracrystalline incom-
mensurate ordering of alkane molecules within the channels
[27-29]. The presence of the urea host structure significantly
limits the degrees of freedom available to the guest molecules.
This makes diffuse scattering significantly more structured
and simplifies its interpretation, as compared with real liquids.
Similar phases exist for HZAsF, and organic salts [28,30-34].

In this paper, we have collected diffuse scattering from urea
inclusion compounds with short linear alkanes from n-octane
to n-dodecane at the ESRF synchrotron (rn-undecane/urea was
not considered for reasons given below). Within the s lay-
ers, reconstructions showed strong modulation of intensity
corresponding to significant interactions between alkanes in
neighboring channels. We used the three-dimensional differ-
ence pair distribution function (3D-APDF) method [24,35—
38] to extract the effective interaction parameters directly
from diffuse scattering without explicitly building a dis-
ordered incommensurate model. The distribution of alkane
molecules in urea/alkane along the host sublattice channels
can be interpreted in terms of intrinsic characteristic lengths
of both sublattices.

II. EXPERIMENT

The experiments were performed on the n-alkane/urea in-
clusions compounds at room temperature. The single crystals
were grown by slowly cooling a solution of the n-alkane and
urea in ad hoc solvents. The diffraction measurements were
performed at A = 0.77 A on beamline ID-23 at the ESRF
synchrotron, which is equipped with a Pilatus 6M detector.

©2022 American Physical Society
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Each measurement consisted of a single 360° w scan with a
0.1° oscillation range per frame.

The crystal orientations were determined with the program
XDS [36,39], and the hexagonal unit cell parameters of the
host structure were found to be equivalent to the literature
values of a = b = 8.23 A, ¢;, = 11.02 A, with the space group
P6,22 [8,9,26]. The values of ¢, were found to be very close
to the relationship reported by Lenné et al. [6], being here
cg(n) = [1.270(n—1) + 3.658] A. Total scattering was recon-
structed in reciprocal coordinates using the program MEERKAT
[39]. Diffuse scattering consisted of the sharp s layers perpen-
dicular to the c* direction, thermal diffuse scattering (TDS)
around Bragg peaks, as well as broad d bands, which have
been previously assigned to the intramolecular carbon-carbon
correlations within alkane molecules [8,11,40,41]. Only the
main hkOm s planes were used in the refinements.

The s layers of diffuse scattering, at positions mcy,
were extracted and integrated along c*. Layers until m = £3
were extracted for n-octane and n-decane, while for n-nonane
and n-dodecane, layers were extracted until m = +4. The
background for each layer was estimated as the average of
intensities slightly above and below the layer and was then
subtracted. In certain places, where diffuse layers were close
to Bragg peaks, the background was overestimated; in such
cases, after corrections, negative intensities were observed.
These negative intensities were set to zero but nevertheless
were included in the calculations to ensure the stability of the
refinement. The adjusted layer intensities were averaged over
6/mmm Laue symmetry using the outlier rejection procedure
of Blessing [42,43] . Of the five crystals, n-undecane/urea was
not pursued any further because the proximity of Bragg peaks
to the third s-layer line at (3y ~ I = 2) seriously complicated
the extraction of reliable diffuse scattering data. Refinement of
the diffuse scattering was performed with the program YELL
[36] using unit weights. Diffuse scattering extracted in (hk01)
and (hk02) layers are reported on Fig. 2 (left part of figure for
each compound/layer).

III. QUALITATIVE 3D-APDF ANALYSIS

The 3D-APDF maps were calculated with the Fourier
transform of the intensities extracted from the diffuse scatter-
ing layers. Here, 3D-APDF represents the difference between
the PDF of the crystal and its Patterson function and can
therefore be both positive and negative [36,37]. 3D-APDF
maps are analogous to Patterson maps and can be similarly
interpreted: Each signal at a position [u, v, w] corresponds
to all of the interatomic pairs for which the interatomic vector
satisfies the condition x, —x; = u,y, —y; = v, and 2, —
71 = w, where x, y, and z are expressed in crystallographic
fractional coordinates. The 3D-APDF map directly shows
the short-range correlations between those pairs: The positive
signals (brown) mean that corresponding pairs appear more
frequently in the real structure than the average structure; the
negative signals (blue) mean the opposite.

