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ReceiVed: August 5, 2007

We describe a surprising cooperative adsorption process observed by scanning tunneling microscopy (STM)
at the liquid-solid interface. The process involves the association of a threefold hydrogen-bonding unit,
trimesic acid (TMA), with straight-chain aliphatic alcohols of varying length (from C7 to C30), which coadsorb
on highly oriented pyrolytic graphite (HOPG) to form linear patterns. In certain cases, the known TMA
“flower pattern” can coexist temporarily with the linear TMA-alcohol patterns, but it eventually disappears.
Time-lapsed STM imaging shows that the evolution of the flower pattern is a classical ripening phenomenon.
The periodicity of the linear TMA-alcohol patterns can be modulated by choosing alcohols with appropriate
chain lengths, and the precise structure of the patterns depends on the parity of the carbon count in the alkyl
chain. Interactions that lead to this odd-even effect are analyzed in detail. The molecular components of the
patterns are achiral, yet their association by hydrogen bonding leads to the formation of enantiomeric domains
on the surface. The interrelation of these domains and the observation of superperiodic structures (moire´
patterns) are rationalized by considering interactions with the underlying graphite surface and within the
two-dimensional crystal of the adsorbed molecules. Comparison of the observed two-dimensional structures
with the three-dimensional crystal structures of TMA-alcohol complexes determined by X-ray crystallography
helps reveal the mechanism of molecular association in these two-component systems.

Introduction

Suitably designed molecules can associate spontaneously,
thereby forming a variety of supramolecular structures and
phases by processes of self-assembly. These processes are
profoundly important in nature, and the distinctive properties
of molecular aggregates have played a key role in the creation
and evolution of living systems. Mimicking such properties in
artificial materials promises exciting new opportunities in many
areas of science and technology.1,2 The concept of self-assembly
has been successfully applied to the synthesis of numerous zero-
dimensional systems (e.g., catenanes and rotaxanes3), one-
dimensional structures (e.g., organic nanotubes4 and supramo-
lecular polymers5,6), and two-dimensional (2D) periodic structures.
Monolayers of molecules on solid surfaces are the most studied
2D structures of this type. They are formed by a combination
of strong adsorbate-surface interactions and relatively weak
adsorbate-adsorbate interactions (e.g., thiols on gold7,8) or by
combinations in which adsorbate-adsorbate interactions are
predominant (2D self-assembled molecular networks, or SAMNs).
The latter have been studied intensively in the past decade, due
to progress in scanning tunneling microscopy (STM), which
allows imaging of SAMNs on conductive surfaces with sub-
molecular resolution.9-19

The basic principles and interactions that govern the formation
of 2D-SAMNs also control the assembly of molecules in three-
dimensional (3D) crystals. Molecular crystals have been studied
for decades by X-ray crystallographic analysis, which provides
exact atomic positions.20a Although hundreds of thousands20b

of structures have been solved to date, our ability to predict
and control molecular packing in crystalline materials is still
limited. Achieving such control is the principal goal of the
rapidly evolving field of crystal engineering,21 which has broad
implications for many disciplines, including materials science22

and pharmaceutical science.23

Combining the complementary methods and principles of 3D
crystal engineering with those of 2D self-assembly will create
unique opportunities for advances in science and technology.
In particular, 3D crystallographic analysis offers the advantage
of providing precise information about atomic positions, but
the higher dimensionality of 3D crystals makes detailed evalu-
ation of intermolecular interactions inherently more difficult.
Moreover, X-ray crystallographic analyses are best suited to
periodic structures that enjoy relatively high kinetic and
thermodynamic stability. In contrast, 2D-SAMNs have fewer
interactions per molecule, which simplifies their analysis. In
addition, they can be investigated by STM, which allows direct-
space imaging of structures that have multiple domains,
structures that are aperiodic, and even structures that are in the
process of being formed. In this paper, we present an example
of a study that integrates 3D and 2D structural analysis, and
we show how such studies can shed important new light on
how molecular aggregation can be controlled rationally by
combining hydrogen bonding and van der Waals interactions.
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In the majority of SAMNs studied previously, hydrogen
bonding is the primary link among adjacent molecules, and it
can be considered to govern the resulting structure. Among the
most extensively studied SAMNs are those derived from 1,3,5-
benzenenetricarboxylic acid (trimesic acid) TMA), a molecule
with potentialC3 symmetry. Because carboxyl groups (-COOH)
tend to associate as cyclic hydrogen-bonded pairs, TMA is
inherently disposed to form hydrogen-bonded sheets, both within
crystals and on surfaces.14-16,24-26 The molecularC3 symmetry
of TMA is mirrored by the self-assembled hexagonal structures
that result when TMA is adsorbed on suitable surfaces
(graphite,14-16 Au,24,26 and Ag/Si(111)-(x3 × x3)R30°25),
both under vacuum and at the solution-solid interface. Fur-
thermore, the trigonal symmetry of TMA should be reinforced
by the underlying threefold symmetry of the substrate, thereby
favoring hexagonal patterns and excluding different periodic
motifs,27 although other geometries have been observed in over-
and underpotential conditions using electrochemical STM.24

In a recent communication, we used STM imaging to reveal
the creation of a new, unexpected pattern of self-association of
TMA at the solution-graphite (highly oriented pyrolytic
graphite, HOPG) interface, modulated by the coadsorption of
alcohols.28 We have also studied the formation of this pattern
in the presence of fullerene, where the higher resolution that
arises from adsorption of fullerene on the STM tip allowed us
to detect a variety of quasi-stable self-assembled TMA structures
while the system was approaching an equilibrium.29 We now
present a combined 3D and 2D study of the TMA-alcohol
SAMNs, using both crystallography and STM imaging, and
report detailed analyses of the adsorbate-surface and adsorbate-
adsorbate interactions. Our studies cover such subtle phenomena

as ripening and dynamics, the templating effect of the underlying
graphite lattice, moire´ patterns, expressions of chirality, and the
effect of alcohol length and parity. The developed understanding
of these effects allows us to alter the periodicity of 2D molecular
nanopatterns in a rational way. The observed phenomenology
is surprisingly rich, and it makes TMA-alcohol SAMNs a
model for investigating the role of intermolecular interactions
in other 2D-SAMNs and in 3D crystals.

Results and Discussion

Formation of Multicomponent Self-Assembled Molecular
Networks. Two polymorphs have been observed when TMA
is adsorbed on surfaces (Figure 1).16,30-32 Both structures have
threefold symmetry, and all carboxyl groups participate fully
in hydrogen bonding, either by normal dimeric pairing or by a
hybrid combination of dimeric and trimeric association (Scheme
1). Griessl et al. observed these two structures33 under UHV
and named them the “chicken wire” and “flower” structures,
respectively.16 Subsequent investigations at the solution-solid
interface demonstrated that the chicken wire structure is formed
preferentially when long-chain carboxylic acids are used as the
solvent, whereas short-chain acids (<C7) favor the flower
structure.15 STM images of adsorption on HOPG from TMA/
heptanoic acid solutions indicate that both chicken wire and
flower structures are formed simultaneously. According to our
density functional theory (DFT) calculations, hydrogen bonds
in the cyclic dimer of benzoic acid, as present in the chicken
wire network, are 1.5 kcal/mol stronger in the gas phase than
those in the cyclic trimer, as present in the flower structure
(Scheme 1). It is not clear to what extent the principle of closest
packing34 applies to 2D-SAMNs that form open structures in
which significant parts of the underlying surface are left exposed
to solvent; however, this principle suggests a possible preference
for the more compact flower structure. The competition between
intrinsically stronger intermolecular association (chicken wire
structure) and tighter packing (flower structure) presumably
determines which polymorph will be formed, and it explains
the coexistence of both structures under certain conditions.

