NANO 5

pubs.acs.org/NanolLett

Tuning Structural and Mechanical Properties of Two-Dimensional
Molecular Crystals: The Roles of Carbon Side Chains

Huanyao Cun,w Yeliang Wang,*’ 2 Shlxuan Dy, * ™ Lel Zhang, Lizhi Zhang, Bing Yang, " Xiaobo He,"
Yue Wang, Xueyan Zhu, Quanzi Yuan, Ya Pu Zhao, Min Ouyang, Werner A. Hofer,

Stephen J. Pennycook,” and Hong-jun Gao'

Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China

*Key Lab of Supramolecular Structure and Materials, Jilin University, Changchun 130023, China
SInstitute of Mechanics, Chinese Academy of Sciences, Beijing 100190, China

”Department of Physics, University of Maryland, Maryland 20742, United States

*Stephenson Institute for Renewable Energy, The University of Liverpool, Liverpool, L69 3BX, Umited Kingdom
#Materials Science and Technology Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, United States

© Supporting Information

ABSTRACT: A key requirement for the future applicability of
molecular electronics devices is a resilience of their properties
to mechanical deformation. At present, however, there is no
fundamental understanding of the origins of mechanical
properties of molecular films. Here we use quinacridone,
which possesses flexible carbon side chains, as a model
molecular system to address this issue. Eight molecular
configurations with different molecular coverage are identified
by scanning tunneling microscopy. Theoretical calculations
reveal quantitatively the roles of different molecule—molecule
and molecule—substrate interactions and predict the observed
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sequence of configurations. Remarkably, we find that a single Young’s modulus applies for all configurations, the magnitude of
which is controlled by side chain length, suggesting a versatile avenue for tuning not only the physical and chemical properties of

molecular films but also their elastic properties.
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Organic-molecule-based flexible electronics has been of
significant interest due to its potential to challenge conven-
tional silicon-based technologies."™* Crucial to their applic-
ability is resilience of the physical properties of organic
compounds and films to mechanical deformation, which
requires an in-depth understanding and control of film
structure and elastic properties at the molecular level. At
present, however, there is little understanding of the underlying
mechanisms determining the mechanical properties and the
ensuing dimensionality of organic films®~ despite the fact that
molecular self-assembly has been extensively investigated on
solid surfaces.*” In this work, N,N'-dihexadecyl-quinacridone
(Cs;H760,N,: QA16C, Figure 1A) was chosen as a model
molecule because quinacridone (QA) and its derivatives are
well-known as stable organic pigments and dopant emitters,
possessing high chemical stability with technologically
important photovoltaic and photoconductive properties.'”"?
In particular, the QA16C molecule has two long carbon side
chains, allowing for a subtle interplay of the various molecule—
molecule and molecule—substrate interactions that may lead to
different possible molecular configurations on a surface. The
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side chain may also affect the dimensionality of the system,
providing one-dimensional or two-dimensional molecular
assembly patterns. Scanning tunneling microscopy (STM) is
used to identify molecular configurations and to determine
their evolution with systematic variation of molecular coverage
at single molecular scale. We observe a remarkable sequence of
stable and distinct configurations, which agree well with
theoretical prediction. Annealing experiments are used to
separate energetically stable configurations from metastable
configurations. Combining the experimental data with first-
principles and force-field calculations we are able to
quantitatively determine interaction energies and to extract
elastic properties of the molecular monolayer.

