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An important requirement in the fabrication of advanced inor-
ganic materials, such as ceramics and semiconductors, is control
over crystallization'™. In principle, the synthetic growth of
crystals can be guided by molecular recognition at interfaces® .
But it remains a practical challenge to control simultaneously the
density and pattern of nucleation events, and the sizes and
orientations of the growing crystals. Here we report a route to
crystal formation, using micropatterned self-assembled
monolayers'”'®, which affords control over all these parameters.
We begin with a metal substrate patterned with a self-assembled
monolayer having areas of different nucleating activity—in this
case, an array of acid-terminated regions separated by methyl-
terminated regions. By immersing the patterned substrates in a
calcium chloride solution and exposing them to carbon dioxide,
we achieve ordered crystallization of calcite in the polar regions,
where the rate of nucleation is fastest; crystallization can be
completely suppressed elsewhere by a suitable choice of array
spacing, which ensures that the solution is undersaturated in the
methyl-terminated regions. The nucleation density (the number
of crystals formed per active site) may be controlled by varying the
area and distribution of the polar regions, and we can manipulate
the crystallographic orientation by using different functional
groups and substrates.

We patterned self-assembled monolayers (SAMs) on the metal
substrates by microcontact printing with an elastomeric stamp'*"
that had a relief structure consisting of a square array of raised
circles with diameter d and periodicity p (Fig. la): as “inks”, we
used 10 mM solutions of HS(CH,),X (X = CO,H, SO;H, OH) in
ethanol. The surface was then washed with a 10 mM solution of
HS(CH,),5CH; in ethanol to passivate the areas that had not
contacted the stamp. We focus on the crystallization of calcite
(CaCOs3). The general principles of calcite formation have been
extensively studied, due to the importance of this mineral in nature
as a structural material’®*'. The patterned substrates were supported
upside-down in a calcium chloride solution to ensure that only
particles grown on the SAM would be bound to the surface, and
placed in a closed desiccator with vials of solid ammonium
carbonate in the bottom® (Fig. 1b).

The surfaces decorated with crystals were examined using a
scanning electron microscope (SEM) operating at 15keV. The
crystallographic orientations of the crystals relative to the surface
were determined using X-ray diffraction and morphological
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analysis®. Figure 1c shows a low-magnification micrograph of
the pattern of calcite crystals formed on a sample SAM—printed
35-wm circles of HS(CH,);sCO,H in a background of
HS(CH,),;sCH;—supported on Ag ([Ca**] = 25 mM, crystalliza-
tion time ¢t = 30 min). Crystallization is restricted to well defined,
CO5-terminated regions, and does not occur on the CH;-termi-
nated area of patterned surfaces, although the solution was super-
saturated in CaCOj and crystal formation occurred on both CO;- and
CHj;-terminated SAMs when they were not patterned (Fig. 1c, insets).

By adjusting the pattern, density and sizes of features in the
stamp, the concentration of the crystallizing solution, and the

2 ® @[
00
@ @ ®+-— PDMS stamp
b "Ink" with HS(CH,), ;X
Ag, Au, or Pd (50 nm)
on Cr (2 nm)
lMicrocontact print HS(CH,) X
[ PDMS ]

X-terminated SAM

1 Wash with HS(CH,) .CH,
© 3 CH,-terminated SAM

Expose (upside down) to
l crystallization solution

L3
-—PDMS support

1Crystals grow on X-terminated regions

CO,H-terminated SAM

100 pm CH_-terminated SAM

Figure 1 Experimental design of crystallization on patterned SAMs. a, Relief
structure of the patterned PDMS stamps used for microcontact printing. b,
Schematic presentation of the experimental steps. Dimensions are notto scale. ¢,
Scanning electron micrograph (SEM) of the sample patterned surface-printed
circles of HS(CH,);sCO.H in a background of HS(CH,);sCH;z supported on
Ag(111)-overgrown with calcite crystals. For these experimental conditions—
[Ca®*] = 25mM, pH ~7, crystallization time t = 30 min—the nucleation is highly
specific to the acid-terminated regions, and the crystals are remarkably uniformin
size and nucleation density. The insets illustrate the wide distribution of sizes of
crystals formed on the non-patterned SAMs presenting the same terminal groups
to a solution with the same value of [Ca®*]. To prepare substrates, silicon wafers
(testgrade, n or p type, Silicon Sense, Nashua, NH) were coated with 2.5 nm of Cr,
to promote adhesion, and then with metal (Ag, Au, Pd; typically ~50 nm) using an
electron beam evaporator (base pressure 107 torr). The stamps were prepared by
casting and curing poly(dimethylsiloxane) (PDMS) against rigid masters bearing a
photoresist pattern formed using conventional lithographic techniques™™”. Cal-
cite crystals formed on diffusion of carbon dioxide and ammonia vapours into the
CaCl, solution.
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a HS(CH,);5CO,H on Au
Nucleating plane (015)
d=35pum; p=100 pm

