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Self-assembled monolayers (SAMs) were shown to induce very specific oriented growth of simple organic and
inorganic crystals. Here we present a detailed study of the mechanism by which SAMs control the oriented nucleation by
examining a more complex case of crystallization of bifunctional organic molecules. Malonic and succinic acids were
grown on the SAMs of HS(CH,),(CO,H and HS(CH,);;CO,H supported on gold films. Each SAM induced a very
controlled, specific orientation of the crystals. The preferred nucleating planes always exhibited an alignment of one of
the carboxylic acid groups in the molecules of the growing crystal with the carboxylic acid groups on the surface of the
SAMs. These results suggest that the translation of the structural information through the interface occurs by
stereochemical registry such that the functional groups in the SAM play the role of an oriented surrogate layer for the
nucleating crystal. These findings are very important to the understanding of the underlying principles by which various

organic surfaces—and most probably also biological templates—control the crystallization process.

Introduction

An understanding of crystal nucleation and growth and the
ability to control the crystallization process are extremely im-
portant in many aspects of science and technology." This control
is usually achieved by the use of inorganic crystalline substrates
that induce nucleation via epitaxy.® Successful crystallization on
these substrates is dependent on the ability to engineer the
interface that provides a good lattice match between the substrate
and a certain crystallographic plane of the overgrowing crystalline
material. For this purpose, much effort is invested in the devel-
opment of new, low-mismatch epitaxial inorganic materials that
direct the growth of the nascent crystalline phase in specific
crystallographic orientations and thus control the optical, elec-
tronic, mechanical, biochemical, and catalytic properties. How-
ever, the high symmetries of the surfaces in the substrate inorganic
crystals put severe limitations on the resulting crystal orientations,
especially when symmetry breaking is required to ensure the
nucleation and stabilization of a low-symmetry phase and its
growth in an arbitrary crystallographic direction.’®

The formation of a variety of crystalline materials in organ-
isms, however, is templated by bioorganic substrates that exert
very high control over crystal nucleation and growth, including
polymorph selection, crystallographic orientation, defect distri-
bution, and patterning.* In the materials community, there is a
growing appreciation of the potential of biomimetic approaches
to crystallization when organic surfaces are used as crystallization
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templates to control the formation of both organic and inorganic
materials. Several types of biomimetic structured organic
substrates have been employed for such purposes. Prominent
examples include organic monolayers such as Langmuir mono-
layers™® and self-assembled monolayers (SAMs).” "> Alka-
nethiol-based SAMs are known to form very ordered 2D
crystals on coinage metals.'®!” These SAM organizations have
been well characterized in terms of their 2D lattice and the tilt and
cant angles of the alkyl chains.'®™>* The lattice parameters of the
surface can be controlled to a certain extent by choosing the
appropriate thiol/metal combination. In addition, the use of w-
functionalized SAMs allows for fine-tuning the surface chemistry,
charge, polarity, and orientation of the terminal groups. These
SAMs have been shown to be extremely potent in inducing the
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very specific oriented nucleation of a variety of crystalline
materials.” '3

We have previously proposed that the orientation in these
systems is not governed by the epitaxial match between the lattices
of the SAM and the crystal nucleation plane, as observed in the
traditional inorganic substrates, but rather by their stereochemi-
cal registry'®'*!3—a spatial match between the orientation of the
SAM’s functional groups and that of a certain moiety (or ion) in
the nucleated crystal. This mechanism was demonstrated to
operate in templating the oriented growth of both inorganic
and organic crystals. In particular, the growth of calcium carbo-
nate on carboxylate-terminated SAMs was shown to favor calcite
orientations with a perfect stereomatch and alignment of the
carboxylates in the SAM with the carbonates in calcite, with
highly mismatched lattices.'™'> Similarly, anthracene crystals
grown on terphenylthiol SAMs exhibited preferred orientation
with anthracene molecules coaligned with the terphenyl groups in
the SAM,"? even though such an orientation leads to a lattice
mismatch at the interface.”®