Methods. Experimental Section. All experiments were
carried out in an ultrahigh vacuum (UHV) system equipped
with molecular evaporators and a variable temperature scanning
tunneling microscope (Omicron, Germany) with the base
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Figure 1. Evolution of QA16C molecular self-assembly structures on the Ag(110) surface with increasing coverage. (A) Schematics of the change of
the molecular configuration with increasing QA16C coverage. Inset shows the chemical structure of QA16C. (B) High-resolution STM images of
eight different structures of QA16C molecules on Ag(110). Structures I and II are obtained at low molecular coverage with the alkyl chains of the
molecules clearly resolved. For structures III—VIII, only the molecular backbones are visible. The unit cells are indicated with solid lines. The
scanning parameters of each image are I, —1.03 V, 0.40 nA; II, —1.00 V, 0.11 nA; III, —1.03 V, 0.10 nA; IV, —1.05 V, 0.08 nA; V, —1.00 V, 0.08 nA;
VI, —1.03 V, 0.08 nA; VII, —1.05 V, 0.08 nA; VIII, —1.03 V, 0.08 nA. The scale bar is 3 nm.

pressure of 2.0 X 107 mbar. The single crystal Ag(110)
(orientation accuracy <0.1°, MaTeck Company) has been
prepared in vacuum by repeated cycles of Ar" sputtering and
subsequent annealing, as described previously."* QA16C
molecules in powder form were purified by a sublimation
process at the range of 1077 mbar," followed by degassing at
440 K for several hours under UHV conditions, which removed
more volatile impurities sufficiently. The QA16C molecules
were evaporated with different evaporation times from organic
molecular beam epitaxial cell while keeping the Ag(110)
substrate at room temperature. The temperature of the cell was
held at 460 K as measured with a thermocouple contacted with
the cell. The as-prepared sample was transferred from the
sample-preparation chamber to the STM chamber. Then STM
measurements were carried out with an electrochemically
etched tungsten tip. Several times, the sample was returned to
the evaporation stage where more molecules were dosed onto
the surface, and after each step of deposition further STM
measurements were carried out. All STM images were taken in
constant-current mode at room temperature.
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Computational. In order to determine the interactions
between molecular backbones and substrate, the density
functional theory (DFT) calculations used the Perdew—
Burke—Ernzerhof (PBE) flavor of the generalized gradient
approximation (GGA)'® in an all-electron plane-wave for-
mulation (projector augmented wave method) as implemented
in the VASP code.'”'® The molecule-Ag(110) system is
modeled within the supercell approach and contains four
atomic layers of silver with adsorbed molecules on one side of
the slab. It is generated with the theoretical bulk silver lattice
parameter of 4.116 A and a p(5 X 7) in-plane surface unit cell.
During our ab initio calculations, the uppermost two silver
layers and the molecular atoms are allowed to relax until the
atomic forces are lower than 0.02 eV/A. We apply the
Langreth—Lundqvist functional van der Waals (vdW) calcu-
lations" and obtain a value (~450 meV), which perfectly
accounts for the co-occurrence of different ordering patterns of
the molecules (III and VIII, see further down). The adsorption
energy of either carbon chain or backbone on the substrate
(E.q) is calculated using the total energy of the adsorbate on the
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Table 1. Structural Parameters of the Eight QA16C Structures Observed on Ag(110)

Structure 1 II 111 v \' V1 VII VIII
. X 5 5 6 5 9 10 6 9 1 2 3 7 5 6 50
Matrix notation 29 13 3 5 2 3 1 6 -5 5 -10 14 0 6
Number of
molecules per unit 2 1 4 2 4 3 8 2
cell
Arempervmitesll g 272 8.86 425 8.03 59 1535 3.54
(nm?)
Number of C
atoms adsorbed on 16 16 11 10 3 3 3 6
Ag(110) perside
chain
Schematic of \‘ﬁ A N //\> B S //A N
molecules in one /\é% /(]/ / O / W VN N @
unit cell \\// X/ <\VO/ - % 8/\

substrate (E,) minus the total energies of the adsorbate (E,)
and the substrate (E,), E4 = E, — (E, + E,).

