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Abstract

The intergrowth crystal oin-tetracosane/urea presents a misfit parameter,
defined by the ratig = C/Cqy (Chos{Cques), that is very close to a commensurate vajuée (
1/3). High-resolution diffraction studies presenthdre reveal an aperiodic misfit

parameter of = 0.3369, which is found to be constant at allgematures studiedA



complex sequence of structural phases is reporidek high temperature phase (phase
[) exists in the four-dimensional superspace grB6@2(00y). At T.a= 179(1) K, a
ferroelastic phase transition increases the diroensi the crystallographic superspace.
This orthorhombic phase (phase 1) is characteribgdthe five-dimensional (5-D)
superspace group C22Q0y)(105) with a modulation vectoa,*+cn* = a,*+d'ch*, in
which the supplementary misfit parameted s 0.025(1) in host reciprocal units. This
corresponds to the appearance of a modulationrgfleag period (about 440 + 16 A).
At Te, = 163.0(5) K, a 5-D to 5-D phase transition leadsthe crystallographic
superspace group B222:(00y)(005) with a very similar value o®. This phase

transition reveals a significant hysteresis effect.

. INTRODUCTION

The study of aperiodic materials is a rapidly errgydield®> These materials
are conventionally divided into three families: sigaystals®* incommensurately
modulated or magnetic crystal8,and composite crystal$. In the case of composite
aperiodic crystals, supramolecular chemistry angstat engineering enable very
attractive aperiodic host-guest architectures, @inhegguest molecules are confined, with
their own periodicities, in nanochannéf§. The diffraction patterns of these aperiodic
materials exhibit sharp Bragg peaks characteristitong-range order, although the
systems are not invariant under a lattice of tatimis’''? The structures of
incommensurately modulated crystals are charaetriy a three-dimensional lattice
for the average structure together with incommeatsumodulation waves applied to

this lattice. Incommensurate composite crystalsprsa two or more subsystems, each

of which has an incommensurately modulated strectlihe basic structures of the



subsystems are mutually incommensurate. The symroesr composite crystal is given
by a superspace group, while the symmetry of eadisystem is also given by a
superspace group. Incommensurate composite cryatalsdescribed by the same
superspace groups as modulated crystals. Thealloggaphic superspace that
describes such materials decomposes into two asttadgubspaces, the usual physical
space and an internal one. For these intergroattotbular structures, which have a
single incommensurate directiona four-dimensional superspace description gikes t
positions of the whole set of Bragg pe5Ks

Qnum=ha* + kb* +lcy* + meg*, (1)

wherea*, b*, cp* andcg* are the conventional reciprocal unit cell vectarsdc, andcy
refer to the host and the guest parameters. alices f, k, I, andm) are needed to
describe four different types of structure Braggk®e a convenient but simplistic
labeling is thah k0 0,h k 10, h kO m, andh k | m with | andm different from zero,
correspond to the common, host, guest, and satdBitagg peaks, respectively.
However, due to intermodulation, the intensitieshef “host” and “guest” Bragg peaks
exhibit influences from both substructures.

Urea inclusion compounds constitute a very simpleagigm of self-assembled
nanoporous crystafS’*’ N-alkane (n-CpHan+2)/urea (CO(NH,), crystals are typically
incommensurate materials, and indeed diffractiatepas with the four types of Bragg
peaks have been reported in these compotifds.Structural instabilities have been
extensively studied in these materiRi§> High pressure studies demonstrate that the
guest-guest interactions along the aperiodic domatan be manipulated,enhancing
the interest in further studying the competitiortween forces in favor of or against

commensurability. Here, we focus ortetracosanentCy4Hsg)/urea (Figure 1la,b), an



aperiodic composite characterized by a misfit p&temvery close to a rational number
at ambient conditions. = a/cy [11/3, according to Lenné’s formuta.