Here we study the generality of the proposed mechanism of
oriented nucleation at organic surfaces by examining a more
complex case of crystallization of bifunctional organic molecules.
The importance of understanding the crystallization of such
systems arises from the fact that the molecules in the nascent
crystalline phase can present more than one orientational match
with the interface or more than one matching group, thus
allowing one to observe how the system selects or discriminates
certain orientations and to derive the underlying basic principles.
To this end, we have chosen to study the SAMs-induced
crystallization of two carboxylic diacids—malonic acid (HOO-
CCH,COOH) and succinic acid (HOOCCH,CH,COOH). Malo-
nic acid exhibits a triclinic unit cell with the P1 space group (a =
5330 A, b = 5140 A, ¢ = 11.250 A, o = 70°, B = 135.17°, and
y = 85.17°).** Succinic acid exhibits a monoclinic unit cell with
the P2,/c space group (a = 5. 526 A, b = 8.881 A, ¢ = 5.105 A,
and f = 91.49°).%° Both acids have two molecules per unit cell,
thus presenting four different orientations of the carboxylic acid
groups in the crystalline state. We show that in these complex
systems the SAMs induce very controlled oriented growth of the
crystals. The preferred nucleating planes always exhibit an align-
ment of one of the carboxylic acid groups in the molecules of the
growing crystal with the carboxylic acid groups on the surface of
the SAMs. These results further confirm that the translation of
structural information through the organic interface occurs by
stereochemical registry such that the functional endgroups in the
SAM play the role of an oriented surrogate layer for the nucleat-
ing crystal.

Results and Discussion

When choosing the organic substrates, we took advantage of
the well-known odd—even effect in SAMs*® supported on gold,
that is, the terminal groups of the w-functionalized SAMs are
oriented differently at the interface depending on the parity of the
alkyl chain, and the 2D lattice symmetry and spacing in the
monolayer are identical. In particular, by using the known
structural information regarding the cant (o) and twist () angles
of these monolayers on Au(111) (jo| = 26—28°, || = 50—55°),27
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Figure 1. SEM images of the crystals of malonic (top) and succinic
(bottom) acids grown on the SAMs of HS(CH,);oCO,H (left) and
HS(CH,);,CO,H (right) supported on gold.

we can calculate that the angle between the surface normal and the
C—X bond (the bond between the terminal group X and the last
carbon atom in the alkyl chain) is equal to 20° & 3° and 52° 4 3°
for the SAMs with an even and odd number of methylene groups,
respectively. Such a significant difference makes these SAMs ideal
substrates for studies of the effects of orientation and stereo-
chemical recognition at the interface. It has been shown that
odd and even SAMs induce different, specific orientations of
crystals'>? as well as polymorph selectivity.'*"

Succinic and malonic acids were allowed to crystallize on
SAMs of HS(CH,»),(CO,H and HS(CH,),;CO,H supported on
gold films. Each surface induced the formation of a characteristic,
morphologically distinct crystalline phase for the odd and even
SAMs (Figure 1). The XRD analysis revealed a significant
increase in the intensity of certain system-specific peaks, as
compared to the diffraction patterns of the randomly oriented
powder samples of the crystals of succinic and malonic acids
(Figure 2).

The preferred nucleating planes were determined using the
March—Dollase method.”® In this approach, a single parameter is
calculated, r = (W;‘Zﬁ
angle between the plane of preferred orientation and the comparison
plane and k and k,, are the observed and random powder intensity
ratios between the two planes under consideration, respectively. In
general, as a comparison one can use any desired plane as long as it
has a detectable diffraction peak. However, to get better accuracy
one should attempt to choose a plane that forms the smallest angle
with the plane of investigation. A perfect uniaxial preferred orienta-
tion will give = 0, and a randomly oriented powder will give r = 1.
Using a recent extension of this approach, one can estimate the
degree of preferred orientation:™

> ,  0=<r<1 where o is the

= 100%[(1— r)*/(1 = )]"/%

Crystals of malonic acid grown on HS(CH,);;CO,H exhibited
essentially one preferred nucleating plane—the (10-2) with n =
94%. When malonic acid was grown on HS(CH,);(CO,H, it
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Figure 2. Powder X-ray diffraction spectra of malonic (a) and succinic (b) acids grown on the SAMs of HS(CH,),(CO,H and HS-
(CH»);1CO,H supported on gold films. Each case is compared to the powder diffraction pattern of randomly oriented powder samples.

Pronounced preferred orientations are observed in all cases.