The MM+ force field is employed to investigate vdW
interactions between carbon chains (CC) and substrate, and
also between neighboring CC. As for the interactions between
CC and substrate, the model is built with a p(7 X 12) in-plane
surface unit cell and the substrate contains four atomic layers of
silver with the adsorbing carbon chain on one side of the slab.
Since the lengths of adsorbing CC in the eight structures are
different, the number of carbon atoms in the chain decreases
from 16 to 8. For the interactions between neighboring CC, we
built a model in which two CC are aligned parallel in vacuum,
and the number of carbon atoms varies from 1 to 8. For the
calculation of vdW interactions between CC and substrate, only
the CC are allowed to relax until the system energy gradient
was lower than 0.1 kcal/mol.

Results and Discussion. STM images of the molecular
assembly at different coverage are shown in Figure 1B (large
scale images are shown in Figure S1 in Supporting
Information). Eight different structures in total can be
unambiguously identified and their evolution is summarized
as follows. Initial deposition on a clean Ag(110) surface yields
two coexisting structures of a network (I) and a line structure
(II). The aromatic backbones as well as the alkyl chains are
clearly distinguished as bright protrusions and dim stripes,
respectively. As additional molecules are deposited, a
herringbone-like pattern (III) emerges, while the surface areas
of I and II are gradually diminished. Subsequently, patterns of
dimer rows (IV) and braids (V) form and coexist with pattern
III. Upon the addition of more molecules, domains of pattern V
become bigger while a new meshlike structure (VI) also starts
manifesting itself. Further deposition induces the formation of a
tetramer structure (VII). Finally, the molecular adlayer
develops into a close-packed structure (VIII), which covers
almost the entire surface (Supporting Information Figure S1).
In all these high-resolution images each bright elliptic
protrusion can be routinely assigned to the backbone of one
QAI16C molecule based on size and shape.”® The structural
parameters of all eight different patterns can be determined
from Figure 1B and are summarized in Table 1 and Supporting
Information Table S1.

In the patterns of I and II in Figure 1B, both backbones and
alkyl chains can be resolved, and the alkyl chains are mutually
parallel and uniformly oriented on the substrate. Similar motifs
have been previously reported from the self-assembly of long

alkyl chain molecules at the liquid/graphite interface,”'~*° as
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well as for QA16C molecules on the metal substrates
Cu(110)*° and Au(111).”° However, the angles between the
backbones and the alkyl chains differ between I and II: 54 and
132° for I, 108° for IL. These data highlight the flexibility of
alkyl chains, that is, a clear response to the change of local
substrate coverage by self-reorientation.

As compared with patterns I and II, patterns III-VIII only
manifest molecular backbones in the high-density STM motifs
with an absence of molecular side chains. One possibility is that
the side chains could be separated from the molecular
backbones and lost (completely or partially) during the thermal
evaporation. However, considering the fact that deposition
temperature remains the same for all configurations (from I to
VIII) in Figure 1B, this possibility can be safely excluded. By an
in-depth analysis, we found that the spacing between
neighboring molecules in II—VIII becomes smaller than
those in I and II, which qualitatively suggests that a part of
the molecular side chains may be tilted away from the substrate
under the condition of high molecular coverage, as schemati-
cally illustrated for structure changes in Figure 1A. The
tendency to form higher density structures at higher molecular
coverages has been previously reported, for example, a similar
observation with molecules containing alkyl chains at the
liquid—solid interface, where the multiple structures depend on
the molecular concentrations.”’

In order to quantify and understand the evolution of
molecular structures with different substrate coverage, we
calculate molecular packing densities of the eight structures
based on the STM images. The calculated results are shown in
Supporting Information Table S1 and plotted in Supporting
Information Figure S2. We find that the eight different
configurations can be classified into two different groups, that
is, a low-density group (I and II) and a high-density group
(III—VII) with an obvious difference of packing density; the
difference is 23% between II and III, while it is on average 7.6%
between any other adjacent configurations.