Diffraction  studies concerning n-alkane/urea compounds close to
commensurability have been reported previouslyeséhncluden-heptane/urea, where
y is very close to unityy(= 0.981 at ambient conditionS),and n-hexadecane/urea,
wherey is close to 1/2y(= 0.486 at ambient conditiond). In n-hexadecane/urea, the
misfit parameter was found to be constant as atfummf temperature at ambient
pressure; these composite crystals were therefperiogic at all temperatures
measured. Only after application of hydrostatiespure of about 0.40 GPa did this
system lock into a commensurate phase with2>* Lock-in was attained by virtue of
the larger compressibility along the channel aXishe guest compared to the host,

which is extensively hydrogen bonded.

I[I.EXPERIMENTAL DETAILS
In order to discriminate between large periodisit@nd incommensurability,
measurements were performed using high-resoluéiboratory X-rays and very high-

resolution synchrotron X-rays. The initial X-rayiffcaction measurements were
performed using monochromated Cyg-Kadiation from a rotating anode source and a

high-resolution mar345dtb imaging plate detectorafdsearch GmbH), which was
placed as far as 400 mm from the crystal to spati@solve the Bragg peaks and
satellites. Crystals were aligned with their needkes €) along the phi axis of the
goniostat, and rotating crystal measurements wesdopned. Two types of
measurements were conducted: large phi rotatior80dfwere used to capture large

regions of the accessible diffraction pattern, wherfull data acquisitions with 1° or 2°



phi rotation steps were used to reconstruct theired diffraction planes. CrysAlisPro
software from Agilent Technologies was used to y&the full data collections. Local
MatLab routines as well as WxDiff were used to analyse individual frames.
Diffraction experiments with very high spatial regomn were performed on the
CRISTAL beamline at the synchrotron SOLEIL at L'G¥ndes Merisiers, Gif-sur-
Yvette, using an ATLAS CCD detector (Oxford Difftamn) with A = 1.54980 A, on
beamline 11-3 at the Stanford Synchrotron Radiatiaboratory (SSRL) using a
mar345 detector and= 0.97440 A, and on beamline 14-BM-C at the AdeahBhoton
Source (APS) using an ADSC Quantum 315 CCD detewtdra wavelength of =
0.97870 A. Crystals afi-tetracosane/urea were grown by slowly cooling latem of
513 mg ofn-tetracosane (Aldrich, 99%) and 5.04 g of urea3mf. methanol, 48 mL
isobutyl alcohol, and 2.2 mL 4@ from 60 °C to room temperaturéH Solution NMR
spectra (400 MHz, DMF-l showed no detectable amount of either methanol or

isobutyl alcohol in the channels.

[Il. THE HIGH SYMMETRY PHASE (PHASE 1) AND THE FERROELASTIC
PHASE TRANSITION

Figure 1c shows the 60° oscillation images, obthime the mar345dtb system,
in the high symmetry (HS) phase (Phase 1) at roemperature and in the primitive,
low symmetry phase (Phase IIl) at 100 K. Figure shows the hexagonal and
orthorhombic unit cells used for the high and lggnmetry phases. In all phases, guest
diffraction appears as diffuse layers (which ap@esastreaks perpendiculardg) with
superimposed Bragg peaks. A much more complexagiga is revealed at 100 K, as

discussed below.



Information concerning the misfit parameters may dx¢racted by considering the
diffraction lines along the reciprocal channel diren. A profile of the (1 0 m), layer
line (with respect to a hexagonal basis) of Phat00 K using synchrotron data from
APS 14-BM-C and a detector distance of 980 mm (f€igRa) shows the clear
intermodulation between host and guest and yieldsséit parameter of = 0.3369 +
0.0005. At 110 K, the profile of the equivalentZ0 m n), layer line (orthorhombic
notation) of Phase Il (Figure 2b) gives exactlg #ame misfit parameter pf 0.3369