The 3D-APDF map for n-dodecane/urea is presented in
Fig. 3. The signals can be separated into three regions (see
insert on Fig. 3). The first (marked 1 in the figure) corresponds
to the center of the channel and shows positive and negative
signals that repeat periodically along the channel axis. This
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FIG. 1. (a) The crystal structure of urea inclusion compound. (b)
The reconstructed (h0/m) plane of the n-dodecane/urea inclusion
compound; diffuse scattering consists of thermal diffuse scattering
around Bragg peaks (A), broad diffuse bands (d bands) (B), and
sharp (hkOm) s-layers at positions mc; with ¢ /c;; = y = 0.63 (O).

means that, within a channel, alkane molecules are arranged
almost periodically, in full agreement with the paracrystalline
model [19]. The correlations near the lattice points marked
3 show a similar positive-negative alternation along c, albeit
with lower intensities. These signals correspond to the corre-
lations in positions between alkanes in neighboring channels.
In the uv0 section, the flowerlike shape around the central fea-
ture (marked 2) corresponds to interatomic vectors between
the alkanes and urea. This characteristic shape is caused by
the relaxation of the urea walls around the alkane molecules
(the so-called size effect) [35].

Due to the limited number of observed layers, the res-
olution along c is very coarse, corresponding to 1.7-2.5 A
for different alkanes; thus, individual interatomic vectors
could not be resolved. Instead, only the overall shape of the
molecule is visible. This is illustrated in Fig. 4, which shows
the 3D-APDF map that would have been observed in an ideal
experiment in which (i) TDS is not present, (ii) all of the s
planes and d bands can be measured out to 0.5 A resolu-
tion, and (iii) all of the alkane molecules are in the all-anti
conformation and in the same orientation. In such a case,
individual interatomic vectors within a molecule are clearly
visible as sharp positive peaks. Due to the paracrystalline be-
havior, the correlations between different molecules become
progressively weaker as the distance increases.

Note the presence of negative (blue) signals around posi-
tions w = %c,/2, £3c¢,/2, etc. These signals arise because
the calculation of 3D-APDF does not include the Bragg peaks
that this paracrystalline phase exhibits in the k0 plane. These
peaks are shared by the host and the guest substructures and
thus cannot be easily used for analyzing the guest behavior.
Omission of these peaks lowers the PDF signals by subtract-
ing a constant value, in such a way that the projection of the
3D-APDF signal onto the uv plane equals zero.
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FIG. 2. Calculated and modeled diffuse scattering from the (2k01) (left) and (hk02) (right) s layers of the crystals in this paper. The diffuse
scattering is presented in a shape of hexagons or clouds centered at the position of Bragg peaks. Reciprocal unit cell is essentially identical for

all the crystals and is drawn for the hk1 layer of n-alkane compound.

In the real 3D-APDF process, the profiles of s planes were
not measured along the ¢ axis at a single position but were
instead integrated along the ¢* direction over their full width.
This integration effectively convolves all intramolecular and
intermolecular correlations [Fig. 4(c)]. The integration pro-
cedure also gives the resulting 3D-APDF map a periodicity
of ¢, along the ¢ axis. Furthermore, as already noted, in the
real experiment, the intensities of s planes decay very quickly.
Thus, depending on the alkane length, only three or four
planes can be measured reliably. This dramatically reduces the
resolution of the 3D-APDF maps [Fig. 4(d)].

The calculated 3D-APDF maps were fit in the program
YELL, which allows one to find the optimal model parame-
ters with least-squares minimization against the experimental
data. Such refinements are performed in PDF space and do
not require one to explicitly construct an atomic model. Cur-
rently, YELL works in 3D space and does not support a higher

dimensional crystallographic formalism, which is required for
a full description of this system, including host Bragg peaks
and guest diffuse scattering planes. However, a 3D description
was sufficient to model the sharp diffuse planes, which are as-
sociated with the guest substructure. In an analogous fashion,
the average structure of these compounds is fully described by
the 3D P6,22 symmetry of the host.

The 3D-APDF model comprises three parts, as shown in
the following subsections.