Table 1. Structural Parameters Describing the Preferred Crystallographic Orientations of Malonic and Succinic Acids Grown on Self-Assembled

Monolayers”
crystal monolayer nucleating plane 7 (%) r G (deg) G (deg)
malonic acid HS(CH,);0CO,H on Au(111) (01-1) 45 0.237 0-3 6—11
(10-1) 13 0.518 4-9 40—45
(010) 10 0.566 11-16 30—35
(1-1-1) 6 0.648 11-16 40—48
HS(CH,);;CO,H on Au(111) (10-2) 94 0.020 0-5 20—24
succinic acid HS(CH,)(CO,H on Au(111) (011) 51 0.200 0-3 33-38
(020) 23 0.400 6—11 12—17
(100) 14 0.504 14—-19 14—-19
(111) 5 0.674 16—21 61—66
HS(CH,);;CO,H on Au(111) (120) 56 0.179 2—7 38—43
(020) 9 0.584 6—11 12—17

“y is the degree of preferred orientation,*® r is the March—Dollase parameter,” and ¢ is the stereochemical mismatch parameter (see the text for

details).

revealed primarily the (01-1) nucleating plane (7 = 45%) and three
additional orientations—(10-1), (100), and (1-1-1) with = 13, 10,
and 6%, respectively. Succinic acid grown on HS(CH,),;;CO,H
exhibited mostly the (120) nucleating plane (7 = 56%) and the (020)
secondary plane (7=9%). When it was grown on HS(CH,)(CO,H,
it revealed primarily the (011) nucleating plane (7 = 51%) and three
secondary orientations—(020), (100), and (111) with = 23, 14,
and 5%, respectively (Table 1). In control experiments, the crystals
were grown on bare (110) Si wafers. These crystals showed no
preferred orientation (Supporting Information).

When considering the XRD orientation analysis, it is impor-
tant to bear in mind that in the conventional Bragg—Brentano
configuration only surfaces parallel to the diffraction plane
produce diffraction and this is so as long as that specific reflection
is allowed by symmetry considerations. This means that one has
to exercise great caution when dealing with the diffraction pattern
because the apparent preferred orientation plane observed by
XRD is not necessarily the actual plane with the highest preferred
orientation. Therefore, the assignment of the nucleating planes
based on the XRD is approximate and not straightforward. In
particular, when the actual nucleation plane forms an angle of
several degrees with the major plane observed in the XRD
pattern, the latter will give a much lower diffraction intensity
than the intensity that should be expected for the corresponding
fraction of the oriented crystals. As a result, the degree of

14004 DOTI: 10.1021/1a902739q

preferred orientation calculated from the XRD is probably lower
than the real value in most instances. To illustrate this point, let us
consider, for example, the oriented growth of calcite on carbox-
ylate-terminated SAMs supported on silver, as reported in ref 10.
In this case, it was clear from the precise morphological analysis
that the actual preferred nucleating plane forms an angle of ~2°
with the (012) plane observed in the XRD and that nearly 98% of
calcite crystals showed this preferred orientation. However, when
we analyze the X-ray data presented in the publication'® using the
same March parameter approach, we derive a degree of preferred
orientation of 7 = 51% corresponding to a March—Dollase
parameter of r = 0.2. (A detailed examination of the possible
errors in the determination of the preferred orientations based on
the XRD analysis is presented in the Supporting Information.)
These examples emphasize that for the unequivocal assignment
of the preferred orientations it is important to perform a vis-a-vis
morphological analysis, when possible. However, neither succinic
acid nor malonic acid crystals grown on the SAM surfaces
demonstrated clear facets (Figure 1) that could be used to
determine their orientation morphologically, as in the case of
calcite or anthracene.'®'>!3 Therefore, we could base our con-
clusions only on the XRD data. The analysis presented above,
however, suggests that the observed primary preferred orienta-
tions with # = 45, 94, 51, and 56% (Table 1) may, in reality,
represent a very high (nearly 100%) degree of orientational

Langmuir 2009, 25(24), 14002—-14006
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Figure 3. Superposition of the structures of oriented crystals and the underlying SAM of HS(CH,),;CO,H supported on Au(111). (a)
Malonic acid preferentially nucleates from the (10-2) plane. (b) Succinic acid preferentially nucleates from the (120) plane. One of the
carboxylic acid groups in each crystal in these orientations shows nearly absolute alignment with the carboxylic acid groups of the SAM. The
interfacial motifs that involve the carboxylic groups from the SAM are therefore identical to the repeating motifs in the oriented crystal. (See

the shaded areas.)

specificity, and the lower values may reflect the fact that the actual
nucleating planes form a small angle with the apparent orienta-
tions observed in the XRD. Moreover, the supporting gold films
deposited in our experiments by the PVD methods have a
characteristic polycrystalline structure exhibiting a very strong
(111) texture with a mean grain size of about 30 nm. The size of the
single domains is much larger than the area required for a
nucleation event to occur. Although accidental nucleation at
the domain boundaries can also occur (which will reduce the
degree of preferred orientation), the nucleating interface can be
largely approximated by the structure of the SAM supported on
the (111) Au surface. This will give rise to a fixed, primary
nucleating plane of the growing crystals. The crystals will,
however, have different in-plane orientations arising from the
polycrystalline (111) domains and six symmetry-related orienta-
tions of the adsorbed SAMs.