+ 0.0002, but with a smaller error due to the largember of observed peaks, including
numerous satellites. Lower resolution studies gusire mar345dtb system at thirteen
different temperatures confirm the constancy ofrthigfit parameter from 290 K to 100
K. Using the room temperature unit cell constdotshe host§ = b = 8.20(1) A, g=
11.02(1) A) this yields a value of, of 32.71 A, only slightly shorter than three host
repeats (33.06 A). Thus, although the systemyigadnstruction, exceptionally close to
commensurate, and although both host and guedrgcioses are subject to completely
different forces, as illustrated in previous strssain measurement$® no lock-in
tendency is observedn-tetracosane/urea is thus aperiodic at all temperatfrom
room temperature to 100 Kn the case of tha-alkane/urea compound, the superspace
group is conventially described using the meanctire of the host (urea) subsystem.
According to this analysis of the room temperauaa, the crystal is described by the
same crystallographic superspace grou2P@®0y) as previously determined at room
temperature for othar-alkane/urea crystaf§:3**>® Although the diffuse layers signify
substantial displacive disorder of the guests akbweg axis, in ordered regions of the
crystal, the host and guest share hexagonal symneatd the offset between guest

molecules in adjacent channeIAg,)G7 is zero Angstroms.The DSC traces wof



tetracosane/urea indicate two phase transitions 86 K to room temperaturé, the
first at ca. 178 K, and a second, weaker one jegtvbthe first one. The first of these
phase transitions presents a strong calorimetgmasiire, proof of a significant
structural rearrangement at this temperature. @trigesponds to the ferroelastic phase
transition from the hexagonal superspace groum tornorhombic one, as evidenced in
the low temperature diffraction images by two diiet signatures. The first
crystallographic signature concerns the existeficgexasymmetry-related orthorhombic
domains?* This is manifested in the diffraction image showrFigure 1c through the
vertical splitting of the structure Bragg peaks.eTtemperature evolution of this
splitting is shown in Figure 3 and leads to a titaors temperature, called.f, of 179 K.
The second crystallographic signature is markethbyappearance of “superstructure”
Bragg peaks in the orthorhombic phase. This iarbleevidence by comparing the
figure 1c) in the high symmetry phase and the &gle) at 100K. In the figure 1c), the
superstructure Bragg peaks verify the condition fogld, using the orthorhombic

notation (this notation will be designated in tbdwing with a subscript "0").

IV. LONG-RANGE MODULATION IN THE LOWEST TEMPERATURE
PHASE (PHASE I11)

Because of the complexities of the phase transdion,, it is most convenient
to first discuss the characteristics of the lowestperature phase (Phase lIll). In the
diffraction pattern measured at 90 K using the QRS beamline at synchrotron

SOLEIL, each of the superstructure lines (as dehateFigure 1c) exhibits a set of



closely-spaced Bragg peaks with maxima aroungd @y and 1 in urea reciprocal units
alongc* (Figure 4). No such closely spaced Bragg peakeapin the structure lines
(i.e., with h+k = even) in the orthorhombic setting. (See Fig@desnd 2c.) Very high
resolution measurements are required to resolveBtagg peaks appearing in these
lines. These data were fit using Gaussian functarequal widths. Essentially perfect
agreement with the experimental data was obtaiyefitting the superstructure Bragg
peaks to multiple positions of a modulation vectgt = (0.025 + 0.00k,*, referred to
common, guest, and host Bragg positions. We nrué these satellite Bragg peaks
vanish for values of Q just beyondFigure 4a). This is interpreted as a resulthef t
peculiar variation of the molecular form factor thie alkane guest alongf, which
drops to zero just beyondt = vy (Figure 4a). (See reference 40 for details of the
calculation.) This suggests that this long-rangelufation is most closely associated
with the guest molecules.

As stated, at 90 Kp-tetracosane/urea is aperiodic wytlx 0.3369 + 0.0002. In
addition, in order to describe the new superstrecBragg peaks, a fifth independent
reciprocal vector must be introduced. This yielts following expression of the vectors

Qnkmn Whichgives in this phase the positions of the wholeo§&ragg peaks:

hkimn = Ra* + kb* +l cy* + mcg* + ney* 2

Full characterization of the diffraction patterntbis lowest temperature phase therefore
requires five independent parametdrsk( I, m, andn). The nomenclature concerning
the first four indiced, k | andm is the same as that used for the four dimensices2

discussed above. The fifth indexis associated with the fifth independent parameter



