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E
ngineering molecular systems with
precisely determined positions, orien-
tations, and interactions enables

control over chemical reactions1 with impli-
cations for catalysis, nanomaterials engi-
neering, and bioassembly.2�7 Molecular
dipole alignment has been demonstrated
using strong electrostatic fields, collisional
forces, and intense laser fields.8�11 Most
alignment characterization methods are
ensemble measurements, where local infor-
mation is lost through averaging.12�14 The
promise of using scanning tunneling micro-
scopy (STM) to resolve chemical state
information, at the single-molecule scale,
beyond structure, has spurred the develop-
ment of a plethora of technique extensions,
including photon-coupled, alternating cur-
rent, and microwave-coupled STM.1,15�22

We employ multimodal STM to visualize
molecular alignment of dipole-containing
carboranethiolate within self-assembled
monolayers (SAMs) at 4 K. Wemeasure local

barrier height (LBH) as a function of position
across the surface by modulating the tip�
surface separation distance (z) around its
constant-current (I) topographic imaging
value, which is a convolution of both topo-
graphic and electronic information. The first
harmonic (dI/dz) of the modulated current
is mapped as the LBH of the sample, which
is related to the local work function.23�26

This enables simultaneous measurements
of the local dipoles and the exposed inter-
face to visualize molecular orientations
within simple two-dimensional systems.
Here,weobservemolecular alignment spann-
ing areas of ∼103 Å2, driven by dipole�
dipole interactions within SAMs. These
long-range interactions, proportional to the
inverse cube of the dipole separation (� r�3)
and therefore outside the purview of the
Mermin-Wagner theorem,27,28 support azi-
muthal molecular ordering. Measurements
are recordedusing a custom-built, ultrastable
microscope.29 We use STM to determine the
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ABSTRACT Carboranethiol molecules self-assemble into upright molecular

monolayers on Au{111}with aligned dipoles in two dimensions. The positions and

offsets of each molecule's geometric apex and local dipole moment are measured

and correlated with sub-Ångström precision. Juxtaposing simultaneously acquired

images, we observe monodirectional offsets between the molecular apexes and

dipole extrema. We determine dipole orientations using efficient new image

analysis techniques and find aligned dipoles to be highly defect tolerant, crossing

molecular domain boundaries and substrate step edges. The alignment observed,

consistent with Monte Carlo simulations, forms through favorable intermolecular dipole�dipole interactions.

KEYWORDS: nanoscience . self-assembly . carborane . self-assembled monolayer . dipole alignment .
scanning tunneling microscopy . two-dimensional . ferroelectric . defect tolerant
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interplay between molecular geometry and intermo-
lecular interactions.
Self-assembly provides a convenient platform for

the construction of well-defined monomolecular films,
with applications ranging from nanotechnology to the
life sciences.30�35 While the more commonly used
n-alkanethiols in monolayers tilt and have many
conformational degrees of freedom that lead to de-
fects, carboranethiols are rigid, three-dimensional
carbon�boron-hydrogen cage compounds that ad-
sorb upright and readily form ordered monolayers on
gold.36,37 Since carboranethiols on Au{111} form iden-
tical monolayer lattices independent of isomer, they
provide simple systemswithwhich to test the effects of
intermolecular interactions without varyingmonolayer
structure.38,39 Motivated by the observation that, at
room temperature, carboranethiols with dipole com-
ponents parallel to the surface outcompete those with
dipoles normal to the surface, we sought to observe
directly the intermolecular dipole interactions most
likely to be responsible for this effect. Conventional
STM enables the determination of the positions of
individual molecules, but not the orientation nor rota-
tion in azimuthally symmetric systems. Here, carbor-
anethiol isomers contain symmetric backbones and
many have significant dipoles, but appear topographi-
cally symmetric in STM measurements. As noted
above, we inferred that the results of the competitive
binding of carboranethiol isomers were due to dipolar
interactions, but it was not possible to resolve the
orientations of individual symmetric molecules such
as carboranethiols until now. We use STM topographic
and spectroscopic imaging to measure topography
and the spatial dipole orientation, simultaneously, with
submolecular resolution. We compare and contrast
monolayers of o-9-carboranethiolate (O9) and m-1-
carboranethiolate (M1); the largest local contribution
to charge separation is from the electron-deficient
carbon atoms in the ortho andmeta positions, respec-
tively. We then correlate topographic maxima with the
tunneling barrier-height extrema tomeasure the dipole
offset within different regions, molecular domains, sub-
strate terraces, and molecules within the SAMs.
Monolayers of carboranethiols and other upright

symmetric cage molecules have lattices determined
by the projections of the cages on the substrate
surface.37,39�41 Thus, the O9 and M1 carboranethiol
SAMs have identical lattices. The most common defects
in these monolayers are substrate step edges and
molecular domain boundaries in which there is a trans-
lational (phase) and/or rotational offset of the registry of
the lattice of attachment to the substrate.37,39,40,42,43

