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ABSTRACT: Structural and mechanical properties of self-
assembled metal-free naphthalocyanine (H,Nc) films on a
Ag(111) surface are studied. Six self-assembled domains are
observed by scanning tunneling microscopy (STM). Combin-
ing the high-resolution STM images and density functional
theory (DFT) based calculations, we found that molecules
adsorbed flatly on the substrate by forming six different
interlocked square-like unit cells with different lattice
parameters. DFT calculations indicated comparable adsorption
energies for all the configurations. Six domains with different
lattice parameters present different strain states, giving us a
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possibility to evaluate the Young’s modulus of the metal-free naphthalocyanine films on the Ag(111) surface. We found that the
Young’s modulus of H,Nc is comparable to those of typical conjugated organic-molecule-based crystals (e.g,, naphthalene),
providing useful information for future applications when the elastic properties should be concerned.

B INTRODUCTION

Functional molecules are of great interest in the rapidly
growing field of molecular electronics and molecular optics,
showing potential apphcatlons in electronic and optical dev1ces,
such as light-emitting diodes,"* solar cells,>* and switches.>™®
Because of the fascinating physical properties’ " arising from
their delocalized 7-electronic structures, phthalocyanine (Pc)
and its derivatives have been regarded as promising candidates
for electronic and optical molecular devices in the last
decades."”*"*"'® Numerous studies have been carried out
about phthalocgramnes, such as adsorpt10n,17—19 structural
formation,"”'®* and electronic properties’ ""*' on different
substrates. Naphthalocyanines (Ncs), one important class of
derivatives of phthalocyanines (Pcs) with an extended
delocalized 7 electron system, show better optical and
electronic properties in comparison to Pcs.'>" For example,
the light-harvesting properties of Ncs are better than those of
Pcs since their light absorption matches better with the solar
spectrum, which makes them promising candidates for
applications in solar cells.”* >* However, recovery of the
physical properties of molecular films from the mechanical
deformation is an important issue in practical applications,
especially the elastic properties of a molecular monolayer.>>~>*
At present, there is little study of the mechanical properties of
organic thin films with one monolayer,” despite the fact that
molecular self-assembly has been extensively investigated on
solid surfaces.

In this article, we report on the structural and mechanical
properties of self-assembled metal-free naphthalocyanine
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(H,Nc) films on a Ag(111) surface at room temperature. Six
self-assembled domains are observed during experiment with
comparable coverage percentages even after annealing at about
200 °C. From the high-resolution STM images, we found that
the molecules adsorb on Ag(111) with the molecular plane
parallel to the substrate, further demonstrated by density
functional theory (DFT) calculations. The six domains can be
divided into two kinds of self-assembly induced chirality,> with
each chirality containing three domains. DFT calculations
indicate a comparable adsorption energy for the six different
configurations. By combining the STM measurements and
DFT calculations, we evaluated the Young’s modulus of the
metal-free naphthalocyanine films on the Ag(111) surface,
which is comparable to those of typical conjugated organic-
molecule-based crystals (e.g, naphthalene).

B METHODS

Experimental Section. All experiments were carried out in
a homemade ultrahigh vacuum (UHV) scanning tunneling
microscope (STM)>" system with the base pressure better than
2.0 X 1071 Torr. A single-crystal Ag(111) (roughness <0.03
um, orientation accuracy <0.1°, MaTeck Company) was
prepared in vacuum by repeated cycles of Ne sputtering and
subsequent annealing at 510 °C until a clean surface was
confirmed by STM imaging. 2,3-Naphthalocyanine (Aldrich
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95+%) in powder form was purified by a sublimation process
with a2 homemade Knudsen cell (K-cell) evaporator in high
vacuum for 3 days, followed by degassing at 370 °C for 2 h
under UHV conditions. The 2,3-naphthalocyanine (H,Nc) was
evaporated at 340 °C with the Ag(111) substrate kept at room
temperature. The evaporation rate is about 0.013 ML/min. A
monolayer (ML) is defined as the amount of deposited H,Nc
that entirely covers the substrate surface. Electrochemically
etched tungsten tips were used as STM tips, and they were
further cleaned by several cycles of Ne® sputtering and
annealing in UHV and checked by STM imaging. All the
STM images were taken in constant-current mode, with the
bias applied to the sample.