A. Alkane molecules within the channels

It was assumed that the alkanes adopt all-anti conforma-
tions. This was modeled by forming a zigzag chain between
atoms with a C-C distance of 1.54 A and a corresponding
distance along the channel axis of 1.27 A. The displacement in
the (a, b) plane was along the (2y, y, 0) direction (toward the
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FIG. 3. Comparison between experiment and model 3D-APDF
map for n-dodecane/urea inclusion compound, sections uv0Q and
uOw. The strongest contrast represents the correlation between
alkane molecules within the same channel (1), relaxation of urea
walls around the alkanes (2), and correlation between alkane
molecules in the neighboring channels (3).

corner of the hexagons). Due to rotational averaging, displace-
ment of the atoms toward the sides of the hexagon would have
given an identical refinement. Each atom was assigned atomic
displacement parameters Uy = Uy, = 0.3 A2, Us3 = 0.1 A2,
which were found empirically to provide the correct decay of
the model diffuse scattering with the scattering vector. The
molecules were rotationally disordered, and it was assumed
that all six equivalent orientations of the molecules are present
with equal probabilities to give overall p6/mmm rod group
symmetry.

In contrast to Welberry and Mayo [16], our model con-
tained no correlations between molecular orientations. The
conclusions of Welberry and Mayo [16] are based on diffuse
scattering in the (hk00) plane, whereas in this paper we ac-
count for s-diffuse scattering in (hkOm) layers, which is absent
in the (hk00) plane. Also note that diffuse scattering in the
(hk00) allows for different interpretation. In two papers, we
interpreted it in terms of dynamic TDS around strong Bragg
peaks and pretransitional diffuse scattering around the critical
wave vectors associated with the phase transitions [44,45].

As the guest molecules arrange in a paracrystalline manner,
the long-range order vanishes along the channel directions.
It is observed experimentally a characteristic broadening of s
layers which follows the law w(m) = m2(w A, /cg)z, where
w(m) is the half-width half maximum of the s layers which
have Lorentzian profiles along c¢* [27,28,46,47]. The depen-
dence of the parameter A,, vs alkane length is reported later
in the discussion (see Fig. 8 in Sec. IV). In 3D-APDF, the
paracrystalline model consisted of N intermolecular pairs. For
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FIG. 4. (a) Diffuse scattering in the (a*, ¢*) plane, and (b)
3D-APDF map for an idealized paracrystalline phase of n-dodecane
molecules in urea channels. (c) The 3D-APDF map after integration
of diffuse scattering features using a window corresponding to the re-
ciprocal length of the alkane. (d) The 3D-APDF map obtained from
the first four s layers. The diagonal black lines show the distances
between adjacent carbons within the n-alkane molecules.

each pair, the joint displacement parameter U, of a molecule,
as seen from another molecule, was set to U,, = gAr,, where
Ar, is the distance between the molecules along the channel
axis, and g defines how well the molecular positions are cor-
related [48]. It was found that three neighbors are sufficient to
describe the chain.

B. Nearest neighbor interactions

As discussed in the introduction, the n-alkane/urea fam-
ily is a prototypical example of aperiodic composite crystals
in which the misfit parameter y is ordinarily not a rational
number, so the crystal is translationally disordered, and alkane
molecules in neighboring channels can occupy a range of
relative positions along the channel axis (A,). In our model,
the relative positions of guests in adjacent channels were ap-
proximated with discrete set of positions. We defined as many
positions as allowed by the (limited) resolution of diffuse
scattering data along c*. For n-octane and n-decane, there
were six fractional positions: 0, é, %, %; for n-nonane and
n-dodecane, there were eight positioons: 0, %, %, % The
resulting steps were large, ~1.7-2.5 A for different alkanes.

As noted above, the positions of alkane molecules in neigh-
boring channels are not independent. 3D-APDF allows us to
refine the probability p(A,) of relative displacement of alkane
molecules in the neighboring channels A, [see Fig. 1(a)] and
thus provides insight into the free energies (G) associated with
such displacements:

G(A,) = —In[p(Ap)] + C.

The probabilities were restricted by symmetry. As an
approximation, we assumed rotationally averaged molecular
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pb/mmm symmetry, to give

()= (55
p =p|l— |
Npix Npix

where N,y is the number of pixels along the ¢ axis. In addition
to the constraint on probabilities summing up to unity, this
led to one independent parameter per neighbor per measured
diffuse scattering layer. The correlations for the first five
lateral neighbors [1, 0], [2, 0], [2, 1], [3, 0], and [3, 1] were
refined; however, in all compounds, significant correlations
were observed only for the nearest neighbors.