RESULTS AND DISCUSSION

Topographic and LBH modalities are measured si-
multaneously. We image domains in O9 monolayers
(Figure 1A�C) and compare local molecular dipole

orientations across monatomic substrate steps
(Figure 1E,F). Local extrema in bothmodalities are com-
puted within a square pixel window having a width of
the approximate nearest neighbor spacing (∼7.2 Å).
Variations in the tunneling LBH, j = 0.95(d ln(I)/dz)2,
are related to variations in the local molecular
dipole,44�46 enabling the association of LBH extrema
to the substrate dipole signal maxima or minima, while
topographic maxima correspond to molecular apexes.
The O9 molecule was designed to contain a large
dipole (5.72 D) that is tilted off normal with respect
to the underlying substrate surface (see Supporting
Information for synthesis and molecular dipole com-
putation) and we assign LBH minima as the local work
function signal minima due to o-carbon atoms. Topo-
graphic and LBH extrema are overlaid, and the offsets
between them are evaluated via block-matching47,48

to compute correlations between sliding image patches
in both bounded modalities within a molecular-sized
search window (Figure 2). Rose plots are circular histo-
grams thatwe use here to depict the dipole offsets from
topographic maxima, binned by orientation and mag-
nitude. We include multiple domains using image
thresholding andmasking techniques to test the extent
to which dipole orientation depends on the structural
features of themolecular lattices (Figure 3). The analysis
of dipole direction across a Au{111} step edge reveals
aligned molecular orientations of 154 ( 28� on the
upper terrace and 160( 22� on the lower terrace,where
angles are always reported with respect to the
(horizontal, fast-scan direction) image axis of both topo-
graphy and LBH. Supporting Information Figure S1
highlights two groupings of molecules within the same
area examined in Figure 1, where the local dipole
orientations are measured to be 49 ( 5� and 156 (
28�. Different dipole orientations have been observed in
the same multimodal image pairs, but are uncommon.
This defect tolerance of dipole alignment with regard to
structural domain boundaries and substrate step edges
is discussed further below.
We contrast molecular O9 orientation measure-

ments with those made on SAMs ofM1, which possess
the same lattice structure.39 Molecular dipoles of M1
(1.06 D) are smaller in magnitude, with the largest
component oriented in the plane of the substrate.
The LBH minima measured correspond to the electron-
deficient carbon atoms at both the 1- and 2-positions
within O9 monolayers and the 1- and 7-carbon atoms
within M1 monolayers. The same analyses, in which
topographic maxima and LBH minima are overlaid and
correlations are computed, are performed for regions of
M1 SAMs, and orientations are mapped within single
atomically flat terraces of gold (Figure 4). In Figure 4,
three regions are highlighted by inspection, where
two are lattice matched with different orientations
and the third is a region of local disorder, as con-
firmed by Fourier analysis of the segmented domains
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(Supporting Information Figure S2). As noted pre-
viously, the domain boundaries in complete mono-
layers of upright symmetric cagemolecules are simpler
and more difficult to identify than those of the more

common alkanethiols and other linear, tiltedmolecules
with conformational degrees of freedom.39,40 This
simplicity is the result of having only rotational and
translational latticeoffsets betweenneighboringdomains.

Figure 2. With two corresponding sets of local maxima per
data set (the blue dots in the topography image and the red
dots in the local barrier height, LBH, image), a maximum p
from the topography image is selected andwe search for its
corresponding LBH maximum using a block-matching ap-
proach. Since both scanning tunneling microscopy modal-
ities are acquired simultaneously, the two images are
bounded, and we can define a search window (the black
square in the topography image and dotted black square in
the LBH image) centered at p of a given dimension (size of
one molecule). Next, we compute the correlation between
sliding patches taken at the same position in each image
within the search window. Among the LBH maxima candi-
dates (i.e., q1 and q2) that correspond to p, we choose the
onewith highest correlation.We perform this procedure for
each maximum p in the topographic image and finally
compute a set of vectors (dipole positions with respect to
molecular maxima) associated with each molecule.