Cm*, which appears in this orthorhombic phase andadherizes the wavelength and the
direction along the channel of the supplementargutaiion in these two phases. The
superspace groups must be discussed according prekence condition of thie kK | m

n) Bragg peaks (as in standard crystallography). Siqgerspace groups of dimension
five have been systematically discussed in refa®ntl and 42. According to this
work, the superspace group decribing the phase idll number 19.2.18.1:
P22,2,(00y)(005). The modulation vectors characterizing the pHHss c,* =(0,09).
The reflections conditions for this superspace grare 00mn: I=even;h0000:h=even,;
0kO0O: k=even, and with no condition on the suhtk+n) as illustrated in the figure
5a). The temperature evolution of those new Braggkp is shown in figure 6.

As noted above, a special feature in this phagbesexistence of a series of
superstructure Bragg peaks, at positiotss=n.(0.025 + 0.001) in reciprocal urea units
along thec* direction. This corresponds to a long-range maiituh wavelength of
about 440 + 16 A along the channel direction. Thisdulation defines a very long
periodicity in real space in the vicinity of 13 tsi1the guest repeag)@nd 40 times the
host (¢) repeat. In the absence of a commensurate lgckaodulation of the
orientation and/or conformation of the guest congminwould appear to be a
chemically reasonable way of generating the obsefeag-range modulation. This
notion is supported by the intensity distributidnsatellites, which coincides with the
form factor of the guest molecules. However, adréts of y and d in individual
frames collected on APS beamline 14-BM-C at 110i#whe detector at 980 and 440
mm do not have sufficient resolution to verify tiypothesis that the wavelength of the

long-range modulation is an integral number of guedecules.
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Here, it is important to stress that the deternmmadf a precise value a@in
phase Il is very difficult sincg andd are very close to commensurate values. Severe
peak overlap makes it difficult to find an indisphblke indexing of all of the additional
Bragg peaks. Several measurements were performed on differep$tals using
different high-resolution synchrotron beamlines ,aafter careful fitting, yield values of
0 that vary between 0.024 and 0.026.

Characterization of such a modulation requiresyatarl structure determination
within the 5-D crystallographic superspace. Theagdifficulty with such a structure
determination arises from the severe peak oven@ptal the long-range modulation and
from the six symmetry-related pseudo-merohedral ailosmwithin the orthorhombic

phase.

V. A FIVE-DIMENSIONAL C-CENTERED INTERMEDIATE PHASE (PHASE
1)

The temperature evolution of the superstructureslirevealed a more complex
feature as the crystal was cooled through the déastic phase transition (Figure 6).
Using the same indexation as in Phase lll, therstipeture Bragg peaks with+k+n =
even appeared abruptly below;,Twhereas those withtk+n = odd were systematically
absent upon cooling from Tto 163 K, signifying a new phase with this presenc
condition (Figure 6).

This intermediate phase (Phase IlI) also requirge flimensions to fully
characterize its diffraction pattern, which extsb@dditional extinction conditions.
Figure 7 reveals the systematic absence of Bragispg k | m ) with evenn in this

superstructure line, in whidimk = odd for any values dfandm, as shown around the
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common Bragg peak € 0, m = 0), the alkane Bragg peak= 0, m = 1) and the host
Bragg peakl(= 1,m = 0). In other words, the condition for the prese of the Bragg
peaks in this intermediate phasehisk+n = even. In Figure 6b, which shows the
temperature evolution of the averaged intensitfesuperstructure Bragg peaksK | m

n), Phase lll is characterized by the gradual agresr of the forbidden Bragg peaks of
Phase llj.e., those with the conditioh+k+n odd f = 0 in blue,n = 2 in black). The
transition temperature leading from Phase Il toseHd is T, = 163 K.