C. Wall corrugation

The 3D-APDF maps show that urea walls relax around
the alkane molecules. Modeling the urea molecules in this
case is subtle because, as already noted, urea periodicity
is incommensurate with that of alkane molecules. Here, we
use the same technique used for modeling the alkane, when
refining the average host structure [9]: When seen from the
point of view of the alkane substructure, the urea walls appear
as electron density which is continuous in the ¢ direction. The
interaction between alkane and urea molecules is manifested
as a modulation of the urea in the (a, b) plane depending
on A7, the relative position of urea with respect to alkane
molecules [49].

IV. RESULTS AND DISCUSSION

The models were refined in the program YELL to give R
values of 12.7, 14.0, 19.3, and 17% for n-octane, n-nonane,
n-decane, and n-dodecane, respectively. The modeled diffuse
scattering (Fig. 2) and the 3D-APDF match very well with
the experimental results. The latter is presented in Fig. 3 for
n-dodecane/urea. The relative energies of interactions be-
tween alkanes in neighboring channels are presented in Fig. 5.

The alkane-alkane interactions are most likely mediated
by the relaxation of urea molecules, which were found to be
very similar in all investigated crystals. As an example, the
relaxation of n-dodecane/urea crystal is presented in Fig. 6.
Oxygen atoms show almost no displacement, while the carbon
and nitrogen atoms move away from alkane and toward the
van der Waals gap between guest molecules within a channel,
with an amplitude of ~0.3 A. Torsion dynamics, including
end groups and gauche defaults which are mainly located at
the ends of alkane molecules, as found by Le Lann et al.
[18,50], but also probably nonlinear modes [51], are most
likely correlated with urea displacements, and this may be a
key feature of the various behaviors observed in alkane urea
inclusion compounds.

The relative energy distribution is periodic and even; thus,
Fourier analysis can be performed using only cosine terms,
and due to sampling conditions, it can be performed up to
order 4 for n-decane and n-octane and up to order 3 for
n-dodecane and n-nonane. As can be seen in Fig. 5, second-
order fit is not enough, except for n-decane, and order 4
only improves for n-nonane. From obtained relative energies,
probability densities can be computed. For an ideal infi-
nite incommensurate composite, the displacement shift A,/cy
should be uniformly distributed in the [0, 1] interval. The
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FIG. 5. The free energy of interaction between alkane molecules
in neighboring channels as a function of displacement of guests in
neighboring channels (A,/c;). Values shown by circles were ob-
tained from YELL, whereas the lines are fits of Fourier coefficients
up to order 3 (n-dodecane, n-nonane) or up to order 4 (n-decane,
n-octane). The color coding of solid lines corresponds to the fit order:
Red (n = 2), green (n = 3), and dark blue (n = 4).

computed probability densities p(A,/c,), plotted in Fig. 7, are
normalized to the equipartition. The amplitude of the relative
deviation from equipartition ranges up to ~20% and is smaller
for n-decane and n-nonane.
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FIG. 6. The relaxation
n-dodecane/urea structure;
molecules is not shown.
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FIG. 7. Density probabilities normalized to equipartition for n-
octane, n-nonane, n-dodecane, and n-decane, as a function of the
relative shift A,/c, between alkane molecules from channel to chan-
nel. Solid smooth gray curves are computed from relative energy
Fourier decomposition. Black crenel functions correspond to an ex-
trapolated simplified model used for analysis in terms of internal
characteristic lengths. Vertical markers correspond to (light blue)
half the host periodicity y /2, (dashed black) the standard devia-
tion of the shift, and (dotted red lines) shift steps corresponding to
“end groups” (8enq) and internal periodicity (8;,,) of sixfold averaged
alkane molecules (i.e., 1.27 A).