Except for their packing density, there exist two other distinct
differences between these two groups: (i) in the low density
group, both backbone and alkyl chains can be well resolved in
the corresponding STM images, while only the backbones are
visible in the structures in the high density group; (ii) the
average area occupied by one molecule is either larger (low
density group) or smaller (high density group) than the area of
the molecule, which is 2.99 nm* including the extended alkyl
chains. For example, in III the area is only 2.22 nm? This
feature of III is also confirmed by the short distance between
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two adjacent molecular rows, which is about 1.30 nm, that is,
31.6% shorter than the length of a free alkyl chain (1.90 nm).
Therefore we conclude that the alkyl chains do not lie flat on
the substrate for the six high-density structures (III—VIII,
Figure 1B) but are partially uplifted from the surface and reach
into the vacuum. However, the fact that side chain must remain
partially on the surface due to a steric effect, which can be
supported by comparing packing densities of QA16C and
shorter chain molecules (QA1C and QA4C, the models and
STM images are shown in Supporting Information Figure S3).
We have determined the total number of carbon atoms in the
side chain that remain on the substrate for six structures in the
high-density group (see the data in Table 1, for example, at
least six carbon atoms adsorb on the surface in VIII).

We have shown that different structures have different
arrangements of carbon chains. As an example, structure I has
all carbon chains lying flat on the substrate and structure VIII
has the carbon chains partially uplifted, thus representing two
different elastic states of the molecular films. Our present study
therefore provides a unique way to quantitatively evaluate the
elastic properties of these molecular adlayers. The stress—strain
relationship of an organic thin film can be approximated as a
2D isotropic system with a strain energy density U = [E(1 — v
— 1/20%)/(1 — 20*)]€* where E is the Young’s modulus, v is
the Poisson’s ratio, and ¢ is the strain.”® The Poisson’s ratio we
used for our calculation is 0.3,”%*° thus this equation can be
further simplified to U = 1.637SEe*. The strain ¢ can be
determined by £(ij) = (S, — Sjl/z)/Sil/z, where i and j denote
the different configurations among eight observed structures, S;

1
and S; describe the areas of one molecule in structure i and

structlllre j (Supporting Information Table S1). The strain
energy density U can be evaluated as U(iij) = (E,; — E,))/(hS)),
where h; is the film thickness (see Supporting Information S7
for details of the calculations), and E,; and E, are the
adsorption energy in structure i and structure j, respectively.

In order to compute the adsorption energies of different
structures for an accurate evaluation the mechanical behavior of
the films, we calculate all interactions separately and structure-
by-structure, as summarized in Figure 2. The existence of
different percentages of the side chains adsorbed on the
substrate for different packing densities strongly suggests that
intrinsic interchain and chain—substrate interactions should
vary in our observed eight different assembly patterns. Figure
2A illustrates the different interactions that should be
considered to account for the molecular arrangement. (i)
Chemical interaction between molecular backbone and
substrate; in our case it is the chemical bonding between
oxygen and silver atoms (BB—Ag—chem); (ii) vdW interactions
between backbone and substrate (BB—Ag); (iii)) vdW
interactions between flat side chains and substrate (fC—Ag);
(iv) vdW interactions between neighboring uplifted carbon
chains (upC—upC); and (v) interactions between neighboring
molecular backbones; hydrogen bonds among neighboring
backbones have been reported before to result from carboxyl
oxygen atoms of one molecule interacting with hydrogen atoms
of an adjacent molecule.*®*' Considering the distance between
oxygen and hydrogen atoms in our adlayers this effect can be
safely ignored; thus contribution of (v) is negligible in our
evaluation of the total energy.

