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Oriented crystallization of xanthine derivatives sublimated on self-assembled monolayers
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Abstract—The oriented crystallization of caffeine and theobromine on self-assembled monolayers (SAMs) is reported.
The SAMs were prepared by reacting 1-decanethiol, 11-mercapto-1-undecanol, or 11-mercaptoundecanoic acid on
flat Au surfaces to form methyl, hydroxyl, or carboxylic acid functionalities on the substrates. Crystallization was con-
ducted by sublimating the xanthine alkaloids on the SAMs. X-ray diffraction and morphology observation/simulation
were combined to identify the preferred orientation of caffeine and theobromine crystals. Also, the identified crystal
orientation was examined through molecular models to understand the nature of the interfacial interactions that direct
the nucleation process. CH/ 7z interaction as well as strong hydrogen bonding appeared to act as the specific interactions
to control the molecular orientation of caffeine and theobromine in stereochemically determined manners that per-
sisted during the crystallization process. More importantly, the stability of the orientational regulation showed a clear
correlation to the cohesiveness of the xanthine molecular layer parallel to the nucleating substrate. We believe this in-
dicates that the structural coherence of the precursors or nuclei of the crystallization is essential to effectively utilize
the interfacial interactions in a cooperative manner to firmly control the crystal orientation.
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INTRODUCTION

Biominerals have induced many interests in crystallization com-
munities because of their unusually well controlled processes of
crystal formation [1]. In biological crystallization, organic biomac-
romolecules associated with inorganic biominerals are the key con-
trolling agents responsible for the elegant regulation of crystal nu-
cleation and growth [2]. The biomacromolecules seem to possess
abilities to stimulate, restrict, and guide the assembly of the constit-
uents of biominerals, which ultimately translate into the exquisite
control of the size, shape, orientation, and polymorphs of biomin-
erals.

Notable examples include the nacreous shell of the red abalone
(Haliotis rufescens), the dorsal arm plate of the brittle star (Ophio-
coma wendlii), and the coccolith scale of the coccolithophore (Emil-
iania Huxleyri). Abalone nacre consists of stacked micro-plates, which
are in turn made by nano-grains of metastable aragonite crystals
[3,4]. Brittle star plate has elaborately structured micro-lenses, while
the entire framework still forms as a calcite single crystal [5]. Cocco-
lith plate is intricately assembled by multiple calcite single crystals,
each of which has hammer-headed shape formed by directional crys-
tal growth [6].

These observations of exquisitely structured biominerals have
provided opportunities to generate new paradigms, or reexamine
traditional notions, of crystallization. Especially fruitful investiga-
tions have been made in terms of interfacial relationships between
the minerals and biomolecules. First, biomolecules, acting as addi-
tives to regulate crystallization kinetics, are associated with accel-
eration and inhibition of molecular step growth [7-9]. In addition,

"To whom correspondence should be addressed.
E-mail: iwkim@ssu.ac.kr

232

they appear to be involved with stabilization of specific polymorph
or phase of biominerals, presumably being operative on phase trans-
formation control delineated by Ostwald rule of stages [10,11]. Sec-
ond, biomacromolecules, working as substrates to guide crystal nu-
cleation, are correlated with the oriented crystal growth [2,12]. More-
over, structured biomacromolecules appear to manage bio-crystal-
lizer space to assist an additional level of crystallization control [1,
2,6]. Finally, biomolecules, influencing biomineral growth in a ste-
reochemically specific manner, are related not only to the nucle-
ation of specific crystal planes but also to the growth modification
manifested in shape changes [13,14]. These studies have also been
expanded into bio-inspired and biomimetic crystallization, where
oriented crystal growth, depending on the molecular structures of
nucleating surfaces, is further engineered by supplementary addi-
tives [15,16].