Figure 3. We bifurcate the topographic image along a
monatomic Au{111} step edge (A) and show the image
histogram in B. Here, we separate the upper (blue) and
lower (red) terrace in topography based on thresholding
and create a mask that is used to segment LBH images.
Topographic and LBH extrema are overlaid for both the
lower terrace (C) and upper terrace (D), and correlations are
computed. Both (C) and (D) show dipole offsets used for the
Rose plots in Figure 1.

Figure 1. (A) Scanning tunneling topograph (Itunneling = 15pA,Vsample =�0.5 V) of o-9-carboranethiol (O9) onAu{111} along a
monatomic substrate step edgewith local maxima (blue) depicted. Inset depicts a fast Fourier transform (FFT), corroborating
a hexagonally close-packed arrangement with a nearest-neighbor spacing of 7.2 ( 0.4 Å. (B) Simultaneously acquired local
barrier height (LBH) image, which is inverted to highlight dipole orientations, with computed localmaxima (red). Inset depicts
a FFT revealing the order seen topographically. (C) Schematic displaying topography and computed molecular orientations.
(D) A ball-and-stickmodel of O9 that contains a calculated dipolemagnitude of 5.72D,where hydrogen atoms are omitted for
clarity. Rose plots (depicting dipole offsets) of the lower terrace (E) and upper terrace (F) that are binned by both magnitude
(0.5 Å bins) and orientation (4� bins). Angles reported are givenwith respect to the fast-scan direction, shown as horizontal, in
the STM images.
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In the analyzed regions shown, dipoles are oriented
88 ( 47� with respect to the (horizontal, fast-scan
direction) image axis. For both carboranethiol mono-
layers, defect-tolerant alignment is observed across
both substrate step edges and molecular domain
boundaries. This is further demonstrated over 44 h
of imaging, where aligned orientations (63 ( 45�)
are measured although separated by a monatomic
Au{111} substrate step (see Supporting Information,
video). We observe that, like the molecular structural
domain boundaries, the relatively small spatial offset of
the substrate step is transited by dipole�dipole inter-
actions, leading to dipole alignment that cross these
interfaces.
Correlations are computed using sliding patches

taken at the same positions in each image window
for each maximum p in the topographic images and
eachmaximum q in the LBH images. We obtain a set of
vectors, pq, associated with each dipole. Our analysis
shows that the lateral offset measured within O9
monolayers is 2.0 ( 0.4 Å, as depicted in Figure 1.
Correlated local topographic maxima and LBH minima
of M1 SAMs reveal a local offset of 2.3 ( 0.7 Å in
Figure 4. Across many samples and images (nmolecules >
1000), O9 displays an average offset of 1.9( 0.5 Å and
M1 shows an average offset of 1.9 ( 0.6 Å. Recently,
long-range dipolar interactions of carboranethiol
isomers across aqueous media were observed,
where molecular dipoles oriented parallel to the
surface experience stronger intermolecular interac-
tions that those oriented normal to the surface, likely
due to the correlation of lateral surface dipoles.49

Density functional theory is employed to extrapolate
a point dipole that is used to predict alignment
(see Supporting Information).
We apply a simple model to determine the dipole�

dipole interaction energies within a SAM and use it to
understand the observed data (Figure 5). In brief, we
define eachmolecule's dipole interaction energy as the
potential energy of its calculated dipolemoment in the
local electric field it experiences. The in-plane compo-
nent of the electric field from the tip is insignificant in
the tunneling junction; thus, we do not include tip-
induced electric field effects in our calculations. This
assumption is tested experimentally and confirmed,
where molecular orientations remain fixed in space,
independent of scan direction, for over 44 h of imaging
at low temperature (see Figure S3 and Supporting
Information). In our model, the surroundingmolecules,
assumed to be ideal electric dipoles arranged in a
hexagonal lattice, determine the field's strength and
direction. Alignment with (against) the field acts to
stabilize (change) the dipole orientations. Using this
model, we estimate the molecules' interaction ener-
gies, and changes in those energies, resulting from
dipole reorientations with respect to the surrounding
SAM lattice. To determine possible stable orientations
of molecular dipoles in a SAM, we employ a Monte
Carlo method using the Metropolis algorithm50 and
the interaction energies described above. When the
temperature is sufficiently low, we find that the system
spontaneously evolves toward a state in which the
dipoles align along a common direction, as illustrated
in Figure 6. The favorable dipole alignment energy