We now evaluate the above interactions one by one. We find
the adsorption energy of a molecule chain with n carbon atoms
absorbed on the surface can be described by the relationship E_q
=137.6 — 38n[meV]; the corresponding values are summarized
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Figure 2. Molecular interactions and total energy calculations. (A)
Schematics of the different segments of QA molecules used to
calculate interaction energies. BB represents the QA16C backbone; fC
and upC represent flat and uplifted sections of the side chains on the
Ag(110) surface. Interactions include the chemical interaction (BB—
Ag—chem) and van der Waals interaction (BB—Ag) between
backbone and substrate, the interaction between the flat absorbed
side-chain and the substrate (fC—Ag), and neighboring uplifted chains
(upC—upC). (B) Total energy per molecule as a function of the
superstructure. (C) Total energy per unit area as a function of the
superstructure.

in Supporting Information Table S2. We consider interactions
of the molecular backbone with the substrate by optimizing the
configuration of a single molecular backbone on Ag(110). By
comparing with experimental STM results (Figure 1B), we
observe that there exist two kinds of molecular orientations,
corresponding to four molecular configurations by taking into
account also the chirality of QA16C molecules on the
surface.””*® The optimized models of these four configurations
are shown in Supporting Information Figure S4A—D, and the
adsorption energy of them is calculated by DFT and given in
Supporting Information Table S3. We find that the difference
of the energy values among the four adsorption configurations
is around 100 meV. The increase of the adsorption energy with
each carbon atom of the side chain adsorbed on the surface is
also about 100 meV (Supporting Information Table S2). This
“degeneracy” in energy scales is thus the origin of the observed
diversity of structures of QA16C. While the system loses
adsorption energy when the carbon chains are uplifted, it also
simultaneously gains energy because more molecular backbones
can adsorb on the surface. Since the adsorption energies are
comparable, the total energy landscape is very flat. Therefore,
there exist a large number of possibilities for energy trade-off in
structural transformation processes with increasing substrate
molecular coverage. The alkyl chains play a key role during the
whole structural change process, especially in stabilizing the
energetically metastable structures. They not only act as spacers
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Nano Letters

E =0.92+0.08 GPa

0.4

0.3

0.2
Strain (¢)

Figure 3. Calculation of the molecular configurations and Young’s modulus. (A) Eight molecular configurations on Ag(110) surfaces. The
adsorption sites of the backbone on the surfaces are determined by experimental observations and DFT calculations. The configurations of the side
chains are optimized by MM+. (B) Plot of strain energy density (U) vs strain (&). The data points from II to VIII stand for the calculated values of U
and € of the corresponding structure, and each point is calculated from the structure I and itself. The line is a fit to structures I through VIII resulting
in an estimated Young’s modulus of 0.92 + 0.08 GPa. The error of the Young’s modulus comes from the standard error when we use a quadratic

function to fit the U—e data.

between two neighboring molecules,**® but also stabilize a
particular adlayer structure due to their interaction (fC—Ag)
with the surface and their mutual vdW interactions (upC—
upC).

Next, we evaluate the total interaction energy of each
observed structure (Figure 2) after considering all the
interactions described above. For a molecular crystal, there
are generally two different evaluation ways: (i) the total
interaction energy per molecule (Figure 2B), and (ii) the total
interaction energy per unit area (Figure 2C). A comparison
between these two measures has revealed dramatic difference in
the predicted energy as well as the stability of different
structures. For example, in the low density regime (structures I
and II) the energy per molecule is practically identical, while
the energy per unit area suggests an energy decrease for
structure II. Such differences are also manifest in the high
coverage regime. While both the energy per molecule and per
unit area suggests a higher stability of structure III with respect
to structures IV and V, a preference for structure VIII is
predicted by the energy per unit area. Our calculations also
demonstrate that the total adsorption energy strongly depends
on the weak (upC—upC) interaction, which further highlights
the importance of considering all molecular interactions in
order to accurately evaluate the mechanical behavior.