In contrast with Phase l1ll, Phase Il presents tkteneion conditions of a C-centered
superspace group. Using the basig® (bo*, ch*, ¢g* andcy*), the modulation vector
characterizing the phase Il ¢ = (a* + cn*), that isq (1 0 0 0 1). The reflection
conditions verifyh + k + n = even, as shown in the figure 5b. According ®réference
41, the superspace group of rank 5 which desctibegphase Il is number 20.2.24.2:
C222(00y)(105). The same value af = (0.027 = 0.001) in urea reciprocal units, is

found in the limit of precision of our measurements

This 5-D superspace group is justified even ifwavelength of this long-range
modulation (approximately 408 + 16 A) is taken tothirteen guest molecules because
no 4-D superspace group is consistent with thergbdesystematic absenceshsik+m
= odd whery is replaced by. (This condition holds near the common peak, lmitim
the vicinity of the first guest layer line, wherddvalues oh in 5-D superspace would
change to even values ofi in 4-D superspace, and therefore violate the alesen
condition.) In the high symmetry phase all chasnate equivalently modulated,
whereas in Phase I, there is a shift of one-lafgeriod of the long-range modulation

function in adjacent channels along théirection. The pretransitional scattering that
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appears in the superstructure line when approadhteaderroelastic transition at.l
exhibits a very large correlation length along ttennel axis, as extremely high-
resolution studies have shownrimonadecane/uréa.

As revealed in Figure 8, the superstructure Braggkp that characterize.,T
exhibit a pronounced hysteresis upon warming amdirgpthe crystal. Indeed, both the
common ( = 0, not shown) and = 2 superstructure Bragg peaks, which characterize
the low temperature phase, yield a value gfT175 K upon warming 163 K upon
cooling.

An important challenge would concern the strudtuesolution of these
different ordered phase. Characterization of sucmadulation requires a crystal
structure determination within the 5-D crystallqgnec superspace. As discussed in a
previous papet* the great difficulty with such a structure deteration arises from the
severe peak overlap due to the long-range moduolamd from the six symmetry-
related non-merohedral domains within the orthorbicrphase. As seen in Figure 2c,
even with a synchrotron using a detector distarfc680 mm and a wavelength of
0.9787 A, the Bragg peaks in Phase | are only fesolved along*. Full structure
determination at even modest resolution would megaidetector distance of much less

than 200 mm, but this would not be sufficient tealge the peaks.

VI. CONCLUSIONS

A complex structural evolution is observednitetracosane/urea, in some ways
similar to n-nonadecane/ure&>® However, much larger values of the modulation
wavelength are observed rirtetracosane/urea € 408 + 16 and 440 = 16 A) thaniin

nonadecane/urea € 122 A). Surprisingly, even though both subdtrites are known



13

to involve completely different interactions (hygem bonds for the host and van der
Waals interactions for the guest), no evolutiorthaf misfit parameter is observed as a
function of temperature. Although a significantkan energy was reported in another
n-alkane/urea inclusion compound (about 3.2 kJ/mai-hexadecane/urea), no lock-in
phenomenon is observednrtetracosane/ureg € 0.3369). Comparison with accurate
guest repeats of alkane UICs determined with the3#fmtb system and with
synchrotron sources indicates thgtfor n-tetracosane/urea is approximately 0.1 A
shorter than expected from other long-chain alkanes irmauré®ne might therefore
naively expect that entropy of guest motion wowdsgiof selective expansion of the
guest as the crystal is warmEd? However, with laboratory data obtained on the
mar345dtb system (d = 150 mm), no measureable ehengwas observed between
290 and 350 K. The absence of a thermal lock-ithis system testifies to the subtle

balance of host-guest interactions in alkane/urelmsion compounds.
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Figure 1

C ) high symmetry low symmetry

8 & 3 B 8 & & & B 8

T<Tc1

FIG. 1. a)n-Tetracosane/urea viewed perpendicular to the aHaais with the host
shown schematically; b) projection of théetracosane/urea structure onto dbeplane
(with arbitrary guest orientation) showing the &ganal and orthorhombic definitions
of the basis vectors. Throughout this paper, Milanes indexed with these cells are

denoted with subscripts “h” and “0”. 60° rotating crystal X-ray diffraction images,
obtained on the mar345dtb system using GurHdiation and measured in the high-

symmetry phase (Phase I) at room temperature @att)in the lowest symmetry phase
(Phase Ill) at 100 K (right). The guest diffracticappears as diffuse layers
perpendicular toc* (which is horizontal) with superimposed Bragg peakMiller