Figure 4. (A) Scanning tunneling topograph (Itunneling = 15 pA, Vsample =�0.5 V) ofm-1-carboranethiol (M1) on Au{111} on a
single Au terrace with lines separating three different regions (see Supporting Information Figure S2 for further explanation).
Inset depicts the fast Fourier transform, revealing a hexagonally close-packed arrangement with a 7.2 Å nearest-neighbor
spacing. Local maxima of both topographic (A) and inverted local barrier height (B) are computed. (C) A schematic displaying
molecular position overlaid with topography. (D) A ball-and-stickmodel of M1 that contains a dipole (1.06 D) orientedmainly
in the plane of the gold substrate, where hydrogen atoms are omitted for clarity. (E) Rose plot of measured dipole vector
orientations binned by both magnitude (0.5 Å bins) and orientation (4� bins). (See Supporting Information Figure S7 for
correlation results used in panel E.) Angles reported are given with respect to the fast-scan direction, shown as horizontal, in
the STM images.
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stabilizes their orientations and promotes the for-
mation and growth of locally ordered regions of
molecular dipoles. These results are consistent with
the STM topographic and LBH data discussed above
and explain the mechanism driving dipole ordering.
We expect the transition temperature for the ob-
served molecular alignment occurs between 4 and
293 K, as suggested by our model, but we have
neither determined this transition temperature ex-
perimentally nor performed temperature-depen-
dent simulations.
Scanning tunneling microscopy can image both

molecular overlayers and substrate atoms to make
absolute tilt assignments in the case where the
molecule�substrate bonds determine the largest
dipoles.26,51 Our measurements, instead, use LBH
imaging with molecules possessing a permanent
dipole to resolve local orientation within the SAM's
chemical environment for the first time. Both topo-
graphic and LBH images, 256 � 256 pixels, are initially
corrected for image aberrations, caused by residual

drift and non-orthogonalities of the scanner tube
during the time allotted for high-resolution data ac-
quisition (∼2 h), on a line-by-line basis using a matrix
transformation approach (Supporting Information
Figures S4 and S5). Shear distortions are accounted
for in Fourier space, and the corrected images are used
in further analyses. Local barrier height images are
inverted for clarity and local extrema are overlaid
(Supporting Information Figures S6 and S7); we then
connect each topographic maximum to all LBH max-
imawithin a square pixel window as a function size and
compare these results to the computed correlations,
described above, for both molecular monolayers. In
both O9 and M1 images shown, the block-matching
approach yields the maximum computed correlation,
while connecting all extrema in a square pixel window,
as a function of size, exhibits increased artifacts. We
also compare entropy metrics, quantified in MATLAB
(Supporting Information Figures S8 and S9), within
local regions inO9monolayers and inM1monolayers.
When entropy grayscale values are measured in each
9 � 9 pixel neighborhood, centered at each pixel,
mean entropy values in both topographic and LBH
image masks contain a large number (256) of acces-
sible values and therefore demonstrate higher image
textural contrast in comparison to binary images (with
only two possible values) with mean entropy grayscale
values near zero.52 In previous work, near continuous
modulation of the metal work function of ∼1 eV was
attained with controlled mixtures of carboranethiol
isomers and these monolayers were shown to be
robust with respect to coverage with active organic
layers in fabricated devices.53 Local barrier heights in
the figures above show similar modulation of the work
function with respect to Au{111}. The analysis and
segmentation techniques described here are used to
identify the (lattice registry) domains of the carbora-
nethiolates in addition to the dipole orientations
within and between domains.54�56 Data acquisition
coupled with new image analysis techniques enable
understanding of local snapshots between bounded
topographically exposed and dipole interfacial
modalities.