To analyze the extent of stereochemical registry that occurs at
the SAM—crystal interface, we compared the orientation of the
carboxylic acid groups in the observed preferred nucleating planes
of the malonic and succinic acids with those in the odd and even
SAMs supported on Au(111). We define a general stereochemical
mismatch parameter, £, between the orientations of the functional
groups in the monolayer and those in the polyfunctional mole-
cules of the growing crystal

& = (L —O ke,

where o (sxm 18 the angle that the plane of the functional groups
in the monolayer forms with the surface normaland o, ¢, is the
angle that the plane of the ith functional group in the crystal
forms with the normal to the (/k/) plane of preferred orienta-
tion. In our case, o (xym is equal to ~17°—22° and ~40°—45°
for the orientations of the carboxylic groups in the even and
odd SAMs, respectively.'> The parameters ¢ for all preferen-
tial orientations observed for malonic and succinic acids
grown on the SAMs are presented in Table 1. It shows a
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nearly absolute alignment (= 0—2°) of one of the carboxylic
acid groups in the crystals with the SAM for the primary
nucleating planes. For the secondary nucleating planes, the
extent of preferred orientation 5 decreases with the increase
in C.

This information offers insight into why certain orientations
are much more prominent than others and indicates that the
stereochemical mismatch is a very important factor in determin-
ing the preferred orientation of crystal growth. This mismatch can
be put side by side with the lattice mismatch parameter that is
generally used to describe epitaxial crystal growth.”* Our results
suggest that the mechanism of oriented crystal growth of complex
multifunctional organic molecules induced by the SAM is likely to
be similar to that proposed for the crystallization of inorganic and
simple organic molecules. In particular, the preferred nucleating
planes exhibit the alignment of one of the carboxylic acid groups
in the molecules of the growing crystal with the carboxylic acid
groups on the surface of the SAMs. Once this orientation is fixed,
the second molecule just follows the crystal structure and packing.
This means that the interfacial motifs that involve the carboxylic
groups from the SAM are identical to the repeating motifs in the
oriented crystal.

To visualize the latter argument better, an example of selective
nucleation of malonic and succinic acids on the SAMs of HS-
(CH,);1;CO5H is discussed in detail in Figure 3. One of the
C—COOH bonds in the crystals of malonic acid forms an angle
of 54° with the predominant (10-2) nucleating direction, and one
of the C—COOH bonds in the crystals of succinic acid forms an
angle of 55° with the predominant (120) nucleating direction.
These bonds are, therefore, parallel to the C—COOH bonds in the
SAM that form an angle of ~49—55° with the interface. More-
over, the planes of the aligned groups in malonic acid form an
angle of o, (10.2) = 45°, and those in succinic acid form an angle of
Q. (120) = 47°, which correspond to § = 0 and 2°, respectively. The
interfacial orientation of these carboxylic acid groups in crystals

DOI: 10.1021/1a902739q 14005
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Figure 4. Schematic presentation depicting the proposed general
mechanism of oriented crystallization induced by organic mono-
layers that involves the translation of stereochemical information
through the interface (carboxylic acid-terminated SAMs shown as
an example). The interfacial layer that includes functional groups
of the monolayer and the co-oriented molecules of the nucleated
crystal (yellow brace) is identical to the repeating layers of the
crystal (white brace). For the specific examples discussed in the
article, the moiety Y would correspond to oxygen in calcite,
CH,COOH in malonic acid, and CH,CH>,COOH in succinic acid,
and Z would correspond to calcium ions in calcite or the second
molecule in the unit cell for malonic and succinic acids.

of malonic and succinic acids is practically the same as the
orientation of the carboxylic groups in SAMs.