indices b K) along the reciprocal directiorg andb* correspond to the hexagonal cell
for the HS phase and the orthorhombic cell for BR#s(and Phase Il, which is not

shown).
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Figure 2
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FIG. 2. Profiles along* using a detector distance of 980 mm on beamlf®M-C at

the APS. a) Profile (logarithmic intensity scaded fit of a section of the the (1 @)y,

layer line of Phase | at 200 K with= 0.3369 + 0.0005. THeandm indices are shown

next to each peak. b) Profile (logarithmic intépnsicale) of the equivalent (012n n),

layer line of Phase IIl at 110 K showing the valeé$ andm for each assigned peak.

(In this structure linen = 0 in all cases.) c) An enlargement of the peodif the (0 2

m n), layer line of Phase Ill at 110 K from ¢) of 1.3 to 1.7 (linear intensity scale)

showing thel andm indices and the corresponding fit wigh= 0.3369 + 0.0002. In

these structure lines at 200 and 110 K, all ofBhagg peaks can be fit with Gaussian

functions at the combinatory positions fandm.
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Figure 3
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FIG. 3. Evidence for the ferroelastic phase transition flioexagonal to orthorhombic
symmetry at T; = 179 K inn-tetracosane/urea, through the domain-inducedisgliof
a structure Bragg peakHere the (20, structure line splits into the (B2and (04),

structure linesdf. Figure 1c).
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Figure 4
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FIG. 4. a)n-Tetracosane/urea (2 3n® n), superstructure line (in blue) measured at 90 K
on the CRISTAL beamline at SOLEIL along the incomswate direction in the
range of -0.2,* to 1.2* in reciprocal urea units; Inset in black: Molecularm factor

of the n-tetracosane molecule aligned along théirection with six-fold orientational
disorder, as calculated in [39]. b) Diffractionage and extracted profile of the (2 3 0
m ), superstructure line between €4 and +0.4,*. Superstructure satellite Bragg
peaks are associated with a critical wave vegter + (0.025 + 0.00L5,*. Satellite

peaks were fit using Gaussians and are indexe2l &% (Om), in red and (2 3 0 fn), in



black.
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Figure 5
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Figure 5 a) Schematic representation of #itect) diffraction plane foih=2 in
the phase Il oih-tetracosane/urea: black points refer to strucBnagg peaks of the
high symmetry phase, green and blue points indib&tgositions of Bragg peaks which
sign the supplementary modulation; b) schematicessmtation of the same diffraction
plane in the phase Il: black points refer to suetBragg peaks of the high symmetry

phase, blue points indicate the positions of Braggmks which appear in this phase Il
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Figure 6
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FIG. 6. a) Temperature evolution of the superstmgctine fi = 1,k = 2) measured on
the mar345dtb system using CycliKadiation revealing two phase transitions gt I

179 K and T, = 163 K.b) Extracted temperature evolution of the averagezhsities
of superstructure Bragg peaks K | m ), which demonstrate that-k+n = odd Bragg
peaks characterize Phase HI< 0 in blue filled circlen = 2 in black triangle) and that

h+k+n = even Bragg peaks characterize Phase# 1 in pink circle).
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Figure 7 :
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FIG. 7. a) High-resolution diffraction image of tkeperstructure lineh(= 2,k = 3)

measured at SSRL (T = 170 K). b) Evidence of aerinediate phase characterized by

the presence of Bragg peaks withk+n = even, as shown here in the (2 & n)
superstructure line with+k = 5. The profiles were measured around the com(inem
= 0) position (top), around the guebt(0, m = 1) position (middle), and hodt£ 1, m

= 0) position (bottom).
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Figure 8
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FIG. 8 a) Temperature evolution of the intensity of the sspecture Bragg peaks of
ordern = 2, when increasing (red squares) and decreésiug circles) the temperature.
b) Then = 2 satellite Bragg peak is absent at 176 K aedgmt at 145 K. At 168 K, it is
present upon warming (in red) and absent upon mgo(in blue), revealing the

hysteresis behaviour of the second phase transition