[Ca?*] =10 mM; N = 100

b HS(CH,),,0OH on Au

Nucleating plane (0104)
d =50 pm; p =100 pm
[Ca?*] =10 mM; N =100

¢ HS(CH,);;SO3zH on Pd

Nucleating plane (001)

d=15pm; p=30 um
[Ca?"] =10 mM; N = 1,000

d HS(CH,)15CO5H on Ag
Nucleating plane (012)
d =15 pum; p=100 pm
[Ca?] =10 mM; N = 100

100 um

Nucleating plane (012)
d=3um; p=10 um
[Ca?*] = 100 mM; N = 10,000

e

HS(CH,),5CO,H (triangles) +
HS(CH,)5CH3 (stars) on Ag
[Ca?1 =100 mM

y

10 um

Figure 2 Ordered two-dimensional arrays of single calcite crystals. The densities
of nucleation, uniform sizes and crystallographic orientation are controlled
by the micropatterned SAMs consisting of regions of HS(CH,),X and
HS(CH,)1sCHs. The density and sizes of features in the stamp and the
concentration of the crystallizing solution were chosen to ensure the formation
of one crystal per printed site. a, Arrays of crystals with the density of nucleation
N =~ 100crystalsmm 2 grew selectively from the (015) plane on SAMs of
HS(CH,)15sCO,H supported on Au(111). b, Arrays of crystals with the density of
nucleation N = 100 crystals mm ~2 grew selectively from the (104) plane on SAMs
of HS(CH,),,OH supported on Au(111). ¢, Arrays of crystals with the density of

functionality of the surface of the SAM, we could control the most
important characteristics of the crystallization process: that is, the
location and density (N) of nucleating regions on the surface, the
number () of crystals that nucleated within each region, and the
crystallographic orientation of these crystals. Figure 2a—d shows
several examples of ordered arrays of single calcite crystals (n = 1)
with controllable densities of nucleation (N = 100, 1,000 and
10,000 crystalsmm™) and crystallographic orientation (crystals
nucleated specifically from the (015), (104), (001) and (012)
planes on SAMs of Au/HS(CH,),sCO,H, Au/HS(CH,),,OH,
Pd/HS(CH,);,SOsH and Ag/HS(CH,);5sCO,H, respectively).
Control of orientation is based on our observation that SAMs
terminated in different functional groups, as well as SAMs of a single
thiol supported on different metal substrates, induce calcite nuclea-
tion from specific crystallographic planes and cause growth to occur
in different crystallographic directions. The orientation of crystals is
highly uniform for each SAM (the percentage of oriented crystals,
estimated by morphological analysis of five random areas bearing
~40 crystals each, was 97-98% with standard deviation of 2—-3%),
an observation implying that the atomic-level interfacial structure is
controlling the nucleating plane of the crystals. The selectivity of the
oriented growth of calcite induced by the X-terminated SAMs is
higher than that induced by Langmuir monolayers or polymer
surfaces terminated in the same functional groups®”'"'>'¢, due, we
presume, to the more ordered structure of SAMs. SAMs terminated
in different functional groups and/or supported on different sub-
strates have different structural parameters'”. The correlation
between the structures of SAMs and crystal planes they nucleate
suggests that face-selective nucleation stems from a match between
the pattern and orientation of ions adsorbed on the organic surface
and those in the nucleating crystal plane®*'°. The method described
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nucleation N =~ 1,000 crystals mm~2 grew selectively from the (001) plane on
SAMs of HS(CH,)1;SO3H supported on Pd. d, Arrays of crystals nucleated
selectively from the (012) plane on SAMs of HS(CH,)sCO,H supported on
Ag(111) with various densities of nucleation: N = 100 crystals mm 2 (left) and
N = 10,000 crystals mm 2 (right). e, An example of the fabrication of another
complex crystalline pattern: a continuous, polycrystalline structure formed on
SAMs consisting of a hexagonal array of ‘stars’ of HS(CH,);sCH3 (@ = 12 um,
p = 15um) in a field of HS(CH,)1sCO,H on Ag(111). The low-magnification SEM
(left) illustrates the high fidelity of the procedure, and the high-magnification
fragment (right) shows the formation of uniform crystals of sub-micrometre sizes.

here makes it possible, to our knowledge for the first time, to
combine area-selective nucleation with highly specific growth of
crystals in a single crystallographic direction.