Although TMA freely adsorbs on HOPG from solutions in
carboxylic acids, it has not been observed to adsorb from alcohol
solutions. Instead, saturated solutions of TMA in 1-octanol,
1-decanol, and 1-undecanol gave only surface patterns due to
the adsorbed alcohol (see the Supporting Information). This may
be due in part to the low solubility of TMA in higher alcohols
(e.g.,<0.01% w/w at 20°C in 1-undecanol). Adding heptanoic
acid to TMA/alcohol solutions resulted in the appearance of
strikingly different linear patterns, which cannot be attributed
to any of the components alone (Figure 2a). A detailed view of
the observed linear patterns reveals tapes of dimerized molecules
of TMA separated by intervening lamellas of alcohol, which

Figure 1. Molecular models of “flower” (a) and “chicken wire” (b)
polymorphs of TMA-formed 2D-SAMNs on an HOPG interface (for
the actual STM images see ref 15 and the Supporting Information).

Figure 2. STM images of 2D-SAMNs produced by exposing HOPG
to various solutions. (a) TMA/1-decanol in heptanoic acid. (b) TMA/
1-undecanol in heptanoic acid. (c) TMA/1-heptacosanol (C27) in
octanoic acid. Image sizes: (a) 17.4× 8.7 nm2, (b and c) 20.5× 20.5
nm2. Tunneling parameters: (a)Vs ) -0.94 V, I t ) 107 pA, (b)Vs )
-0.80 V, I t ) 150 pA, and (c)Vs ) -0.80 V, I t ) 300 pA.

SCHEME 1: Calculated Gas-Phase Geometries and
Hydrogen-Bonding Enthalpies for Benzoic Acid Dimer
and Trimer at the B3LYP/6-31G(d,p) Level
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coadsorb on the substrate. Individual molecules are easily
identified, establishing a 1:1 TMA-alcohol ratio in the SAMNs.
Similar patterns were formed using alcohols of various lengths
(see below), thereby allowing rational modulation of the
periodicity of the pattern by varying the length of the alcohol
component of the mixture. The new two-component TMA/
alcohol patterns are thermodynamically more stable than those
formed by either of the components individually. Domains
formed by TMA alone or alcohol alone can be observed as
transients, but eventually they are replaced irreversibly by the
linear pattern characteristic of coassembly (Figure 2, parts b
and c).

In this system, heptanoic acid was commonly used to help
solubilize TMA. However, the same tape nanopatterns can easily
be obtained with other solvents, including different fatty acids
(propionic, hexanoic, octanoic and nonanoic) and 1,2,4-trichlo-
robenzene (see the Supporting Information). In addition, we also
examined the formation of 2D-SAMNs in water, which may
be of interest in applications related to biology. The use of water
as a medium for self-assembly of TMA-alcohol SAMNs is
not trivial because of the negligibly low solubility of higher
alcohols in this solvent. Also, we found that the samples should
be dried before imaging to avoid the high leakage current
associated with STM imaging in water. Nevertheless, applying
a dilute suspension of TMA and 1-heptadecanol in distilled
deionized water has resulted in the formation of SAMNs
identical to those observed in organic solvents (Figure 3). This
shows that the TMA-alcohol SAMNs are formed as a stable
motif under a wide variety of preparation conditions, which is
important for their possible use as surface templates.

Nature of TMA -Alcohol Bonding in 2D-SAMNs. Hex-
agonal networks are the expected result of the self-association
of threefold symmetric TMA,35 so the consistent ability of
alcohols to alter this preference is striking and requires explana-
tion. Two possible hypotheses were examined to explain the
formation of the observed SAMNs. In one hypothesis, covalent
bonding between an alcohol and TMA occurs to form a
monoester, which no longer has threefold symmetry. In the other
hypothesis, the alcohol and TMA interact noncovalently via
hydrogen bonding to form the observed linear patterns. Although
the lengths of the covalent and hydrogen bonds implied by these
two hypotheses are different, the resolution of STM is not high
enough to let us measure these distances with sufficient accuracy
to test these hypotheses.

The esterification of aromatic carboxylic acids is not expected
to proceed readily at room temperature in the absence of
catalysis by strong acids. However, only extremely small
quantities are needed to form a monolayer if adsorption is
preferential; moreover, 5-octadecylisophthalic acid, a molecule
structurally related to the hypothetical monoester, was previously

observed to produce a similar SAMN.11 Together, these factors
made it essential to exclude the monoester hypothesis rigorously.
After a mixture of TMA/1-undecanol/heptanoic acid in propor-
tions similar to those used in the STM experiments was kept at
100 °C for 1 h, analysis by NMR spectroscopy and mass
spectrometry provided no evidence for the presence of the
1-undecyl monoester of TMA, although a trace amount of
1-undecyl heptanoate was detected in the mass spectrum. We
then prepared an authentic sample of the 1-undecyl monoester
of TMA by the pyridine-catalyzed reaction of 1,3,5-benzene-
tricarbonyl trichloride with 1-undecanol. However, an STM
image of the SAMN derived from the monoester (Figure 4)
showed a pattern of self-assembly completely different from
that of the tapes formed by TMA in the presence of alcohols.
Instead, molecules of the monoester are linked via hydrogen-
bonded pairs of carboxylic groups into zigzag arrays, which
are held together in a 2D grid through van der Waals interactions
of the alkyl chains. The lattice parameters for this monolayer
are 1.65( 0.05 nm (along the TMA chain) and 3.33( 0.05
nm (along the axis of alkyl chains), which are very different
from the corresponding unit cell parameters of 1-undecanol/
TMA SAMNs (0.97( 0.05 and 3.36( 0.03 nm, respectively).
This observation allows us to unambiguously rule out the
esterification hypothesis, thus leaving molecular association of
TMA with alcohols via hydrogen bonding as the origin of the
observed tapes.

Assembly of Hydrogen-Bonded TMA Tapes.The STM
images of SAMNs formed by the coadsorption of TMA and
alcohols on HOPG provide compelling evidence for the presence
of tapes consisting of a double row of TMA molecules,
presumably linked by hydrogen bonds. It is possible to imagine
various orientations of the TMA molecules in these tapes that
are consistent with both the trigonal geometry of TMA and the
standard hydrogen-bonding motifs of carboxyl groups. In
particular, the tapes can be considered to be constructed from
tetrameric units with geometriesA, B, andC, which correspond
to rotations of 0°, 60°/120°, and 180° of TMA with respect to
the tape axis (Scheme 2). The geometries of these tetramers,
bounded by two molecules of water (used instead of alcohols
to confer planarD2h symmetry to the models), were optimized
using DFT with hybrid density functional (B3LYP/6-31G(d,p)).
In these calculations, symmetry was constrained to beD2h to
model the unit cell of the tape. Three minima corresponding to
aggregatesA, B, andC were found, and the gas-phase enthalpy
of association of the lowest-energy aggregate (A) is predicted
to be 17.5 kcal/mol lower than that of the closest alternative
(B).36 The large preference for aggregateA suggests that it is
likely to be favored in condensed phases as well. Indeed, a recent
crystallographic study of the hydrogen-bonded 1:1 complex
formed by TMA and methanol reports a closely related
structure,37 further supporting our conclusion that the observed
tapes assemble according to motifA. Furthermore, the distances

Figure 3. STM image of a TMA/1-heptadecanol SAMN on HOPG
prepared by drop-casting from water suspension of the components.
Image area: 18.0× 13.4 nm2. Tunneling parameters:Vs ) -1.8 V, I t

) 150 pA.