The orientation-controlled crystal growth mediated by the stere-
ochemical interaction is especially interesting because one-dimen-
sional orientation of crystals with respect to the nucleating substrates
is often found when an epitaxial match does not exist between the
crystals and substrates [15]. Most likely explanation for this phe-
nomenon appears to be the directional interactions in the molecular
level between the substrates and crystals, while ledge-induced crys-
tallization or graphoepitaxy can be postulated as an alternative ex-
planation [15-18]. In this regard, studies involving self-assembled
monolayers (SAMs) are most revealing. Electrostatic interactions
have proven effective for nucleation of specific planes of inorganic
and organic crystals [15,19]. Strong hydrogen bonding is also shown
to be an influential interaction to induce oriented nucleation of organic
crystals [20]. While these strong specific interactions are conceiv-
ably the most reliable interfacial interactions for the nucleation of
specified crystal planes, the role of less strong interaction is not well
understood.
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Non-conventional hydrogen bonding is one of the interactions
that are weaker than the previously mentioned examples, neverthe-
less playing important roles in subtle fine-tuning of crystallization.
This interaction involves weak donors and/or weak acceptors of
hydrogen bonding. Some examples for weak donors are -SH, -PH,
and -CH, and those for weak acceptors are -CF, C=C, and 7 [21].
The instances where weak hydrogen bonds are important are in-
creasingly recognized in crystals of proteins. For example, the hydro-
gen bonds with 7=acceptors are well documented in protein crys-
tals especially when the side chain of tryptophan is involved [22].
Equally abundant examples are present for weak hydrogen bonds
in small organic molecules [21]. For instance, additional CH 7z in-
teractions for the 77+ 7z stacking 2,2"6'2 terpyridine molecules prompt
the formation of monoclinic polymorph, whereas their absence leads
the crystallization of orthorhombic polymorph [23,24].

In the present study, SAM with functional end groups of -CH,
(SAM-CH; from 1-decanethiol on Au) was compared with those
with -COOH (SAM-COOH from 11-mercaptoundecanoic acid on
Au) and -OH (SAM-OH from 11-mercapto-1-undecanol on Au)
to reveal the role of the weak interactions in the oriented nucleation
of organic crystals. Caffeine and theobromine were chosen as the
growing crystals because of their possibility of weak interactions
as well as strong hydrogen bonding with the end groups of SAMs.
Also, caffeine and theobromine have nearly the same molecular
structures to enable systematic investigation by comparing their crys-
tallization on SAMs. They are both xanthine alkaloids with the dif-
ference of one additional methyl group to the caffeine molecule.
Their crystal structures are quite different because of this subtle dif-
ference. Crystalline theobromine (P2,/c, monoclinic, a=9.2890 A,
b=18.698 A, c=9.0381 A, #=91.75°) exists in a dimer structure that
possesses strong hydrogen bonding between two theobromine mol-
ecules via double NH--O=C interactions. [25] In contrast, & poly-
morph of caffeine (R-3c, hexagonal, a=b=14.830 A, c=6.7648 A)
has a rotational disorder, lacking similar hydrogen bonding between
molecules [26]. Still, they possess carbonyl groups and 7-conju-
gated purine rings in common, which can interact with the end groups
of SAMs in a similar fashion.

EXPERIMENTAL

SAMs, where crystal growth was induced afterward, were pre-
pared as follows. Au (ca. 6 um) was sputter-coated (Cressington
Sputter Coater 108) on a small piece of Si wafer (Buycemi; Suwon,
Korea), which had been thoroughly cleaned by successively wash-
ing with acetone, absolute ethanol, and deionized water. Then, it was
glued on a clean glass slide using a UV-curable adhesive (Norland
optical adhesive 81; Norland products, Inc., Cranbury, NJ). Ultra
flat Au surface in contact with Si wafer was exposed by delami-
nating the Si layer. The prepared Au surface exhibited high flatness
with RMS roughness <0.2 nm measured by atomic force micros-
copy (MFP3D-SA, Asylum research; Santa Barbara, CA). (Note
that the RMS roughness of the Si wafer was <0.1 nm measured by
the same method.) It was immediately placed into a thiol solution
(1.0 mM) prepared in absolute ethanol (99.9%, Samchun Chemi-
cal; Seoul, Korea). 1-Decanethiol (96%, Aldrich) 11-mercapto-1-
undecanol (97%, Aldrich), and 11-mercaptoundecanoic acid (95%,
Aldrich) were used to prepare each thiol solution to form SAMs