As Fourier decomposition is limited to order 3 or 4, a
schematic crenel function model is drawn (see Fig. 7), reveal-
ing three regions of interest in the probability distribution. The
first region (I) is centered on zero shift, corresponding to the
minimum of probability, except for n-dodecane where it is a
local minimum above equipartition value. Two side regions
are observed, a first one (II) corresponding to the maximum
of probability and an another one (III) corresponding to a
local minimum of probability on approaching the % molecule
shift. Although corresponding to the average value, the zero
shift is not favored. A minimum shift §.,q ~ 1.6 0.1 A
is found, and then the most probable shifts extend over a
distance corresponding to ~3 times the internal periodicity
of sixfold averaged alkane molecules (i.e., 8ine = 1.27 A).
One can notice that the distance corresponding to four in-
ternal periods matches with half of the host periodicity, i.e.,
the periodicity, located at y/2 in reduced coordinates, seen
by sixfold averaged alkane chains due to the double urea
helix of host sublattice induced by the P6,22 symmetry.
The minimum shift 8e,g and further extent over few alkane
internal periods i, can be associated with the observed relax-
ation of urea molecules previously described, which may be
accommodated by the van der Waals gaps between adjacent

0.4
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oa,/cq

0.3 Ap /('H

S

0.04

Talk

FIG. 8. (Left axis) Standard deviation of the relative shift be-
tween alkane chains from channel to channel, and (right axis)
characteristic parameter of disorder of the second kind along the
alkane channels.

alkane molecules within a channel or by torsional modes
of the alkane molecules. When two gaps are aligned, urea
molecules are not displaced toward either gap. If the two gaps
are displaced by a few angstroms, the urea can rotate toward
both gaps at the same time, and the mobile alkane end groups
can explore the additional volumes of space provided, assisted
by the dynamic of torsional modes which mainly take place
near the end groups. For larger displacements, e.g., when the
gap between two alkanes is laterally aligned with the center
of an alkane in an adjacent channel, the urea can move toward
the gap; at the same time, however, the less flexible central
portion of the alkane on the other side of the channel wall
cannot move out of the way of the turned urea. The latter
effect is more significant for longer alkanes, which explains
why the observed energy penalty for A, = c,/2 is the largest
in the n-dodecane/urea system.

The probability distribution being periodic and even, the
average shift between alkane molecules is zero, and the
standard deviation departs <20% from the 1/ (2+/3) value cor-
responding to uniform equipartition. The standard deviation
monotonically increases with decreasing the alkane length
(Fig. 8). It correlates with the observed characteristic parame-
ter A,, of the second kind of disorder of alkane chains [46,52]
and is consistent with the increased instability found for short
alkane urea inclusion compounds.

V. CONCLUSIONS

The problem of short-range order in quasiliquid phases is a
very complicated one. Here, we have taken advantage of sev-
eral properties of a prototype family of aperiodic host/guest
organic composites to tackle this question. First, aperiodicity
allows an infinite number of equivalent relative positions of
the guest confined subsystem within the host [1]. This is at
the origin of the zero or nearly zero energy sliding mode
along this aperiodic direction [3]. Secondly, in the case of
n-alkane/urea compounds, the host structure forms parallel
channels that confine the linear alkane molecules and thus
provides nice examples of one-dimensional subsystems. The
paracrystalline nature of this subsystem was demonstrated
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earlier [19]. High-resolution synchrotron x-ray measurements
performed on single crystals containing guests with chain
lengths ranging from 8 to 12 reveal a rich intensity modulation
within the different scattering planes associated with these
paracrystalline guest phases. Diffuse scattering was analyzed
using the 3D-APDF method. It is shown that the diffuse layers
from these single crystals of urea inclusion compounds can
be described by a model assuming (a) within the channels,
the alkane molecules are arranged periodically to form a
paracrystal, (b) the position of alkanes in the nearest chan-
nels are correlated, and the correlation decreases quickly with
distance, (c) the urea framework relaxes by pushing away
from the alkane and into the gap between alkane molecules,
and (d) the analysis of probability distribution of the shift
between adjacent alkane molecules argues in favor of such

a relaxation mechanism being assisted by the torsional modes
occurring close to the ends of alkane molecules. These results
constitute an example of direct analysis of short-range order
in one-dimensional quasiliquids. Because of extraordinary ex-
perimental advances at synchrotron facilities, with respect to
both beam flux and detector capabilities, similar 3D-APDF
approaches promise to become standard ways of treating com-
plex crystallographic problems in the presence of disorder.
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