Figure 4. STM image of the SAMN formed from the 1-undecyl
monoester of TMA on HOPG. The image shows a pattern distinctly
different from that produced by exposing HOPG to mixtures of TMA/
1-undecanol/heptanoic acid (Figure 2b). Tunneling parameters:Vs )
-1.7 V, I t ) 100 pA.

16998 J. Phys. Chem. C, Vol. 111, No. 45, 2007 Nath et al.



between the centers of neighboring TMA molecules in the
crystallographic study and in the calculated structureA are both
∼0.96 nm, which agrees closely with the separation observed
between the bright spots along the TMA tapes in Figure 2a (0.97
( 0.05 nm).

Strong additional support for the presence of motifA was
provided by high-resolution STM images, which revealed the
internal structure of the tapes (Figure 5). TMA molecules in
one tape are represented as equilateral triangles (sides equal to
0.40 ( 0.05 nm), with their bases oriented toward each other
and separated by 0.70( 0.05 nm. These parameters closely
match the positions of hydrogen atoms attached to the benzene
rings of two molecules of TMA that engage in formation of a
cyclic hydrogen-bonded dimer, as postulated in structureA (0.43
and 0.70 nm, respectively). The same submolecular resolution
of TMA, with bright protrusions centered on these hydrogen
atoms, has been described elsewhere in the literature for pure
TMA SAMN.16

Structural Features of Alcohol Lamellas.The behavior of
the alcoholic component of TMA-alcohol SAMNs is governed
by three main factors: (1) interaction of the alkyl chains with
the underlying HOPG surface, (2) intermolecular van der Waals
interactions between the chains, and (3) hydrogen bonding of
the OH groups with TMA. These three factors are analyzed in
the following paragraphs.

Orientation of the Alkyl Chains.In principle, aliphatic
hydrocarbon chains can adsorb on graphite in extended con-
formations with the zigzag plane being either parallel (Θ )
0°), orthogonal (Θ ) 90°), or inclined (0< Θ < 90°) with
respect to the underlying surface (Figure 6). The parallel and
orthogonal orientations are expected to be similar in energy,
since they provide an equal number of C-H‚‚‚π interactions
with graphite (an average of one interaction per methylene unit).
The inclined orientation, although closely related to the observed
packing of alkanes in 3D crystals,38 is expected to be disfavored

because it offers only half as many C-H‚‚‚π interactions with
graphite (but it cannot be completely ruled out since it would
permit closer contacts between the chains).

The first two orientations should be readily distinguishable
by high-resolution STM, which should reveal each methylene
unit in the parallel orientation and a linear array of every second
methylene unit in the orthogonal orientation (Figure 6). The
inclined orientation is expected to appear as a linear array (of
“high” hydrogens in every second methylene unit), and thus
might be difficult to distinguish from the orthogonal orienta-
tion.39

Many self-assembled monolayers formed on HOPG by
compounds with long alkyl chains have previously been
characterized by STM. Simple straight-chain alkanes10,40,41

adsorb in extended conformations that exhibit both parallel and
orthogonal orientations with respect to the underlying surface,
depending on the conditions. However, substituted derivatives
typically favor only one of the two possibilities. We are not
aware of any reports of compounds with extended alkyl chains
that are adsorbed on graphite in intermediate (inclined) orienta-
tions. In high-resolution STM studies of the coadsorption of
TMA and aliphatic alcohols containing an even number of
carbon atoms, each methylene unit can be discerned, suggesting
their parallel orientation on the surface (Figure 7a). In contrast,
only every second methylene unit of the chains of odd alcohols
was normally visible by STM (Figure 7b). In this case, the alkyl
chains were observed as linear rows of dots separated by 0.25
nm, which agrees well with the expected 0.256 nm spacing
between alternating methylene units in an extended aliphatic
chain. This indicates a preferred orthogonal orientation (or
inclined; see the Supporting Information) of odd alcohols on

SCHEME 2: Structures and Enthalpies of Association for
Potential Hydrogen-Bonded Tape-Forming Aggregates A,
B, and C of TMA, as Estimated by DFT Calculations at
the B3LYP/6-31G(d,p) Levela

a The observed unit cell of the tapes is modeled by tetrameric
aggregates of TMA bound by two molecules of water.

Figure 5. Submolecular detail of TMA tapes formed by coadsorption
with 1-decanol. Image area: 5.3× 5.3 nm2. Tunneling parameters:Vs

) -0.68 V, I t ) 107 pA.

Figure 6. Possible arrangements (plane and cross section views) of
close-packed aliphatic hydrocarbon chains on a surface in extended
conformations, in both staggered and eclipsed mutual orientations.Θ
is the inclination angle between the underlying surface and the zigzag
plane of the chain, andλ is the interchain separation. The graph shows
how the separation of chains, in both staggered (O) and eclipsed (0)
orientations, will change withΘ when they are constrained to remain
in van der Waals contact (H‚‚‚H distance) 0.24 nm). The dashed
curves correspond to rotation of the chains starting (Θ ) 0°) from
staggered (red) and eclipsed (blue) orientations. Such a rotation of the
chains results in a transition between the staggered and eclipsed
orientations at∼70°. In parentheses are the numbers of van der Waals
contacts per methylene unit between the chains in the specific
orientation. The red and blue areas represent orientations with repulsive
interactions (H‚‚‚H distance<0.24 nm) and weakened interactions
(H‚‚‚H distance>0.24 nm), respectively. The white area defines where
normal van der Waals contacts can be achieved by allowing the alkyl
chains to shift slightly between the limiting staggered and eclipsed
orientations. The yellow solid and broken lines show the experimental
interchain separations for even and odd alcohols, respectively (see
discussion of moire´ pattern).
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graphite, although substantial disorder was observed in such
alcohol lamellas (see below).

In ideal tapes formed from TMA and an alcohol, the alkyl
chains will pack closely to maximize their van der Waals
interactions. For both parallel and orthogonal orientations of
the chains on the underlying surface, a staggered orientation of
adjacent chains provides for the largest number of van der Waals
contacts (Figure 6). The best packing arrangements of staggered
alkyl chains are characterized by interchain distances of 0.425
and 0.382 nm, in the parallel and orthogonal orientations,
respectively. Both of these distances are shorter than the
experimentally found interchain distances of 0.456( 0.002 nm
(for odd alcohols) and 0.447( 0.002 nm (for even alcohols)
(measured from the moire´ pattern, see below). Comparison of
these experimental values (represented by yellow lines in Figure
6) with the theoretical interchain distances (which depend on
the inclination and the mutual shift of the alkyl chains) shows
that a highly inclined orientation (Θ ∼ 45°) is not possible (it
would result in prohibitively close contacts, red area), the
orthogonal orientation (Θ ∼ 90°) is possible but would result
in less-than-favorable interchain contacts (>0.24 nm), and the
parallel orientation (Θ ∼ 0°) is the most favorable, with the
optimum van der Waals interaction achieved somewhere
between a completely staggered and completely eclipsed mutual
orientations (between a circle and a square in Figure 6).