with -CH;, -OH, and -COOH functional groups. The successful SAM
formation was tested by measuring contact angle with deionized
water (DSA 100, Kriiss; Hamburg, Germany). SAMs with -CH,
-OH, and -COOH showed contact angles of ca. 101, 17, 53°, respec-
tively. Caffeine (>98.5%, Aldrich) and theobromine (>99.0%, Sigma)
crystals were formed on the SAM substrates by sublimating from
heated surfaces (150 °C and 240 °C, respectively).

Sublimation sources were prepared by spreading ca. 2 mg fine
powders on ca. 0.5 cmx0.5 cm area of the heated surfaces. The SAM
substrates were positioned 1 cm above the sublimation sources, and
the other sides, glass, were exposed to room temperature atmosphere
to induce natural cooling of the substrates. Crystal growth was for
15 min, after which the substrate was immediately removed from the
crystal growth system. Crystals grown on the SAMs were character-
ized by scanning electron microscopy (SEM: JSM-6250A, Jeol) and
X-ray diffraction (XRD: AXS D5005 X-ray diffractometer, Bruker).
SEM was performed after thin Au coating to minimize surface charg-
ing. XRD was performed in the #26mode (5-40°, 2°/min; Cu Ko
radiation generated at 40 kV and 40 mA) to study orientation of the
crystals as well as their crystallographic identity. Mercury (version
2.3; The Cambridge Crystallographic Data Centre, Cambridge, UK),
CrystalMaker (version 6.3.5; CrystalMaker Software Ltd, Oxford-
shire, UK), and Shape (version 6.0; Shape Software, Kingsport, TN,
USA) software was used along with the known crystallographic
information to investigate molecular models, X-ray reference peaks,
and crystal morphologies.

RESULTS AND DISCUSSION

Caffeine formed as needle-shaped crystals on SAMs, and their
length and thickness were mostly in the range 10-20 micron and 2-
3 micron, respectively (Fig. 1). While the overall shape of the crys-
tals was similar on all three SAMs, their orientation was clearly dif-
ferent. On SAM-CH,, ca. 60% caffeine needles formed with their
cross-sectional surface in contact with the nucleating substrates,
thus revealing their hexagonal cross-sections on the other end of
the crystals, although their angular orientation with respect to the
substrate appeared to vary to a certain degree (Fig. 1(a)). Also, we
noted that terminal morphology was not very well defined possibly
because of the disordered structure in caffeine crystals [26]. The
other fraction of the needles had their long axis parallel to the nu-
cleating substrates. On SAM-COOH and SAM-OH, nearly all caf-
feine needles were formed with their long-axis side surfaces in con-
tact with the nucleating substrates (Figs. 1(b) and 1(c)). Crystals on
SAM-COOH and SAM-OH appeared to have similar orientation
with respect to each substrate, and many of these crystals did not
possess clear-cut end morphology as observed for those on SAM-
CH..

Theobromine crystals formed as truncated pyramids on SAM-
CH, (Fig. 1(d)), but those on SAM-COOH and SAM-OH are not
as well expressed (Figs. 1(e) and 1(f)). On SAM-CH,, truncated
pyramids displayed their cut surfaces nearly parallel to the nucleat-
ing substrate (Fig. 1(d)). On SAM-COOH and SAM-OH, the ori-
entation of the crystals appeared relatively irregular. Fig. 1(e) shows
crystals on SAM-COOH, where ca. 20% crystals appear similar to
those on SAM-CH,, and other fraction of crystals are more tilted
or completely dissimilar in their orientation and morphology. Fig.
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Fig. 1. Caffeine and theobromine crystals grown on SAMs. (a) Caf-
feine on SAM-CH,, (b) caffeine on SAM-COOH, (c) caf-
feine on SAM-OH, (d) theobromine on SAM-CH,;, (e) theo-
bromine on SAM-COOH, and (f) theobromine on SAM-
OH.