The ability to form one crystal per active site (n = 1) is based on
our observation that at constant concentration, the number of
crystals, n, within each active nucleation region depended linearly
upon its area (Fig. 3). This relationship makes it possible to
determine the value of n by choosing the size, d, of the raised
features in the stamp (Fig. la), and therefore provides precise
control over the nucleation density.

A comparison between the arrays of crystals grown on patterned
surfaces (Fig. 2a—d) and arrays grown on homogeneous, non-
patterned SAMs (Fig. 1c, insets) highlights another advantage of
this method—formation of crystals with similar sizes that reflect
nucleation in different locations at similar times. We infer, there-
fore, that patterning surfaces with SAMs in regular arrays makes it
possible to achieve control over many of the crucial aspects of
nucleation and crystal growth. To our knowledge, Fig. 2 shows the
first examples of periodic arrays of discrete crystals with controlled
densities and location of nucleation, and with uniform sizes and
crystallographic orientations. These arrays formed reproducibly in
more than 10-20 repetitions.

This method is not limited to the nucleation of crystals on
isolated regions. We are able to grow calcite crystals on SAMs
having a range of patterns with sizes of features from submillimetre
to submicrometre. Figure 2e shows an example of a complex pattern
of calcite crystals grown on a surface having a pattern of inter-
connected triangles of carboxylic-acid-terminated SAM in a field of
methyl-terminated SAM; the crystals follow the geometry of the
underlying active nucleating regions with good fidelity. An earlier
attempt to perform patterned crystallization on electron-beam-
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damaged SAMs" resulted in edge resolution of 2 um. Our method
generates patterns of crystals with edge resolution of a few hundred
nanometres.

We suggest that high-resolution crystallization on the X-termi-
nated regions—and the absence of nucleation on the CHj-
terminated regions—of patterned SAMs reflects the influence of
mass transport. The rate of nucleation on SAMs terminated in
polar groups is faster than on methyl-terminated SAMs. As soon as
crystal growth begins in a polar region, mass transport to the
growing crystals depletes calcium and carbonate ions over the
local methyl-terminated region to the point of undersaturation.
In surface growth models, the regime in which growth occurs on the
surface with predeposited islands is usually referred to as submo-
nolayer, or island, epitaxy’’. The model that describes the growth
behaviour in such systems—the DDA (deposition, diffusion and
aggregation) model—predicts a characteristic length scale for a
diffusion-limited, island-specific epitaxy: I; = (D/F)"*, where I
(cm) defines the size of the region where deposition does not
occur, D (cm?s™}) is a diffusion coefficient and F (cm™s™)) is a
flux of particles (ions, atoms or molecules). In our system, Iy
corresponds to the distance from the active nucleating region at
which the local concentration of the solution (depleted by the mass
transport to the growing crystals) approaches the saturation level
for the nucleation of calcite on the slowly nucleating region of the
SAM (Fig. 4a). The inhibition of nucleation would, therefore,
appear only within a distance, I3, from the edge of the active
region. To test this conclusion, we performed crystallization on a
methyl-terminated surface with one isolated region terminated in
carboxylic acids. The experimental conditions—[Ca*"] = 25 mM,
d = 35 wm, crystallization time t = 30 min—were chosen to cor-
respond to Fig. 1c. Solving the diffusion equation, dc/dt = Dd*c/dx*

20- S

i + Patterned SAM
= Non-patterned SAM

Number (n) of crystals per region
of active nucleation
[
o

O : T T T T
0S1 1,000 2,000 3,000 4,000

Area of the nucleating region (um?)