On the other hand, the actual interchain distances, particularly
for even alcohols (see below), are shorter than half of the unit
cell parameter along the TMA tapes (0.48 nm, two alcohols
per unit cell). This mismatch is due to a tilt of the chains with
respect to the TMA tapes. Analogous tilts are routinely observed
in monolayers of functionalized alkanes (e.g., alkanethiols)
assembled on metal surfaces; in these structures, tilting the alkyl
chains away from the surface normal allows close packing,
despite the inherent mismatch between the periodicities of the
surface and the close-packed hydrocarbon chains.8 In TMA/
alcohol SAMNs, a tilt of the alkyl chains with respect to the
TMA tapes allows the chains to be in van der Waals contact at
calculated tilt anglesR of 62° (in the parallel orientation).

Our observations show that tilting of the alkyl chains is
correlated with the parity of the number of carbons atoms in
the chain. Typical tilt angles, as well as other physical
parameters, are given in Table 1 for the nine alcohols studied.
A pattern can be clearly discerned: alcohols with odd parity
orient themselves nearly perpendicular to the TMA tapes,

whereas alcohols with even parity are tilted to values nearer to
65°. Due to relatively denser packing, such tilted structures
(formed by even alcohols) do not normally show disorder of
the type observed for untilted lamellas (formed by odd alcohols)
(Figure 8a). Instead, a further ordering via dimerization of even
alcohol chains into tight pairs is often observed (Figure 8b).
This dimerization behavior is further confirmed by fast Fourier
transform (FFT) analysis.

Parity (Odd-EVen) Effect.The parity (odd-even) effect has
long been known to affect the properties of alkane derivatives
and their packing in the solid state. More recently, this effect
has been observed in SAMNs by STM.42 In general, this effect
arises from the different symmetry of odd and even homologues,
but the consequences of this difference can emerge in various
ways. To understand the nature of the parity effect in our
SAMNs, we examined the molecular structure of the postulated
assemblies in greater detail.

Scheme 3 shows models in which the alkyl chains have two
distinct orientations with respect to the TMA tapes, as observed
experimentally. These models are based on hydrogen-bonding
geometries determined by X-ray crystallographic analysis and
also reproduced by DFT calculations using water in place of
alcohols (see above). Because the position of the OH group of
the alcohol is fixed by directional C-O‚‚‚H and CdO‚‚‚H
bonds, an in-plane orientation of the alkyl chains can only be
achieved when the chain has an extended conformation and the
H-O-C-C torsion angle is either 180° (trans) or 120°
(gauche).43 In the trans conformation, the alkyl chains form an
angle of∼60° relative to the TMA tapes, and their zigzag plane
is oriented parallel to the HOPG surface. In contrast, the gauche
conformation results in an angle of∼90° with respect to the
TMA tape, and the chain’s zigzag plane is nearly perpendicular

Figure 7. High-resolution STM images showing SAMNs derived from
the coadsorption of TMA on HOPG with representative aliphatic
alcohols containing odd or even numbers of carbon atoms. (a)
1-Docosanol (C22) appears to lie parallel to the surface. (b) 1-Hepta-
decanol (C17) appears to favor an extended conformation in which the
zigzag plane is orthogonal or highly inclined with respect to the
underlying surface. Image sizes: 10.8× 10.8 nm2 (a) and 8.3× 8.3
nm2 (b). Tunneling parameters:Vs ) -1.6 V, I t ) 300 pA (a) andVs

) -0.88 V, I t ) 90 pA (b).

TABLE 1: Geometric Features of SAMNs Formed by
Coadsorbing TMA and Aliphatic Alcohols on HOPG

alcohol L (nm)a P (nm)b R (deg)c

C7H15OH 1.06 2.74( 0.16 83( 2
C8H17OH 1.19 2.69( 0.12 64( 2
C10H21OH 1.44 2.91( 0.07 64( 2
C11H23OH 1.57 3.36( 0.09 86( 2
C16H33OH 2.21 3.57( 0.10 66( 2
C17H35OH 2.34 4.10( 0.09 83( 2
C22H45OH 2.99 4.29( 0.07 64( 3
C27H55OH 3.63 5.32( 0.15 82( 3
C30H61OH 4.02 5.08( 0.11 66( 2

a Calculated length of the alcohol in its fully extended conformation,
as measured between the terminal hydrogens (DFT B3LYP/6-31G).
b Period of the pattern (see Figure 2a).c Angle between the axis of the
tapes and alkyl chains.

Figure 8. Manifestations of loose packing of the alkyl chains in TMA-
alcohol SAMNs on HOPG. (a) Rotational disorder in a typical TMA/
1-heptadecanol (C17) SAMN; the blue lines delimit individual alcohol
molecules. (b) Dimerization of alcohol chains in a TMA/1-hexadecanol
(C16) SAMN; the blue lines show individual alcohol molecules, arranged
into tight pairs. Image size of (a) is 3.5× 3.9 nm2. Tunneling
parameters: (a)Vs ) -0.88 V, I t ) 90 pA and (b)Vs ) -1.4 V, I t )
90 pA.
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to the surface. A similar behavior is observed in SAMNs formed
on Au(111) by pure aliphatic alcohols, where trans, gauche, and
mixed conformations give rise to three different orientations of
the alkyl chains.44

In either orientation, the alkyl chains strive to pack as closely
as possible, thereby maximizing van der Waals interactions. For
alcohols with an even number of carbon atoms, the preferred
staggered mutual position of close-packed alkyl chains will give
rise to van der Waals contacts between the aromatic hydrogen
atoms of TMA and the terminal CH3 group of the alkyl chain
(Scheme 3a). This arrangement is not favorable when the
number of carbons is odd because terminal CH3 groups cannot
be placed in contact with aromatic hydrogens of TMA in the
staggered mutual position of alkyl chains. Consequently, odd
alcohols prefer an alternative with a tilt of∼90° relative to the
TMA tapes (Scheme 3b). Such an orientation should optimize
van der Waals contacts and C-H‚‚‚O hydrogen bonds of
terminal CH3 groups (which are located slightly above the TMA
plane) with the aromatic proton and carboxyl oxygens of TMA.
For even alcohols, however, this 90° arrangement would place
terminal CH3 groups in the TMA plane, possibly resulting in a
degree of steric repulsion. In contrast to our early assumption,27

a staggered mutual orientation of alkyl chains is not preferred
in the 90° tilted structure. The closest H‚‚‚H interchain distances
that can be achieved at tilt angles down to 80° are 0.322 nm
for close-packed chains in the fully staggered arrangement and
0.298 nm in the fully eclipsed arrangement. Thus, van der Waals
interactions appear to be maximized in the eclipsed arrangement
(Scheme 3b), although even then the packing of the alkyl chains
remains very loose. This model agrees with the experimentally
observed tilt angles, as well as with high-resolution STM images,
which show even alcohols with staggered chains parallel to the
surface and odd alcohols oriented orthogonally on the surface
and experiencing a larger degree of disorder.