1(f) shows crystals on SAM-OH, where crystals bear almost no re-
semblance in their orientation and morphology to those on SAM-
CH;. We also noted that repeated experiments confirmed the robust
orientational growth for theobromine crystals on SAM-CH;, but
not for those on SAM-COOH and SAM-OH, where the degree of
the orientational divergence (or randomness) was also difficult to
assess.

XRD also confirmed the SEM observation of caffeine and the-
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Fig. 2. X-ray diffraction patterns observed for (a) caffeine and (b)
theobromine crystals on SAMs in the 426 mode to quali-
tatively distinguish the preferred orientations. Reference pat-
tern is also shown at the bottom for comparison.

obromine crystals on SAMs (Fig. 2). XRD was performed in the
626 mode to qualitatively reveal the preferred orientation of the
crystals with respect to the nucleating SAMs [15,27]. Caffeine crys-
tals (Fig. 2(a)) on SAM-OH showed a distinctively prominent (2 —1
0) peak. Those on SAM-COOH exhibited similar diffraction pat-
terns. In contrast, caffeine needles on SAM-CH; revealed newly
appeared (1 0 —2) diffraction peak, while the intensity of the (2 —1
0) peak was significantly reduced. This qualitatively corroborated
the SEM observation, where caffeine needles were lying down on
SAM-OH and SAM-COOH in a similar fashion, and more than
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half of the crystals were standing on SAM-CH,; revealing their hexag-
onal cross-sections (The molecular orientation is analyzed in detail
later in this paper.).

Theobromine crystals on SAMs had (-2 0 2) as the most dis-
tinctive diffraction plane (Fig. 2(b)). Among the SAM substrates in
the present study, SAM-CH; induced crystal growth that displayed
the strongest (—2 0 2) peak. SAM-COOH and SAM-OH produced
crystals that showed much reduced intensity of the (-2 0 2) peak.
In three independently repeated experiments, the (—2 0 2) diffrac-
tion intensity was always strongest for the theobromine crystals on
SAM-CH,. The repeated experiments also confirmed the (-2 0 2)
intensity reduction for those on SAM-COOH and SAM-OH, while
the relative extent of intensity reduction was not well preserved.
Again, this result qualitatively corroborated the SEM observation,
where nearly all theobromine crystals standing on SAM-CH; were
truncated pyramidal to display cut surfaces nearly parallel to the
substrate, and those on SAM-COOH and SAM-OH showed much
less defined morphology and orientation. For the particular set of
samples shown in Figs. 1(e) and 1(f), only less than a quarter of
crystals on SAM-COOH were in similar morphology and orienta-
tion to those on SAM-CH,, while equivalent crystals were hard to
find on SAM-OH. This observation is in good correlation to the (-2
0 2) diffraction intensity shown in Fig. 2(b) (Detailed analysis of
the molecular orientation is given in the later part of this paper.).

Crystal morphology was simulated to reconcile the SEM and XRD
observations (Fig. 3), using the crystallographic information known

Theob'r:')mine

Fig. 3. SEM micrographs (left) and schematic representations (right)
of the (a) caffeine and (b) theobromine crystals grown on
SAM-CH,.