Calculation Details. In order to determine the interaction
between the H,Nc molecules and the substrate, first-principles
calculations were carried out based on density functional theory
(DFT) with a plane-wave basis set in the Vienna ab initio
simulation package (VASP),*>** in which projector augmented
wave (PAW) potentials were chosen to describe the generalized
gradient approximation,3’4 with Perdew, Burke, and Ernzernhof
(PBE) for exchange-correlation effects. We built all the six
supercells of molecular film on the Ag(111) surface based on
the lattice parameters from the STM images shown in Figure 2.
Considering the calculation limitation, we used a two-layer
Ag(111) slab separated by 18 A vacuum to simulate the
substrate of the molecular adsorption. In structural relaxations,
silver atoms were fixed in order to improve the calculation
efficiency, while all H,Nc molecules on the surfaces were fully
relaxed until the residual forces were smaller than 0.01 eV/A.
The number of atoms in the supercells varies in different
configurations due to the different sizes of the supercells. The
calculated lattice constant we used for bulk silver was 4.16 A,
which had been proven to be optimal in our previous work.”
We use Grimme’s empirical correction scheme to take into
account the van der Waals (vdW) interaction,” and the
standard values of the calculation parameters are used in these
DFT+D/PBE calculations.>® The adsorption energy for H,Nc
on Ag(111) was defined as E, = Exc + Exgi11) = Enc/agtinn)-

B RESULTS AND DISCUSSION

The top and side views of the relaxed geometrical structures of
the H,Nc molecule calculated by DFT are shown in Figure la.
The H,Nc molecule is composed of a phthalocyanine (Pc)
skeleton with additional benzene rings attached along the four
lobes, increasing the size of each individual molecule by ~0.4
nm. It has a planar geometry (D), with a van der Waals
diameter of approximately 2 nm.

In submonolayer coverage, neither 2D H,Nc molecular
islands nor monodispersed molecules have been observed.
Compared with the reported works of submonolayer coverage
of the H,Nc molecule on a Au(100) surface,”’ these results
suggest a weaker interaction between the H,Nc molecule and
the Ag(111) surface. By gradually increasing H,Nc molecule
coverage, a self-assembled monolayer of H,Nc molecules with
multiple domains is observed. We have found six closely packed
H,Nc molecule domains, as shown in Figures 1b, 1c, and 1d.
The densely packed lattices in each domain have a specific
orientation angle with respect to high-symmetric direction
[170]. Here we define the domain, in which one direction of
the lattice is along the [110] direction of Ag(111), as domain
RO. For the other five domains, the angles between their lattice
orientations and that of the domain RO in counterclockwise
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Figure 1. Different domains of a self-assembled H,Nc¢ molecular
monolayer on the Ag(111) surface. (a) Top and side views of H,Nc
molecular structure. (b) STM image of five domains (in different
colors) with different lattice directions indicated by the black arrows.
(c) STM image of three domains, RO, R1S, and R60. R60 is separated
with the other two domains by the step edge, and the domain
boundary between the domain RO and RIS is on the upper terrace.
The domain boundary is indicated by the white dashed line. (d) STM
image shows the monolayer H,Nc molecules continuously across the
step edge. The molecular models are superimposed around the step
edge to show the continuity of the molecular layer. The scanning
parameters are —2.5V, 0.1 nAin (b), —1.74 V, 0.1 nAin (c,) and —2.5
V, 0.1 nA in (d), respectively.

direction are 15°, 30°, 45°, 60°, and 75°; here we define these
domains as R15, R30, R4S, R60, and R7S, respectively.

Figure 1b shows an STM image including five different
domains marked in different colors. In all these domains, the
H,Nc molecules are closely packed and display nearly square
lattices. The domain size ranges from tens of nanometers to
hundreds of nanometers across several steps. Most of the
domain boundaries lie along the step edges, while we could also
find domain boundaries on terraces; for example, the domain
boundary between domains RO and R7S is shown in Figure 1b.
Figure 1lc shows the junction area of three domains, RO, R1S,
and R60, with the domain boundaries indicated by white
dashed lines. We found that the domain R60 is separated from
the other two domains by a step edge, while the domain
boundary between domain RO and domain RIS is on the
terrace. In the high-resolution STM image [Figure 1d], the
domain R4S continuously crosses a step edge, which indicates a
stronger intermolecular interaction among H,Nc molecules
than the molecule—substrate interaction. The position and
orientation of H,Nc molecules across the step edge are
superimposed by molecular models, and the green dashed lines
reveal the unit cells within the R45 domain. All of the six
domains are thermally stable up to 200 °C.