In order to examine our theoretical evaluation of the total
absorption energy we carried out an annealing experiment to
evaluate the stability of the eight structures. The STM
observations of the annealed samples indicate that II, III, and
VIII are the three most stable and energetically favorable
molecular configurations (Supporting Information Figure SS),
which agrees very well with the prediction from the energy per
unit area calculation. We conclude, therefore, that the energy
per unit area is the appropriate measure of energy and can be
regarded as the molecular analogue of a surface energy.***®

By combining STM experiments with theoretical calcu-
lations, we have obtained the total adsorption energies of
different structures and shown that the interaction energy per
unit area can be regarded as a surface energy. We also could
determine the molecular configurations of the eight observed
structures [=VIII by DFT and MM+ simulations, leading to the
models shown in Figure 3A. Different configurations have a
different thickness (h) caused by the standing-up of the carbon
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side chains to varying extent. Eight different molecular
configurations can be regarded as eight different strain states
of the molecular film, and therefore, the strain energy density
(U) and strain (¢) for every structural configuration (I—VIII)
can be independently evaluated from our STM measurements
and theoretical calculations. By using the formula described
above and with the data for S (area of one molecule in observed
structure), E, (total adsorption energy), and h (film thickness),
we can easily obtain the values of U and & of each individual
configuration. Figure 3B shows these values and their evolution.
We find that the ratio of U to & can be fitted by a single
formula, including the Young’s modulus E.

Remarkably, our data indicate that a single Young’s modulus
applies to all configurations and the value is 0.92 + 0.08 GPa.
This value is substantially smaller than those of typical
conjugated organic-molecule based crystals (e.g, naphthalene
and anthracene have Young’s modulus of 8.1 and 8.4 GPa,
respectively).”® This is consistent with the fact that the
molecules are riding up over one another as they change
from one configuration to the next so that the deformation is
not strictly elastic and our result represents an effective elastic
constant. We also note that dibenzyl ethane has a Young’s
modulus of 6.3 GPa,*® which is smaller than naphthalene, due
to the ethyl chain. The ethyl chain is only two CH, groups
long, whereas in the QA16C molecule the two carbon chains
are sixteen CH, groups long. These data suggest that the alkyl
chains change the Young’s modulus considerably. To further
confirm the effect of side-chain to the elastic properties, we
calculate the Young’s modulus of films formed by QA1C and
QA4C molecules (this is done theoretically, see Supporting
Information 7), that have much shorter side chains compared
to QA16C. In this case, the change of total energy of the system
is essentially due to the change of intermolecular interactions
and does not involve, as in QA16C, a change of conformation
of the carbon chains. The Young’s modulus for the films of
QAIC and QAA4C is then 0.15 + 0.01 GPa and 0.20 + 0.01
GPa, respectively. This result suggests that the main
contribution to the elastic properties of the QA16C monolayer
is actually due to conformation changes of the chains. It further
demonstrates that the side chain has an important effect on the
elastic property of molecular films. As the conformation
changes in a molecular layer with varying packing density
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depend on the length of the carbon side chains, we may
conclude that this length is a critical factor controlling the
Young’s modulus of such molecular films. Our results could be
extended to other organic compounds with long carbon chains,
for example, phthalocyanine or azobenzene with alkyl chains,
where we expect a similar behavior.

Conclusions. By choosing a QA molecule as a model
system, we have revealed the detailed deformation processes of
an organic film. We evaluated the contributions of the various
molecular interactions and found that such a subtle process
should be considered as a collective interaction between
molecules and substrates rather than from the viewpoint of an
isolated molecule. In particular, the energy per unit area
obtained by considering all possible interactions (including
weak vdW forces) represents an effective surface energy, which
offers an efficient tool to evaluate the stability and evolution of
molecular configurations of the film. Complicated interactions
in monolayers and their subtle cooperation and competition
revealed here should be helpful for the understanding of
structures and properties of films in real devices. Importantly,
we show that mechanical properties can be evaluated from
STM experiments combined with theoretical calculations. The
Young’s modulus of our QA system is substantially smaller than
those of typical organic-molecule based crystals (e.g.,
naphthalene) due to the long carbon side chains. The
possibility of using alkyl side chains to control molecular
configurations offers a new avenue to tune the elastic properties
of organic films, which is anticipated to be an important guide
for future development of functional molecular devices.
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