for the o polymorph of caffeine and the crystalline theobromine.
Crystals on SAM-CH; were chosen because they were better de-
fined to give out more information about their morphology. Fig.
3(a) shows the SEM micrograph (same as the inset of Fig. 1(a))
and the simulated morphology of three selective caffeine crystals.
The standing needle-shaped crystals wrapped by six equivalent {2
—1 0} side faces are consistent with the decreased intensity of the
(2 -1 0) X-ray diffraction as well as the morphological observation.
Note that the end morphology of experimentally obtained caffeine
needles was not very well defined, possibly because of the disor-
dered structure in caffeine crystals [26]. Fig. 3(b) shows the SEM
micrograph (same as the inset of Fig. 1(d)) and the simulated mor-
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Fig. 4. Structures of caffeine and theobromine: (a) chemical struc-
tures, (b) disordered caffeine (2 polymorph) molecules 7~
stacked along the c-direction (redrawn following reference
26), (c) two-dimensional network in crystalline theobromine
nearly parallel to (-2 0 2) plane (grey square) [25]. Dimer
forming hydrogen bonds are indicated in turquoise.
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Fig. 5. Schematic representations of the nucleating molecular layers of caffeine on SAM-OH, (a) top view and (b) side view, and on SAM-
CH,, (c) top view and (d) side view. The (2 —1 0) plane parallel to the SAM-OH surface was shown in (a), and the (1 0 —2) plane
angled to the SAM-CH, surface was shown in (d). In (a) and (c), the dotted circle represents the terminal hydrogen of SAMs, and
two red lines connect the equivalent caffeine molecules in the molecular layers.

phology of three selective theobromine crystals. The truncated pyra-
midal crystals surrounded by two equivalent {0 2 1} and two other
equivalent {—1 2 0} side faces with a {—2 0 2} top face are con-
sistent with the strong intensity of the (-2 0 2) X-ray diffraction as
well as the morphological observation.

To understand the nucleation phenomena on SAMs, observed
for caffeine and theobromine, probable molecular interactions between
the end groups of SAMs and crystallizing molecules were explored.
The SAMs in the present study are known to form (V3xV3)R29°
structures with a twist angle ca. 55° and a tilt angle ca. 29°, which
orients the terminal hydrogens in such a way as to participate in
the interfacial interactions with the nucleating molecules of caf-
feine and theobromine [28-30]. Caffeine and theobromine are tri-
and di-methylated xanthines; caffeine has an additional methyl group
on one of Ns in the six-membered ring, where theobromine has only
hydrogen (Fig. 4(a)). Since the caffeine molecule does not have a
strong donor of hydrogen bonding, its packing in its own crystal,
relying on 7-stacking, possesses severe disorder. In particular, the
a polymorph, observed in this study on SAMs, contains a massive
whole-molecule disorder (Fig. 4(b)). [26] In contrast, theobromine
molecules experience extensive hydrogen bonding among them to
generate two-dimensional hydrogen-bonded layers (Fig. 4(c)), which
are in turn held by weaker intermolecular interactions [25]. Espe-
cially, N-H-~+O=C hydrogen bonds within the two-dimensional net-
works contribute to form stable dimer structures.

Based on the SEM and XRD observations, more reliable interac-
tions appear to exist for caffeine with SAM-OH (and SAM-COOH)
and for theobromine with SAM-CH,. The difference in the reliable
interfacial interaction seems to arise from the structural dissimilari-
ties in caffeine and theobromine mentioned previously. The specific
origin of this difference becomes obvious when the possible inter-
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Fig. 6. Schematic representation of the nucleating molecular layer
of theobromine on SAM-CHj;: (a) top view and (b) side view.
The (-2 0 2) plane parallel to the SAM-CH, surface was
shown in (a). The dotted circle represents the terminal hy-
drogen of SAM-CH,, and two red lines connect the equiv-
alent theobromine molecules in the molecular layer.
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action sites of caffeine and theobromine, such as O=C and 7 (imida-
zole), are examined in terms of orientation favorable to interact with
the terminal hydrogens of SAMs (Note that the SAMs were pre-
pared via absolute ethanol solutions, and caffeine or theobromine
was sublimated onto the SAMs to prevent complicated intermolecu-
lar interaction scenarios, such as solvent participation and ionization.).