Comparing to previous studies of H,Nc molecular films on
graphite®®*” and other metal substrates,””*>*' our work reveals
more domains, to the best of our knowledge. Considering the
3-fold symmetry of the Ag(111) surface, the observation of six
domains of H,Nc molecular film indicates a weak but not
negligible role of the substrate symmetry on the self-assembly
process. By measuring the lattice parameters of the six domains
in different areas, we find that the lattice parameters of the
molecular monolayer vary a lot, even in the same domain of
different areas. Such deformations present different strain states
within the molecular film, which gives us the possibility to study
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the mechanical properties of the H,Nc monolayer films on the Table 1. Geometric Parameters and Adsorption Energies of
Ag(111) surface. Here we select six configurations, shown in the Six Self-Assembled H,Nc Molecular Domains in

Figure 2, which enable us to build the commensurate models Experiment and DFT Simulation”

for the subsequent DFT calculations on the mechanical

properties.

AA) 16.8+0.4 17.3x0.4 17.3+0.4 17.2+04 16.1+0.4 16.5+0.4

B (A) 16.740.4 16.8+0.4 17.2404 17.7+0.4 17.1+04 16.6+0.4
D (°) 902 85+2 932 88+2 9242 92+2
Density

(1/nm?) 0.356+0.16 0.345+0.16 0.337+0.16 0.329+0.16 0.363+0.16 0.365+0.16

Matrix 6 2 7 5 6 6 5 7 5 -1 6 1
Notation 1 6] |1 5] |4 3] |5 2 4 7 2 6
Ea (eV) 6.113 6.397 6.303 6.565 6.613 6.105
hi (A) 3.09 3.03 3.04 3.01 3.01 3.08

“The data in the gray background are obtained from the experiments,
while those in the orange background are obtained from the DFT
calculations.

packed molecules can be divided into two chiralities, though a
single Nc molecule shows no chirality, which is induced by the
surface adsorption.“’46 For the three domains, RO, R30, and
R60 (see Figures 2a, 2b, and 2c, respectively), the H,Nc
molecules are organized in such a way that the nearest four

Figure 2. High-resolution STM images of the six different self-

assembled domains of H,Nc molecules on the Ag(111) surface: RO, interlocked molecular lobes extend along the clockwise
R1S, R30, R4S, R60, and R7S in (a), (b), (c), (d), (e), and (f), direction. So it leaves a gap between molecules resembling a
respectively. The scanning parameters are —1.04 V, 0.1 nA in (a), —1.4 clockwise (CW) pattern, marked by the white lines, and here
V, 01 nAin (b), 1.5V, 0.1 nAin (c), =1.5V, 0.1 nA in (d), =2V, we name the chirality “CW”. However, for the other three
0.1 nAin (e), and —1.5 V, 0.1 nA in (f). domains, R15, R4S, and R7S (see Figures 2d, 2e, and 2f
respectively), the molecules are organized in a different mode;
Figure 2 shows the high-resolution STM images of the six the four nearest interlocked molecular lobes extended along
closely packed self-assembled domains. The H,Nc molecules counterclockwise direction, with the gap between molecules
are represented as crosses with four clearly resolved outer lobes resembling a counterclockwise (CCW) pattern, marked by the
and a depression in the center. The cross represents the black lines. Here we name the chirality “CCW”.
position and orientation of the individual molecule within the Using the measured intermolecular distances in different self-
ad-layer. The H,Nc molecules are adsorbed flatly on the assembled domains (shown in Table 1 with gray background),
substrate. The diameter is around 2 nm, which agrees with the together with the orientation of unit cells and that of a single
calculated van der Waals diameter of the H,Nc molecule. The molecule referring to the orientation of the Ag(111) surface, we
H,Nc molecules are so densely packed that all lobes are built six different commensurate structure models with one
interlocked with neighbor molecular lobes just like mechanical molecule in each unit cell, and the matrix notations are
gears. The green rhomboid pattern in each image represents presented in Table 1. DFT calculations show that the
the unit cell of the corresponding domains. The unit cells in all adsorption energies of the six configurations are comparable
of the six domains show similar square shapes, with comparable (see Table 1), lying in the range of 6.1—6.6 eV, and the distance
lattice parameters in the two directions. However, the length of between molecules and substrates is approximately 3 A for all
the lattice parameters varies in different domains from 16.1 + configurations. These data show good agreement with the
0.4 to 17.7 + 0.4 A, and the angle between the two base vectors coexistence of the six domains on an annealed sample.
ranges from 85 % 2° to 95 + 2° (see Table 1 for the detail Six domains with lattice parameters varying from 16.1 to 17.7
parameters). This range covers the lattice constant for the A can be regarded as six different strain states of the molecular
H,Nc molecule on the reported metal surface, such as film. A previous report shows that the Young’s modulus is
Au(111)**" and Au(100)*” (about 17 A). However, it is a related to the energies and strains of molecular layers at
little smaller than the lattice parameters of H,Nc molecules on different strain states.”” The stress—strain relationship of an
graphite®® (18.5 A) and larger than the lattice parameters of organic thin film could be approximated as a 2D isotropic
naphthalocyanines on the inorganic crystals (RbI, KI, KBr, and system with a strain energy density U = [E(1 — v— 1/20%)/(1
KCl), which vary from 14.8 to 16.4 A* ™ In our case, the — 20)]€%, where E is the Young’s modulus, v the Poisson’s
packing density of H,Nc molecules in different domains in ratio, and € the strain.*”*® The Poisson’s ratio we used for our
Figure 2 is different, ranging from 0.33 molecules/nm* in calculation is 0.3, which is the average value of organic
domain R45 to 0.37 molecules/nm? in domain R7S. From the molecular ﬁlms;47’49 thus this equation could be further
atomic resolution STM images on the clean Ag(111) surface simplified as U = 1.6375E¢* Small changes around the average
before deposition, we could identify the direction of the value 0.3 will not change the parameter A too much from
substrate lattice and thus the relative direction of the adsorbed 1.6375; for example, when v changes from 0.25 to 0.35, the A =
H,Nc molecules, as shown in Figure 2. (1 — v— 1/20*)/(1-2v) changes from 14375 to 1.9625,
An interesting feature in the high-resolution STM images resulting in about +15% variation of the Young’s modulus
(see Figure 2) is that the self-assembly mode of the closely around E, ;. The strain & can be determined by £(i;) = (S, —
8210 DOI: 10.1021/acs.jpcc.5b01344
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Sjl/ 2)/8"/%, where i and j denote the different structures in the
six observed domains and §; and S; describe the areas of one
molecule in structure i and structure j. The strain energy
density U can be evaluated as U(ijj) = E,./Sh; — E,/Sh, where
h; is the thickness of the molecular film on the Ag(111) surface
and E, and E,; are the adsorption energy per molecule in
structure i and structure j, respectively.