CONCLUSIONS AND PROSPECTS

This multimodal imaging procedure permits the
measurement of molecular orientations by correlating
topographic and LBH images. Carboranethiols are a
fruitful system for study, in that both pure M1 and O9
form monolayers containing fewer types and number
of defects compared to assemblies of linear and/or
tilted molecules with conformational and orienta-
tional degrees of freedom,37,39,57�60 and contain a
large molecular dipole originating from their rigid
cage. Isomeric carborane systems may find applica-
tions in the fields of molecular machines, dipolar
rotors, and functionalized coatings for device

Figure 5. Dipole interaction energy. To estimate the dipole
interaction energy, we consider carboranethiol molecules
standing normal to a gold surface, along the z-axis, as
shown in the perspectivemodel (A) of ano-9-carboranethiol
(O9) molecule. Iterations of the Metropolis algorithm affect
random rotations about the z-axis, changing the dipole (red
arrow) orientation and interaction energy. (B) Representa-
tion of a carboranethiol self-assembledmonolayer in which
each inscribed arrow indicates the in-plane orientation of a
molecular dipole. Here, every dipole in themolecular lattice,
except that of the central molecule, aligns along the same
direction, toward the bottom of the figure. Plots (C) and
(D) show the interaction energies of a dipole aligned in the
same (“aligned”, blue triangles) and opposite (“anti-
aligned”, red circles) direction as that of its neighbors, in
the cases of m-1-carboranethiol (M1) and O9 monolayers,
respectively. The interaction energy depends on the num-
ber of concentric, hexagonal rings of neighboring mol-
ecules. In (B), we highlight the first five rings around a
central molecule (indicated by an inscribed star) with the
colors orange, yellow, green, blue, and pink. Molecules
outside the considered rings do not contribute to the
interaction energy.
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frameworks.49,52,61,62 Scanning tunneling microscopy
is able to probe the exposed two-dimensional inter-
faces in topographic mode and the corresponding
buried dipole interface in LBH mode, simultaneously.
We have successfully determined molecular orienta-
tion within azimuthally symmetric carboranethiolate
monolayers. We have found that dipole alignment
crosses domain boundaries and substrate steps. These
results are consistent with the preference for adsorp-
tion of carboranethiols with dipole components lateral
to the surface over those with dipoles normal to the
surface observed in competitive adsorption from
mixed solutions.39

Creating monolayer systems with defect tolerance
and precisely determined dipoles enables greater tun-
ability of assemblies with enhanced control of stability
through designed interactions. Other single-molecule
measurement techniques are hindered by either
extreme dilution or specificity, whereas STM can
measure the local environment with submolecular
resolution and use spectroscopic imaging for chemi-
cal identification.17,61�67We anticipate that determin-
ing and structuring chemical environments with
cage-molecule assemblies will be important in creat-
ing atomically precise structures in two and three
dimensions.

MATERIALS AND METHODS
Self-Assembled Monolayer Preparation. Benzene and M1 were

used as received (Sigma-Aldrich, St. Louis,MO). The chemicalO9
was synthesized and characterized in accordance with pre-
viously published methods.43 The Au{111}/mica substrates
(Agilent Technology, Tempe, AZ) were hydrogen-flame-
annealed prior to SAM formation with 10 passes at a rate of
0.4 Hz. Both SAMs were prepared by immersion into 1 mM
solutions in benzene, held at room temperature, for approxi-
mately 10 min. Short deposition times were employed to
increase the occurrence of local defects and still obtain a well-
ordered monolayer. After deposition, each sample was rinsed

thoroughly with neat benzene, dried under a stream of ultra-
high purity argon, and then inserted into the ultrahigh vacuum
chamber for analysis.

Nanoscale Imaging. All STM measurements were performed
with a custom-built Besoke-style scanning tunneling micro-
scope held at cryogenic (4 K) and extreme high vacuum
(<10�12 Torr) conditions.68 Samples were held at a fixed bias
(Vsample = �0.5 V) and both topographic and LBH modalities
were measured in a constant current fashion (It = 15 pA).
The tunneling-gap distance was modulated at a frequency
above the microscope feedback loop bandwidth (∼3 kHz) with
a sinusoidal amplitude (dz∼0.1 Å) and dI/dzwasmeasuredwith

Figure 6. Simulated monolayers evolving under the influence of internal dipole fields. We track the orientation of molecular
dipoles in a 20 � 20 molecule region of a self-assembled o-9-carboranethiol (O9) monolayer. At 4 K (top), the molecular
dipoles evolve toward a state in which they align along a common direction. However, we do not observe this trend in
simulations at 293 K (bottom); the dipoles remain randomly oriented and no permanent polarization develops. The
sequences depict initial (left), intermediate (middle), and final (right) states of the monolayer over the course of 500000
iterations of aMonte Carlo algorithm. Here,we represent individual O9molecules as circles inscribedwith an arrow indicating
the orientation of the molecule's in-plane dipole moment. The dipole orientation also determines the depicted color of each
molecule. Molecules with dipoles oriented toward the top (bottom) of the figure appear blue (yellow), whereas molecules
with dipoles oriented left (right) appear aqua (red); intermediate orientations result in combinations of these colors.
Monolayers composed ofm-1-carboranethiol molecules evolve in a similar way to those of O9. (See Supporting Information,
video.)
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a lock-in technique (Stanford Research Systems SR850 DSP,
Sunnyvale, CA). The well-known lattice of atomic Au{111}, held
at 4 K, was measured and used to calibrate all images. The
measured LBH magnitude may vary in cases where the applied
voltage does not exactly equal the voltage across the tunneling
junction.45,69 With this condition in mind, local barrier height
micrographs were calibrated against Au step edge measure-
ments to verify the procedure used (Supporting Information
Figure S10).