Caffeine interacts with SAM-OH and SAM-COOH via OH-
O=C hydrogen bonding. Figs. 5(a) (top view) and 5(b) (side view)
show one of the probable interactions between SAM-OH and caf-
feine. The molecular plane of caffeine is shown perpendicular to
the (2 —1 0) plane (gray square in Fig. 5(a)), which is consistent with
the strong (2 —1 0) X-ray diffraction peak and the microscopically
observed needle orientation. No apparent epitaxy can be found in
Fig. 5(a), where dotted circles represent the terminal hydrogens of
SAM-OH, and two red lines connect the equivalent caffeine mole-
cules in the molecular layer displayed. Also, in the representation
of Fig. 5(b), the OH-+O=C interaction does not have linear geome-
try that would require the molecular layer to tilt away from the SAM-
OH surface (for clarity only the front row SAM-OH molecules are
shown in Fig. 5(b)). Bringing the molecular layer parallel to the SAM-
OH surface by sacrificing the linearity of hydrogen bonding would
ensure multiple OH-+O=C interactions to maximize the interfacial
interactions. The cooperative behavior of the caffeine molecular
layer may originate from the fact that the caffeine molecules are 7=
stacked within the layer parallel to the ¢ direction. SAM-COOH
would have similar interactions with a slightly different tilt angle of
the terminal hydrogen of the SAM molecules.

In contrast, caffeine interacts with SAM-CHj; via CH: 7 as well
as CH-+O=C interactions. Figs. 5(c) (top view) and 5(d) (side view)
show the probable CH 7 interactions between SAM-CH; and caf-
feine. While the disorder in caffeine crystals makes it difficult to
pinpoint the position of the 7=conjugated imidazole ring, the hex-
agonally packed caffeine molecules have a structure close to the
coincidence epitaxy to the underlying SAM-CH;. The terminal hy-
drogen and the caffeine molecular plane are slightly angled, not or-
thogonal, to make the epitaxy relationship possible. This configura-
tion explains the microscopically observed caffeine needles stand-
ing on the nucleating SAM-CH; surfaces. Also, the slightly angled
(1 0—2) plane (grey plane in Fig. 5(d)) is consistent with the weak
(1 0 —2) diffraction peak. The microscopic observation of the tilt
angle variation of the caffeine needles may arise from the combi-
nation of the weak intermolecular interactions within the caffeine
molecular layer and the weak CH- 7 interfacial interactions (Note
that the CH-r interaction is known to have a shallow energy mini-
mum to easily accommodate some geometrical variation [21]. Also,
:N of the imidazole ring may form a part of the combined hydro-
gen-bonding acceptor [31].). We also note that the SAM-CH, is capa-
ble of interacting with caffeine molecules through CH--O=C inter-
actions in a similar fashion to the SAM-OH case, which is consis-
tent with the mixed crystal orientation observed for this substrate.
Although the individual interaction is probably stronger for CH-
O=C than for CH-x;, the possible coincidence epitaxy for the case
of CH 7, combined with :N- contribution, appears to slightly favor
the latter interaction overall to form more than half of the crystal
needles on SAM-CH; in the standing orientation. Similar phenom-
enon of mixed orientation was not observed for SAM-OH and SAM-
COOH, probably because the OH--O=C interactions with the well

mstacked caffeine molecules were too much stronger to allow OH-
srinteractions to persist during crystal nucleation.