Length Effect.One of the most appealing features of SAMNs
produced by codepositing TMA and aliphatic alcohols is the
possibility of modulating the periodicity of the observed pattern
simply by changing the length of the alcohols, which are readily
available commercially. In the set of alcohols studied (see Table
1), the period of the pattern can be correlated with the number
of carbon atoms in the alcohol and its parity. Regression analyses

of the periodicity (P) in SAMNs formed with odd and even
alcohols gave two different trends, from which tilt anglesR of
82.3° ( 13.8° and 59.2° ( 4.6° could be extracted (Figure 9).
The constant parameters in these regressions are 1.90( 0.07
and 1.83( 0.04 nm (for odd and even alcohols, respectively),
which reflects the width of the TMA tape (1.75( 0.05 nm
measured from STM images) plus a small increment defined
by hydrogen bonding between TMA and the alcohol.

In our studies, the periodicity of SAMNs was thereby
modulated by a factor of∼2, from 2.74 to 5.32 nm (Figure
10). In principle, structures with even greater periodicity can
be attained by increasing the length of the alcohol, although a
competitive formation of pure alcohol patterns will eventually
prevail. Furthermore, the rate of formation of such SAMNs will
be decreased by the slow dynamics of longer alcohols. This
can be expected to affect the size of ordered domains, as well
as the structure within the domains. For example, unexpectedly
low alkyl tilts (R g 75°) were occasionally observed for
1-heptadecanol (C17), and an anomalously high tilt (R e 74°)
was observed for 1-triacontanol (C30) near a domain boundary.
On the other hand, the lower adsorption energies of short
alcohols reduce the stability of the SAMNs. As a result, we
could not observe the formation of SAMNs on HOPG with
alcohols shorter than 1-heptanol. This length-specific behavior
of SAMNs derived from TMA and aliphatic alcohols presum-
ably contributed to the relatively high uncertainties that we
observed in averaged periodicities for the shortest and the
longest alcohols studied, as well as to the large tilt angle
distributions obtained from the regression analyses.

SCHEME 3: Molecular Models of SAMNs Produced by
the Coadsorption of TMA and Aliphatic Alcohols on
HOPG, Showing the Structure for (a) Alcohols with Even
Numbers of Carbon Atoms (C4) and (b) Odd Numbers
(C5)

Figure 9. Periodicity in the TMA-alcohol SAMNs, showing the
correlation with the number of carbon atoms in the alkyl chain of the
alcohol.

Figure 10. STM images of SAMNs of TMA with odd and even
alcohols, showing those with the shortest periodicity (a and b) and the
longest periodicity (c and d). The relative periodicity is indicated by
scale bars above the formulas of the alcohols. Image size: 20× 10
nm2 for all images. Tunneling parameters:Vs ) -0.55 V, I t ) 305
pA (a), Vs ) -0.87 V, I t ) 250 pA (b),Vs ) -0.80 V, I t ) 300 pA
(c), Vs ) -2.04 V, I t ) 214 pA (d).
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Of special interest is the TMA/1-octanol system, which
illustrates the richness of the architectures achievable in mul-
ticomponent SAMNs. In addition, this system highlights the
unique power of real-space techniques such as STM for imaging
structures that are locally ordered yet aperiodic, which is not
possible with conventional reciprocal-space methods such as
X-ray crystallography. In this system, a new structural motif
appears as an occasional registry shift, where the TMA tape
and alcohol lamella trade places (Figure 11). Such a shift
requires a very close match between the widths of the TMA
tape and the alcohol lamella, which can only be achieved with
1-octanol. Detailed analysis of the molecular arrangement shows
that the shift is accomplished by a mirror-plane translation of
TMA molecules in the tapes, giving a hybrid network with
structural features similar to those of the classic hexagonal
“chicken wire” TMA pattern (Figure 11c). Similar transitions
between hexagonal arrangements of TMA and linear TMA-
alcohol SAMNs have also been observed for other alcohols,
albeit only at interfaces between domains. The formation of
these deviant structures supports the proposed molecular
orientation within the TMA tapes, as shown in Scheme 2.
Among the three possible TMA tetramers, only structureA
would allow bonding with “misplaced” TMA molecules at the
observed 120° angle.

Chirality. Chirality is a well-known phenomenon in 3D space,
observed in many naturally occurring molecular and supramo-
lecular structures. Its manifestation in 2D space (i.e., on surfaces)
is beginning to be explored, primarily by STM. Prominent
examples include the determination of the absolute configuration
of alkenes chemisorbed on the silicon (100) surface,45 enantio-
selectivity in heterogeneous catalytic systems induced by the
adsorption of chiral molecules,46 and chiral specificity in the
dimerization of cysteine adsorbed on Au.47 Due to their
particular hydrogen-bonded structures, the dimerized TMA tapes
shown in Scheme 2 are prochiral. Their adsorption on a surface
eliminates the symmetry element of reflection plane (σ) and
forms enantiomeric structures. Although the resolution achieved
by STM is not sufficient to clearly identify the two enantiomers
of the TMA tapes themselves, they give rise to different tilts of
the alkyl chains relative to the TMA tapes. This feature is readily
observed in STM images.

In general, three possible scenarios48 can describe 2D
assemblies of chiral structures: (i) formation of racemic

domains, in which the unit cell contains both enantiomers in a
1:1 “cocrystal”, (ii) formation of pseudoracemic domains,
consisting of a mixture of randomly oriented enantiomers, or
(iii) formation of chiral domains. The TMA-alcohol SAMNs
proved to belong to the third group. Within each domain, only
one of the two enantiomeric arrangements can be found (Figure
12, parts a and b). Alkyl chains on both sides of the TMA tapes
are parallel and can be tilted either right (R-enantiomer) or left
(L-enantiomer). Within a single domain, all alkyl chains are
aligned in the same direction, whereas the orientation of lamella
in different domains may vary (see the section “Interaction of
the SAMNs with the Underlying HOPG Surface”).

Structures of 3D Cocrystals of TMA and Aliphatic
Alcohols.X-ray crystallographic analysis can determine precise
atomic positions in 3D crystals. This information complements
data obtained by using STM to analyze the structure of 2D
crystals on surfaces. Because of the spatial constraints and the
templating effect of the surface, molecular packing in mono-
layers can be very different from what is observed in bulk
crystals. Nevertheless, for some compounds supramolecular
architectures of 2D and 3D crystals are similar (as is the case
for TMA alone), in which case the precise atomic coordinates
obtained from X-ray analysis are indispensable for a deeper
understanding of the intermolecular interactions. The previous
efforts in this direction include investigations of other hydrogen-
bonding SAMNs,49a macrocycles,49b,c and oligothiophenes.49d

A particularly relevant example is the study of 5-hexadecy-
loxyisophthalic acid. When alone, it shows completely different
packing in 2D and 3D crystals, but a very similar hydrogen-
bonding pattern was found in 2D and 3D crystals of its
complexes with pyrazine.49a

However, such studies are limited since obtaining a single
compound as both 2D and 3D crystals, suitable for dual studies
using STM and X-ray crystallography, is a significant challenge,
particularly when the crystals have complex compositions
involving more than one component. More than 200 hydrogen-
bonded aggregates of TMA and its anions with various
hydrogen-bonding donors and acceptors have been studied by
X-ray crystallography to date,21b but only one crystal structure
of a TMA-alcohol complex (with methanol) has been reported.
To better understand the structural features of the observed 2D-
SAMNs, as well as to probe the similarities between 2D and
3D assemblies, we grew single crystals of adducts of TMA with
higher alcohols of varying length and parity. Samples suitable
for analysis by X-ray diffraction were obtained by slow
recrystallization of TMA from 1-butanol, 1-pentanol, and
1-hexanol.