Figure 3 Average number of crystals nucleated per active region as a function of
area, for patterned and non-patterned SAMs. The difference in standard deviation
reflects the higher uniformity of the nucleation density on patterned SAMs than
on non-patterned SAMSs. For a large range of sizes of active regions of patterned
SAMs (d = 15-50 um), the average number of crystals nucleated per active
region, n, is proportional to the area of the nucleating region (dashed line). As d
increases, the nucleation densities decrease and approach the corresponding
values for non-patterned SAMs (solid line). For small nucleating regions (S < S;),
the number of crystals nucleated per active region is constant (n = 1) irrespective
of the area; this observation suggests that the size of the printed features is much
larger than the critical size of the nucleation site for calcite. Calcite crystals were
grown on nine patterned surfaces consisting of printed circles of HS(CH,)sCO,H
in a background of HS(CH,)sCHs supported on Ag(111) (diameters of circles, d,
were 5,10, 15, 20, 25, 35, 50, 60 and 70 um). For each surface, one 7 X 7-array of
CO,H-terminated circles was used for statistics (49 points) to determine the
average number of crystals per nucleating spot and the standard deviation. We
compared these data to the statistical results of the growth of calcite on non-
patterned SAMs of HS(CH,)5CO,H supported on Ag(111).
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(where cis the concentration and x is the position), for these specific
parameters and assuming that the concentration of the saturated
solution (c,) = 2-2.5 mM, we estimated the size of the depletion
region as I; = 80-100 wm. Indeed, in Fig. 4b crystallization of
calcite is observed in the predicted pattern, with no detectable
nucleation within ~80 wm of the active region. Outside this area,
nucleation occurs in a manner similar to that on non-patterned
methyl-terminated surfaces (Fig. 1c, inset). For distances between
the features, p <2l;, the solution over the slowly nucleating
regions is effectively undersaturated (Fig. 4c), and there is no
nucleation in these areas (as shown in Fig. 1lc, where
p =100 pm < 2l; = 160 pm).

Diffusion-controlled growth of calcite in nature is believed to be
controlled locally by specialized macromolecules®'. The power of
our approach to crystallization is, therefore, its ability simultaneously

a Concentration = Rapidly nucleating region
== Slowly nucleating region

— .
_Region where
nucleation does not occur (/)
Region where Region where
nucleation occurs nucleation occurs

Array of rapidly
nucleating regions
P<21l) T

Solution is effectively undersaturated,
no nucleation occurs

Figure 4 The effects of diffusion on nucleation. a, Calculated profiles of
concentration of the crystallizing solution (c(x)) in the vicinity of the isolated,
rapidly nucleating region, assuming mass transport to the preformed, growing
crystal (crystals). The profiles were derived using the diffusion equation:
aclat = Do’clax?, and assuming zero concentration of solution at the surface of
the crystallizing region (that is, assuming that all the ions that reach the surface of
the crystal stick irreversibly). The dashed line corresponds to the concentration of
the saturated solution, csa, below which nucleation on the slowly nucleating
surface does not occur. In the region /4 where c(x) < ¢4, Nucleation is, therefore,
suppressed. Nucleation is allowed for distances from the rapidly nucleating
region, x >/4, where ¢ > c,. For the nucleation on the methyl-terminated sur-
faces, cqatis ~2.5 mM. b, SEM image of the pattern of calcite crystals grown on a
methyl-terminated surface with one isolated carboxylate-terminated region,
showing the depletion distance, /4 = 80 um, in agreement with the value (~80-
100 wm) calculated assuming ¢y, = 26 MM, ¢, = 2-2.5mM and crystallization
time t = 30min. ¢, Calculated profiles of the concentration of the crystallizing
solution in the vicinity of an array of rapidly nucleating regions with periodicity
p < 2/4. The effective concentration (bold lines) over the entire slowly nucleating
region is then below csa. Crystallization will only take place on the rapidly
nucleating regions, as shown in Fig. 1c.
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to control the microenvironment of the nucleation site and to
manipulate near-surface gradients of concentrations of the crystal-
lizing ions by patterning SAMs into rapidly and slowly nucleating
regions.