Theobromine interacts with SAM-CH; predominantly via CH- 7
interaction. A probable interaction model is shown in Figs. 6(a) (top
view) and 6(b) (side view) that is consistent to the strong (—2 0 2)
X-ray diffraction and the truncated pyramidal morphology obser-
vation. The theobromine molecules nearly parallel to the (-2 0 2)
plane (gray square in Fig. 6(a)) form the two-dimensional hydro-
gen-bonded layer as described previously, which induces the molec-
ular network to behave cooperatively to maximize the the CH 7z
interactions, maintaining the strong intra-layer hydrogen bonds but
altering the orthogonal geometry of weak CH- rr interactions. Note
that no apparent epitaxy relationship can be found between SAM-
CH,; and theobromine. In contrast to the case of caffeine on SAM-
CH,, other crystal orientation due to the possibly competing CH--
O=C interaction was not observed experimentally. This critical dif-
ference appears to arise from the structural coherence of the inter-
acting molecular layer, which strongly exists for the extensively
hydrogen-bonded theobromine molecules, but not for the caffeine
molecules held by weaker interactions (Figs. 6(a) and 5(c)).

Theobromine interactions with SAM-OH and SAM-COOH are
hard to analyze because of the lack of the distinctive diffraction pat-
terns as well as the seemingly diverse crystal orientation (Figs. 1(e)
and 1(f)). At least two different orientations of specific interactions
are possible, one being via OH- 7 interaction similarly observed
with SAM-CHj and the other through OH:O=C interactions. The
former geometry has the (-2 0 2) plane in an X-ray diffracting po-
sition in the 6260 mode, but the latter configuration effectively reduces
the (-2 0 2) diffraction, which is consistent with the experimental
observations. Also, these interfacial interactions appear to compete
comparably to nucleate theobromine crystals, which explains the
modest batch-to-batch variation in these heterogeneous nucleations
while a significant reduction in the (-2 0 2) diffraction peak was
consistently observed. This behavior of theobromine on SAM-OH
or SAM-COOH is quite different from the stable caffeine orienta-
tion control on the same substrates. The contrast between theobro-
mine and caffeine may originate from the interplay between the in-
terfacial interactions and the in-plane coherence of the nuclei. The
OH:O=C interfacial interaction allows caffeine molecules to assem-
ble with stronger intra-layer interactions than the interlayer interac-
tions, as explained previously (Fig. 5). However, the same interfacial
interaction requires theobromine molecules to experience weaker
intra-layer interactions (long non-conventional H-bonds) than their
interlayer interactions (extensive networks of short conventional
H-bonds and intermediate non-conventional H-bonds) [25].

CONCLUSIONS

We have successfully utilized SAMs of different functional groups
to control the orientation of caffeine and theobromine crystals. The
orientation-regulated crystal nucleation mainly depended on stere-
ochemistry via specific interactions between the SAM functional
groups and the crystallizing molecules. The specific interfacial inter-
actions were diversely found as strong hydrogen bonding, non-con-
ventional hydrogen bonding with 7 acceptors, and CH/ 7 interac-
tions. Surprisingly, well-oriented crystals were obtained with the
weak CH/r interactions for theobromine, which did not have appar-
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ent epitaxy with the SAM substrate. We believe this phenomenon
is closely related to the cohesiveness of the theobromine molecular
layers parallel to the substrate that would initially form as a part of
crystal nuclei. The strongly cohesive layer would require its multi-
ple interfacial interactions to behave cooperatively, which in turn
ensures reliable formation of oriented nuclei. Without similar cohe-
siveness, the same CH/7 interactions did not generate stable orien-
tation control with caffeine molecules even with the coincidence-
type epitaxy with the SAM substrate. Mixed orientations were found
in this case. Conversely, strong hydrogen bonding between caffeine
and SAM-OH or SAM-COOH, combined with the cooperatively
interacting molecular layer, ensured the undivided orientation con-
trol, whereas the same strong hydrogen bonding with theobromine,
without strongly cohesive molecular structure parallel to the sub-
strate, did not induce uniformly oriented crystals. Our conclusion
indicates that, at least for the systems in the present study, the nuclei
or precursors of crystallization require cohesive structures parallel
to the nucleating substrates to utilize specific interfacial interactions
to control the crystal orientation in a concerted manner. We believe
this consideration is especially important for the oriented crystalli-
zation of organic molecules, where diverse weak interactions exist
in their crystal structures.
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