TMA was found to cocrystallize with all three alcohols (as
well as with methanol, as previously reported) to form tape
structures that closely resemble those predicted by DFT calcula-

Figure 11. STM images of the TMA-octanol SAMN on HOPG,
showing intermingling of TMA tapes with alcohol lamellas. (a) Large-
area image showing multiple registry shifts in the TMA tapes. Image
size: 37.2× 25.5 nm2; Vs ) -0.85 V, I t ) 80 pA. (b) Detailed image
showing the initiation and development of the shift within a domain.
Image size: 15.5× 15.5 nm2; Vs ) -0.92 V,It ) 100 pA. (c) Molecular
model of the highlighted area in (b).

Figure 12. Manifestations of chirality in TMA-alcohol SAMNs on
HOPG. STM images showing R (a) and L (b) domains in SAMNs
prepared from TMA and 1-octanol. Image size: 13.5× 13.5 nm2 (a
and b). Image parameters:Vs ) -0.87 V, I t ) 250 pA (a) andVs )
-0.93 V, I t ) 278 pA (b).
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tions and found by STM in 2D assemblies of TMA and aliphatic
alcohols on HOPG (Figure 13). As in the 2D-SAMNs, the TMA
tapes in 3D crystals are parallel and nearly coplanar. The mean
planes of adjacent TMA tapes are displaced only by 0.009 nm
in TMA/1-butanol, 0.004 nm in TMA/1-pentanol, and 0.038
nm in TMA/1-hexanol. This packing defines sheets, which are
spaced by 0.345 nm in TMA/1-butanol, 0.315 nm in TMA/1-
pentanol, and 0.325 nm in TMA/1-hexanol. This remarkable
preservation of the self-assembly motif in 2D and 3D crystals,
for alcohols ranging from CH3OH to C30H61OH, clearly
indicates its inherent stability.

The largest differences between the 2D and 3D structures
proved to lie in the orientation of the alkyl chains. The
underlying HOPG surface helps constrain adsorbed molecules
in the 2D-SAMNs to lie in a plane, but there is no such
constraint in 3D crystals. This fact, together with unoccupied
space within the TMA tetramers, allows the alkyl chains to
deviate from the plane of the sheet and to partially or fully
occupy space within the tapes in adjacent sheets (Figure 13).
The shortest alcohol studied, 1-butanol, cocrystallizes with TMA
to form a structure in which the alkyl chains are nearly
perpendicular to the TMA sheets and penetrate the cavities
formed by TMA tetramers in the two adjacent sheets. Such an
orientation is possible for 1-butanol, whose length (∼0.4 nm
for the extended OCH2CH2CH2CH3 chain, plus 0.24 nm for
twice the van der Waals radius of hydrogen) matches the double
intersheet spacing. In longer alcohols, however, this arrangement
would lead to repulsion between the alkyl chains of every other
sheet. Consequently, 1-pentyl and 1-hexyl chains adopt only a
slight out-of-plane angle (∼12° and ∼5°, respectively) with
respect to the TMA sheet. Both alcohols have the same trans
H-O-C-C conformation involving the hydroxyl group, and
the alkyl chains are thereby tilted relative to the direction of

the TMA tapes by similar angles (75° and 71° for 1-pentanol
and 1-hexanol, respectively). The slight difference is due to
somewhat different out-of-plane angles for these alcohols. The
similarity of the observed tilts in 3D crystals is in contrast to
what we observed in 2D-SAMNs by STM, where distinctly
different tilt angles were found for odd and even alcohols (∼85°
and ∼65°, respectively). Apparently, an additional degree of
freedom in 3D crystals (out-of-plane conformations) results in
a different manifestation of the odd-even effect. For the odd
alcohol (1-pentanol), the closest interactions between adjacent
sheets are CH3‚‚‚CH(aromatic) contacts (Figure 13b, dotted
lines). The aromatic hydrogen is situated between the hydrogens
of two methyl groups, 0.27 nm away. The extra methylene group
in even alcohols would bring this terminal CH3 group into
unacceptably close contact with the aromatic hydrogen. On the
other hand, removing this repulsion by shifting chains relative
to one another by two methylene groups (necessary to maintain
the preferred staggered conformation) would leave volume
unoccupied. As a result, repulsion is avoided by rotating the
terminal CH3 group out of the plain of the alcohol lamella to
create a gauche C-C-C-C conformation at the terminus of
the chain. In the corresponding 2D-SAMNs, this would result
in a loss of enthalpy of adsorption, so a change in the tilt angle
occurs instead, accompanied by rotation of the H-O-C-C
torsion angle to assume a gauche conformation.

Interaction of the SAMNs with the Underlying HOPG
Surface. The preceding analysis of 2D-SAMNs constructed
from TMA and aliphatic alcohols has focused on intermolecular
interactions, without considering theπ‚‚‚π and C-H‚‚‚π
interactions that help control adsorption of molecules on the
surface of HOPG. Generally, binding is preferential for particular
sites on the surface. Simple molecular mechanics calculations
show two minima for the orientation of a linear alkane on a

Figure 13. Views of the structures of 1:1 cocrystals of TMA with (a) 1-butanol, (b) 1-pentanol, and (c) 1-hexanol, showing the arrangement of
molecules in sheets (left column) and the intersheet packing (right column).

Crystal Engineering in Two Dimensions J. Phys. Chem. C, Vol. 111, No. 45, 200717003



sheet of graphene: (1) a lower energy orientation along the
zigzag direction of the sheet [012h0], with the maximum number
of C-H‚‚‚π interactions, and (2) a higher energy orientation
along the “armchair” direction [0010] (see the Supporting
Information). The preferential adsorption of linear alkyl chains
along the zigzag [012h0] direction of HOPG has been demon-
strated for a variety of functionalized derivatives.50 Our STM
experiments revealed a similar preference. Abrupt change of
the bias voltage during the acquisition of data provided an
atomically resolved image of the HOPG substrate in the same
frame as the TMA/alcohol SAMN. This image confirmed that
the alcohols are oriented along the zigzag direction, as expected
(see the Supporting Information).