The technique we report here gives us the ability to fabricate a
large number of indistinguishable active nucleation regions, and to
nucleate one crystal in each region. This should enable the study of
fundamental aspects of the crystallization process by providing
access to statistically significant numbers of nucleation events in
highly controlled microenvironments. U
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Chirality at the supramolecular level involves the non-symmetric
arrangement of molecular components in a non-covalent
assembly"?, Supramolecular chirality is abundant in biology, for
example in the DNA double helix’, the triple helix of collagen* and
the a-helical coiled coil of myosin®. These structures are stabilized
by inter-strand hydrogen bonds, and their handedness is deter-
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mined by the configuration of chiral centres in the nucleotide or
peptide backbone. Synthetic hydrogen-bonded assemblies have
been reported that display supramolecular chirality in solution®™®
or in the solid state’'’. Complete asymmetric induction of
supramolecular chirality—the formation of assemblies of a
single handedness—has been widely studied in polymeric
superstructures''. It has so far been achieved in inorganic
metal-coordinated systems”™, but not in organic hydrogen-
bonded assemblies'®*. Here we describe the diastereoselective
assembly of enantio-pure calix[4]arene dimelamines and 5,5-
diethylbarbituric acid (DEB) into chiral hydrogen-bonded struc-
tures of one handedness. The system displays complete enantio-
selective self-resolution: the mixing of homomeric assemblies
(composed of homochiral units) with opposite handedness does
not lead to the formation of heteromeric assemblies. The non-
covalent character of the chiral assemblies, the structural simpli-
city of the constituent building blocks and the ability to control
the assembly process by means of peripheral chiral centres makes
this system promising for the development of a wide range of
homochiral supramolecular materials or enantioselective cata-
lysts.

Previously we have shown by X-ray crystallography and 'H NMR
spectroscopy that assembly 1;*DEB¢ exclusively forms as the stag-
gered isomer A (Dj3), which displays supramolecular chirality both
in solution and in the solid state (see Fig. 1)*"*% In the absence of
any other source of chirality, this isomer exists as a racemic mixture
of the M- and P-enantiomers.

We have now found that assembly of 3 equivalents of the chiral
calix[4]arene dimelamines (R,R)-2 or (S,S)-3, having (R)- or (S)-1-
phenylethylamine moieties, respectively, with 6 equivalents of
DEB gives quantitatively the assemblies 2;sDEB¢ (M-enantiomer)
or 3;s-DEBg (P-enantiomer) (compounds 1-7 are shown in Fig. 1).
The induction of helicity in both assemblies is complete
(d.e. > 98%, where d.e. is diastereomeric excess) as judged from
the single set of signals in the '"H NMR spectra (CD,Cl,) (Fig. 2).
None of the other possible diastereoisomeric assemblies (that is,
(P)-25DEBg and (M)-33-DEBy) is present. Two-dimensional rotat-
ing frame Overhauser effect spectroscopy (ROESY) experiments
correlate the absolute configuration of the substituents with the
helicity: an (R)-substituent induces M-helicity, and an (S)-substi-
tuent induces P-helicity, in the assembly (Fig. 2d). We note that both
assemblies are strongly active in circular dichroism (CD;
A€, = 100 cm” mmol ', where Ae,,. = (&, — €x)s6nm> Fig 3a),
while none of the individual components (R,R)-2 or (S,S)-3 show
any significant CD activity (Ae,,,, < 8 cm* mmol ). The observed
CD is thus clearly a direct result of assembly formation and not an
intrinsic property of the individual components.

Complete induction of chirality was also observed for the (S)-
alanine- and (R)-naphthyldimelamine assemblies (P)-4;2DEBg and
(M)-55DEBg (d.e. > 98% according to 'H NMR spectroscopy; data
not shown) and seems to be a general phenomenon for this type of
assembly. Moreover, complete chiral induction is also observed
with peripheral chiral centres in the cyanurate components. Com-
bination of achiral dimelamine 6 with chiral cyanurates (R)- or
(S)-MePhCYA or amino acid-derived cyanurates (S)-PheCYA, (S)-
ValCYA, or (S)-LeuCYA (see Fig. 1 for nomenclature) leads in
all cases to diastereoselective assembly of 6;2CYA4 with d.e. values
>98% according to 'H NMR spectroscopy (data not shown). The
CD spectra of the assemblies 232 DEBs—5;-DEBg and 6;CYA¢ all
display bisignate curves with remarkably large amplitudes. The
peripheral chromophores (benzyl, carbonyl, naphthyl) only affect
the intensity of the Cotton effect (CE) at lower wavelengths, while
the CD curves are virtually identical above 250 nm (Fig. 3). The
observed Cotton effects seem to be largely the result of exciton
coupling between chromophores present in the core of the assem-
blies. Comparison of the different CD spectra suggests that the sign
of the CD curve is a good probe for the helicity of the assembly.
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