Image Analyses. All STM images were processed and matrix-
smoothed with automated routines developed in MATLAB
(Mathworks, Natick, MA) to remove any high-frequency noise
and intensity spikes that may otherwise impair reliable extrema
selection.26 Images were then skew-corrected and checked in
Fourier space to remove any image aberrations due to drift and
piezoelectric transducer nonlinearities. We denote points p and
q as local maxima in topographic and inverted LBH images,
respectively. A point p was considered a local maximum if its
intensity was greater than that of all surrounding pixels within a
molecular-sized neighborhood of radius ws; the same method
was used to compute each point q in the LBH image. After the
sets of points p and q were obtained, an image patch centered
at each p, of the size [2psþ 1]� [2psþ 1], was correlated at each
pixel against a larger LBH image patch, centered at q, of the
size [2qs þ 1] � [2qs þ 1]. Parameter qs is the size of the next-
nearest neighbor spacing, and parameter ps is the size of one
molecule. This technique is referred to as block-matching that
has established use in the fields of image compression and object
recognition.47,48,70,71 The maximum correlation was chosen for
each point p to q, which was then referenced and plotted.

Dipole�Dipole Interaction Energy. We modeled each carbora-
nethiol molecule as an ideal electric dipole moment located at
the center of its cage moiety in a hexagonally close-packed
array. We estimated a molecule's dipole interaction energy to
be the electric potential energy (U) of the molecule's dipole
moment (pB) in the local electric field (EB),

U ¼ �pB 3 EB

The electric field is the vector sum of the fields produced by
the surrounding dipoles

EB ¼ ∑
i

1
4πE0

3(pBi 3 rB)rB� pBi

r3

where r represents the separation distance between the
molecule under consideration and its ith neighboring dipole
moment (pBi). The gold substrate also influences the electric
field due to the induced charge on the conductor, effectively
producing an image dipole beneath the surface for each dipole
in the SAM. The dipole interaction strength diminishes as r�3,
making more distant dipole moments less significant con-
tributors to the calculated energy. Accordingly, the sum-
mation above includes only the neighboring molecular dipoles,
and image dipoles, contained within the first four concentric,
hexagonal rings surrounding the considered molecule. Finally,
we assumed left�right and top-bottom periodicity in our
modeled SAM, such that opposite edges of the rectangular
molecular lattice coincided, and thus simulated an infinite
monolayer.

Monte Carlo Simulations. We used the Metropolis algorithm to
determine possible equilibrium orientations of molecular di-
pole moments within a SAM. Iteratively, the interaction energy
of a randomly chosen molecule within a SAM was computed
before and after a proposed reorientation. Each reorientation
rotated themolecule by a randomangle about an axis normal to
the substrate, thereby only altering the lateral position and
in-plane components of the dipole moment. Depending on the
change in energy, the reorientation was either accepted
and preserved in subsequent iterations, or discarded without
changing the state of the system. The probability of preserving
the change is

Probability(%) ¼ 100� 1,ΔE < 0
e�ΔE=kBT ,ΔEg0

�

where ΔE is the change in the dipole interaction energy due to
the reorientation, T is the absolute temperature of the system,
and kB is the Boltzmann constant.

We initialized a model SAM to have no net in-plane polar-
ization (randomized molecular azimuths) and allowed it to
evolve through successive iterations. Our simulations predict
that, at the low temperatures used experimentally (4 K), bothO9
and M1 SAMs evolve toward states with regions of locally
aligned in-plane molecular dipoles, as shown in the STM data.
However, we did not observe spontaneous dipole ordering
near room temperature (∼293 K) and, furthermore, note the
loss of order in a prealigned SAM due to random thermal
reorientations.
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