Further manifestations of interactions between the SAMNs
and HOPG are the superperiodic moire´ patterns (MP) that arise
from the mismatch of the periodicities of the alcohol lamellas
and the underlying graphite surface.10 Figure 14 shows a
representative STM image of a SAMN coassembled from TMA
and 1-heptadecanol (C17). Clear periodic contrast modulations
can be seen within the alcohol lamellas. The number of alkyl
chains per MP fringe can be used to obtain exact interchain
distances with very high precision.50c Thus, the interchain
distances for TMA/alcohol SAMNs were 0.458( 0.002 nm
for odd alcohols (6-7 alcohols per fringe) and 0.448( 0.001
nm for even alcohols (9.5-10 alcohols per fringe). Accounting
for the tilt angle of the alcohols, which are determined directly
from the images and suffer from larger errors, periodicities along
the TMA tape of 0.92( 0.01 and 0.98( 0.01 were found for
the odd and even alcohols, respectively. Both values are within
the error bars of the periodicity obtained directly from the STM
images (0.97( 0.05 nm). However, the difference between them
suggests that the hydrogen-bonding association between TMA
molecules is more flexible in 2D-SAMNs on HOPG than in
3D crystals (the relevant difference is 1 order of magnitude
lower: 0.955-0.961 nm).

Domain Boundaries.Large-scale STM images of TMA-
alcohol SAMNs often reveal multiple domains, with sizes
ranging from tens to hundreds of nanometers (the maximum
scan size providing molecular resolution). Capturing several
domains within the same STM image shows that the mutual
orientation of the TMA tapes in adjacent domains is not random.
By analogy with 3D bicrystallography,51 the observed multi-
domain SAMNs can be classified as heterogeneous 2D bicrystals
(consisting of ordered domains with different compositions and/
or different structures, as in Figure 2, parts b and c) or as
homogeneous 2D bicrystals (consisting of ordered domains with
the same composition and structure but with different orienta-
tions, as in Figure 15). The homogeneous 2D bicrystals we have
observed can be further subdivided into oriented bicrystals
(Figure 15a), reflectional twins (Figure 15b), and rotational twins
(Figure 15c). Nonoriented 2D bicrystals with no specific
relationship between their component domains are also possible,

in principle, but were not observed due to the orientational effect
of the underlying HOPG surface.

The mutual orientation of the domains is guided predomi-
nantly by attractive C-H‚‚‚π interactions between the alkyl
chains and HOPG, and the alcohols strongly prefer to be oriented
along the main axes of HOPG (see the previous section).
Although at domain boundaries, intermolecular interactions (van
der Waals interactions between alcohols and hydrogen bonds)
can make a particularly large contribution to the overall energy
of interaction, their effect on the orientation of domains is likely
to be felt only for very small domains.

In oriented bicrystals (Figures 15a), the alcohols are aligned
along the same zigzag direction of HOPG, and the TMA tapes
are shifted relative to one another, so that the two parts of
interrupted tapes are linked by dimeric hydrogen-bonded
association of carboxyl groups (Figure 15d). This behavior is
very similar to the unique stacking fault observed for SAMNs
composed of TMA and 1-octanol (see Figure 11 and related
discussion). We note that this shift at domain boundaries does
not create a mirror plane, and the chirality of adjacent domains
is thereby preserved. Their basis vectors are oriented with respect
to the same coordinate system,51aand the TMA tapes in adjacent
domains run in the same direction.

The alcohols in reflectionally twinned domains (Figure 15b)
are also oriented along the same direction of HOPG; however,
the associated TMA tapes are related by mirror-plane symmetry
at the boundary (reflectional binary twin operation51b), which
inverts the chirality of the domain. The angle between the
directions of TMA tapes is equal to the sum of the alcohol tilt
angles (2R)52 of the adjacent domains (e.g.,∼2 × 65 ) 130°
for even alcohols).

In rotational twins (Figure 15c), the alkyl chains are oriented
along different zigzag directions of HOPG, which are related
by a 60° rotation because of the threefold symmetry of HOPG.
Consequently, TMA tapes in adjacent domains intersect at 60°,
and chirality is preserved. The intermolecular interactions at
the boundaries of rotational twins are less favorable than those
at the boundaries of co-oriented and reflectional twins, because
alkyl chains in rotational twins are not parallel, and the TMA
tapes are not commensurable. In theory, co-oriented twins are
expected to be the most stable, followed by reflectional twins,
and then by rotational twins. In practice, however, we observed
co-oriented twins much less frequently than the two other forms.

Figure 14. STM image showing moire´ fringes in the alcohol lamellas
of a SAMN coassembled from TMA and 1-heptadecanol (C17). Image
size: 34× 18 nm2. Tunneling parameters:Vs ) -1.06 V, I t ) 224
pA.

Figure 15. STM images of multidomain areas. (a and b) SAMNs
prepared by depositing solutions of TMA and 1-docosanol (C22) in
octanoic acid. (c) SAMN prepared from a solution of TMA and
1-undecanol in heptanoic acid. (d-f) Molecular models of the domain
boundaries shown in images (a-c), respectively. Image sizes: (a) 28.3
× 10.3 nm2, (b) 32.4× 21.9 nm2, and (c) 56.3× 56.3 nm2. Tunneling
parameters: (a)Vs ) -1.20 V, I t ) 300 pA, (b)Vs ) -0.80 V, I t )
300 pA, and (c)Vs ) -0.95 V, I t ) 200 pA.
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This can be rationalized by the likelihood that co-oriented twins
are kinetically unstable: the high structural commensurability
of the co-oriented domains requires only small molecular
translations to produce a single domain, which reduces the
activation barrier for ripening relative to those of less com-
mensurable reflectional and rotational domains.

Dynamics and Stability of the TMA-Alcohol SAMNs.
Working at the solution/solid interface allows real-time observa-
tion of the assembly and evolution of SAMNs. In multicom-
ponent systems, time-resolved imaging can elucidate the relative
stability of different phases. In our system, the 2D flower pattern
of pure TMA is thermodynamically less stable than the two-
component tapes composed of TMA and alcohols, and the
flower pattern is gradually replaced by the tapes as the system
equilibrates (Figure 2b). Figure 16 shows time-lapse images that
document the disappearance of TMA flower domains (see also
the Supporting Information).

We believe that the TMA-alcohol tapes are more stable than
structures composed of pure TMA or pure alcohol because of
the interplay of two factors: (i) the adsorption enthalpy of
individual molecules and (ii) intermolecular interactions in the
formed monolayer. Although a pure TMA network has stronger
intermolecular interactions, compared to networks of alcohols,
the adsorption enthalpy of individual TMA molecules is not as
high as that of larger alcohol molecules. The TMA-alcohol
SAMNs enjoy both high adsorption enthalpy provided by
alcohol chains and strong intermolecular interactions within the
hydrogen-bonded network, making them thermodynamically
more stable.

The effect of the higher adsorption enthalpy of larger
molecules53 can be observed in SAMNs formed from solutions
containing two different aliphatic alcohols. Competition experi-
ments performed using solutions containing TMA and equimolar
amounts of 1-octanol and 1-heptadecanol showed that the
surface was dominated by tapes containing the longer alcohol,
given sufficient time for equilibrium to be established. However,
the SAMNs formed immediately after deposition of the mixture
contained only TMA and 1-octanol. A similar behavior has been
recently reported for adsorption of a mixture consisting of the
bis(1-heptadecyl) ester of isophthalic acid contaminated with a
small amount of bis(1-heptadecyl) isophthalic anhydride.54 In
this case, a monolayer composed of the smaller diester formed
initially but was eventually replaced by a more stable monolayer
consisting of the larger anhydride. Similar kinetic effects

presumably underlie our observation of the initial dominance
of SAMNs containing TMA and short-chain alcohols. Such
structures can form more quickly, but domains containing
lamellas of longer alcohols are more thermodynamically stable
and eventually prevail.