Interestingly, on the basis of purely epitaxial considerations,
one should expect that the preferred nucleating plane for malonic
acid is likely to correspond to the {40/} family, where the distance
between the molecules in the b direction (b = 5.14 A) corresponds
well to the unit cell dimension in the SAM (a¢ = 5 A) (Figure 3a).
The nucleation of the malonic acid crystals from the (10-2) plane
that belongs to the {/0/} family will provide a better lattice match
at the interface and will be more favorable than the orientational
match with the second carboxylic group that will therefore be
discriminated from the nucleation. Similarly, the preferred nucle-
ating plane for the succinic acid is likely to correspond to the
{hk0} family, where the distance between the molecules in the ¢
direction (¢ = 5.10 A) corresponds well to the unit cell dimension
in the SAM (Figure 3b). The nucleation of the succinic acid
crystals from the (120) plane that belongs to the {#k0} family will
provide a better lattice match at the interface and will be more
favorable than the orientational match with the carboxylic groups
in the second molecule in the unit cell that will therefore be
discriminated from the nucleation. This indicates that the dis-
crimination between the different carboxylic groups in the crystal
arises from the optimization of the lattice mismatch at the inter-
face.

The lattice mismatch at the interface might also explain the
observed differences in the crystal coverage, crystal sizes, and
densities of nucleation. For example, in the case of malonic acid
on HS(CH,);;CO,H, the coverage is much lower and the crystals
are smaller than the crystals grown on HS(CH,);(CO,H. This
might be due to a higher lattice mismatch between the SAM
template and the (10-2) plane as compared to the (01-1). We have
previously demonstrated that a larger lattice mismatch between
the SAM substrate and the nucleating plane of a templated crystal
leads to the growth of smaller crystals. >

We can generalize and propose that the oriented functional
groups in the monolayer may serve as surrogate moieties of the
molecules or ions in the nucleating crystals, thus inducing the
directional binding of the subsequent molecules at an angle
dictated by the functional groups in the SAMs (Figure 4).
If multiple functional groups or molecules in the crystal can

14006 DOI: 10.1021/1a902739q
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orient at the organic surface, then the system will select nucleating
planes that provide minimal lattice mismatch. Such inter-
facial orientational alignment and discrimination of highly mis-
matched lattices ultimately result in fixed, well-controlled,
oriented nucleation.

In conclusion, our results strongly suggest that the translation
of stereochemical information through the interface is the com-
mon mechanism that governs the oriented growth of organic and
inorganic crystals on SAMs. These findings are very important in
the understanding of the underlying principles by which various
organic surfaces—and most probably also biological templates—
control the crystallization process. Because organic surfaces can
be tailored to present various functional groups with finely tuned
orientations, they may be used as potent crystallization templates
that can induce nucleation and stabilization of a low-symmetry
phase and its growth in an arbitrary crystallographic direction. A
knowledge of the mechanisms of oriented crystallization and
polymorph selectivity in such systems has essential implications,
among other areas, in the pharmaceutical industry, where con-
trolled crystallization of complex organic molecules often pre-
sents a critical difficulty.

Materials and Methods

Substrates. (110) Si wafers were coated with 1 nm of Ti as an
adhesion promoter, followed by a 100 nm Au coating. An AJA
sputtering system was used to prepare the coatings. The typical
grain size of the gold was approximately 30 nm, and the mean
roughness was 1 nm. Au films had an extremely strong (111)
texture. We also used a bare piece of (110) Si wafer as a control
template for crystal growth.

SAM Surface Preparation. HS(CH,);;CO,H and HS-
(CH»)0CO,H (chemical purity of 96%) were purchased from
Sigma-Aldrich. SAMs of HS(CH»);;CO,H and HS(CH,),(CO,H
were formed on gold substrates by exposing the surfaces to a 5
mM solution of thiol in absolute ethanol for 24 h, followed by
extensive rinsing with ethanol.

Crystal Growth. Malonic acid (HOOCCH,COOH) and suc-
cinic acid (HOOCCH,CH,COOH) were purchased from Sigma-
Aldrich. Stock solutions of 0.125 M in water were prepared for
both acids, and a few drops were placed on the substrates and
allowed to evaporate in air. Once the solution attained its
solubility limit, crystals were formed on the surfaces. All crystal-
lization experiments were carried out at room temperature (25° &
2 °C) over a range of humidity of 20—30%.

Characterization. The characterization of the crystals formed
on the SAM surfaces was undertaken first on a Leica DMRX
optical microscope, followed by X-ray diffraction (XRD) ona D8
Bruker diffractometer. Samples were further imaged with a JEOL
JSM-6390LV SEM. For this purpose, samples were coated with 5
nm of Pt/Pd by sputtering. Imaging was carried out at an
acceleration voltage of 10—15 keV.
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