The strain energy density (U) and strain (&) for each
configuration (RO ~ R75) shown in Figure 2 can be
independently evaluated from our STM measurements and
theoretical calculations. By using the formula described above
with the data for S (area of one molecule in the observed
configuration), E, (adsorption energy per molecule), and h
(thickness of the molecular film), we can easily obtain the
values of U and ¢ of each individual domain.

Figure 3 shows these values and their evolution. Using the
formula shown above, U = 1.6375Ee?, to fit the data in Figure 3,

E =8.92+0.91 GPa

0.02

0.04 0.06 £ 0.08 0.10 0.12

0.00 0.14

Figure 3. Plot of strain energy density (U) vs strain (&). The data
points from RO to R75 stand for the calculated values of U and ¢ of the
corresponding domain, and each point is calculated from the domain
RO and itself. The line is a fit to domain RO through domain R7S
resulting in an estimated Young’s modulus of 8.92 + 0.91 GPa. The
error of the Young’s modulus comes from the standard error when we
use a quadratic function to fit the U—¢ data.

we find that a single Young’s modulus applies to all
configurations and that the value is 8.92 + 091 GPa. This
value is comparable with 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 H,Nc molecules have four
naphthalene-like lobes, which provide the main contribution to
the interaction between neighboring molecules. The inter-
locked packing mode limits the dislocation and rotation of the
single molecule within the ad-layer, which also contributes to
the elastic properties of the molecular film.

B CONCLUSION

The self-assembled configurations and the mechanical proper-
ties of H,Nc molecules on a Ag(111) surface were investigated
by STM measurements combined with DFT calculations. The
H,Nc molecules adsorbed flatly on the substrate. Six different
self-assembled H,Nc¢ molecular domains were observed. High-
resolution STM images of the six domains show that the cross-
like shaped molecules are packed with neighboring lobes
interlocked with each other. This pattern shows two kinds of
self-assembly-induced chirality within six domains, with the
gaps in between molecules resembling the CW and CCW
patterns in different chiralities. Atomic resolution STM images
of the Ag(111) surface obtained before H,Nc molecule
deposition were utilized to determine the single-molecule and
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the unit cell orientations of self-assembled patterns, together
with the lattice constants obtained during experiment, and
structure models of the six configurations were provided. By
combining the STM measurements and theoretical calculations,
we obtained the Young’s modulus of the metal-free
naphthalocyanine films on the Ag(111) surface.
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