Additional dynamic effects can be observed within SAMNs
constructed from TMA and aliphatic alcohols. For example, it
appears that formation of the hydrogen-bonded TMA tapes may
be faster than the process by which the alcohols undergo 2D
crystallization to produce close-packed lamellas. Tilt angles
different from the characteristic final values (65° and 85° for
even and odd alcohols, respectively) have been observed at the
early stages of self-assembly, particularly for SAMNs built from
longer alcohols. The evolution of multidomain regions provides
additional information about the stability of SAMNs composed
of TMA and alcohols. Over time (on the order of minutes),
large-area domains are observed to consume bordering smaller
domains, a behavior which is consistent with Ostwald ripening.

Conclusions

We have demonstrated that multicomponent SAMNs can be
used in a rational way to create specific new 2D nanopatterns
on atomically flat surfaces. The SAMNs studied in this paper,
composed of TMA and aliphatic alcohols, are characterized by
an unexpected linear nanopattern, despite the threefold symmetry
of both TMA and the HOPG surface used as substrate. The
structure of the SAMNs is defined by a complex combination
of intermolecular van der Waals interactions and hydrogen
bonds, as well as by site-specific molecule-surface interactions.
The system is surprisingly rich, and it reveals an odd-even
effect of the alkyl chain of the alcohol, an effect of length, the
role of chirality, moirépatterns, and other noteworthy phenom-
ena. By combining the principles of 2D self-assembly and 3D
crystal engineering, we have gained a detailed understanding
of the mechanisms responsible for the growth of these SAMNs.
This understanding allows us to form the nanopatterns in a
predictable way. Specifically, the periodicity of SAMNs con-
structed from TMA and alcohols can be modulated rationally
by taking into account the length and parity of the alcohol
component. The large domain size of the resulting 2D pattern,
in which the periodicity of alternating hydrophobic/hydrophilic
regions can be rationally modulated, suggests its possible
exploitation as a nanoscale template. We expect that the
relationships revealed in our work will be broadly applicable
to other multicomponent molecular systems and will help
engineer other SAMN-based nanopatterns, both in 2D and 3D.

Experimental Section

STM images were acquired from the current channel (inverted
contrast) of a Digital Instruments Inc. (Veeco) NanoScope IIIa,
as well as from the topography channel of a NanoSurf
EasyScan2. Tips were mechanically formed from 80/20 or 30/
70 PtIr wire (Goodfellow Corporation). The substrate graphite
(SPI-2) was obtained from SPI Supplies. Calibration of the
piezoelectric positioner was verified by atomically resolved
imaging of graphite. TMA/alcohol solutions were prepared by
dissolving≈20-200 mg of alcohol in 1 mL of solvent, to which
a sufficient amount of TMA (≈1-2 mg) to saturate the solution
was added. Solutions were introduced between the tip and
surface in∼5 µL drops via syringe. All images presented in
this paper have been Gaussian-smoothed using WSxM.55

Density functional theory calculations were performed with
the Gaussian W03 program.56 Geometry was optimized at the
B3LYP/6-31G(d,p) level. Planar symmetry constraints were

Figure 16. Time-lapse STM images showing the growth of the tapes
of TMA/1-undecanol SAMNs at the expense of the flower structure
consisting of pure TMA. Image size 36.25× 36.25 nm2. Tunneling
parameters:Vs ) -0.70 V, I t ) 80 pA.
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imposed in calculations of the TMA dimer and trimer (Scheme
1) and the (TMA)4(H2O)2 aggregate (Scheme 2). The enthalpy
of hydrogen-bonding association was calculated by subtracting
the sum of total energies of all individual constituents (calculated
at the same level) from the total energy of the complex.

Figure 6 was compiled from trigonometric calculations on
molecular models placed with appropriate inclination angles and
relative orientations (staggered and eclipsed) in close contact.
The molecular parameters used in these calculations were the
interatomic distances in an all-trans hydrocarbon chain (0.176
nm between geminal hydrogens, 0.251 nm between vicinal
hydrogens) and the van der Waals radius of hydrogen (0.120
nm). The calculation gave values for interchain distances, as
well as the number of close van der Waals interactions per
methylene unit.

1-Hexanol (98%), 1-heptanol (98%), 1-octanol (99%), 1-de-
canol (99%), 1-undecanol (99%), 1-hexadecanol (95%), 1-hep-
tadecanol (98%), 1-docosanol (98%), 1-heptacosanol (99%),
1-triacontanol (96%), 1,3,5-benzenetricarboxylic acid (95%),
propionic acid (99.5%), hexanoic acid (99%), heptanoic acid
(99%), octanoic acid (98%), nonanoic acid (98%), 1,2,4-
trichlorobenzene (99+%), tridecane (99%), 1,3,5-benzenetri-
carbonyl trichloride (98%), anhydrous acetonitrile (99.8%), and
pyridine (99%) were purchased from Sigma-Aldrich and were
used without further purification.

1-Undecyl Monoester of TMA.To a stirred solution of 1,3,5-
benzenetricarbonyl trichloride (3.09 g, 11.6 mmol) in anhydrous
acetonitrile (5 mL) at 0°C under N2 was slowly added a solution
of pyridine (0.92 g, 11.6 mmol) in acetonitrile (5 mL). The
mixture turned purple, and a white precipitate was formed. After
20 min at 25°C, a solution of 1-undecanol (1.00 g, 5.80 mmol)
in acetonitrile (15 mL) was added dropwise. The white
precipitate dissolved, and the resulting mixture was stirred at
25 °C for 7 h. More pyridine (1.84 g, 23.3 mmol) was added in
one portion, resulting in the formation of a pink precipitate.
After 30 min, the mixture was diluted with water (3 mL), and
stirring was continued for another 2 h. The resulting white
precipitate was filtered, washed with water (20 mL), and
dissolved in diethyl ether (15 mL). The solution was washed
with 1% aqueous HCl (15 mL) and then with water (2× 20
mL). Solvent was removed from the organic layer by evapora-
tion, leaving the crude product (0.450 g, 21.3% based on the
alcohol) as a colorless solid that contained∼7% of TMA
(according to1H NMR spectroscopy). Four recrystallizations
from 0.5 M aqueous pyridine (ca. 10 mL) followed by
neutralization with 1% HCl gave 0.075 g of analytically pure
sample (>99%): 1H NMR (300 MHz, DMSO-d6) δ 13.58 (s,
2H), 8.61 (t, 1H,J ) 1.5 Hz), 8.59 (d, 2H,J ) 1.5 Hz), 4.30
(t, 2H, J ) 6.6 Hz), 1.71 (m, 2H), 1.39-0.97 (m, 16H), 0.81
(t, 3H,J ) 6.9 Hz);13C NMR (DMSO-d6) δ 166.3, 164.9, 134.5,
133.9, 132.7, 131.5, 66.2, 32.1, 29.79, 29.77, 29.72, 29.54,
29.42, 28.8, 26.2, 22.9, 14.8; MS (ESI-, %): 727 (100%, [2M
- H]-), 363 (74%, [M- H]-).
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