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Abstract: Establishing a way to fabricate well-ordered molec-
ular structures is a necessary step toward advancement in
organic optoelectronic devices. Here, we propose to use
interactions between electric dipoles of molecules and alkali
metal ions to form a well-developed homogeneous monolayer
of diarylethene molecules on the Cu(111) surface with the aid
of NaCl co-deposition. Scanning tunneling microscopy and
density functional theory calculation results indicate that the
formation of a row-type structure occurs as a result of
interactions between the Na+ ions and the diarylethene
molecular dipoles, drastically changing the adsorption config-
uration from that without Na+.

A fundamental understanding of geometric structures and
charge density distributions of molecules facilitates the
prediction of interaction between molecules. It thus helps
the design and fabrication of structurally homogeneous
organic monolayers on metal surfaces. There have been
numerous attempts to form well-ordered organic monolay-
ers[1] by employing intermolecular covalent bonding,[2] hydro-
gen bonding,[3] electrostatic interactions,[4] and van der Waals
interactions.[5] Metal–ligand networks, which use metal ad-
atoms for binding molecules, are also useful to form well-
ordered assemblies spontaneously. Chemical modification of
molecules with functional groups that can serve as ligands
such as cyanide, isocyanide, carboxylate, and pyridine, lead to
substantial interaction with metal adatoms to form both two-
dimensional (2D) networks and one-dimensional (1D) chains
on metal substrates.[6] Although rigid frameworks can be
constructed by this method,[7] the strong chemical bonding
between metal and ligand that forms an organometallic
complex may give rise to a significant change in intrinsic

functional properties of the molecule. One potential strategy
to simultaneously achieve the preservation of desired molec-
ular properties and the fabrication of a stable molecular
superstructure is conceived to use weak ion–dipole interac-
tions, which are yet stronger than dipole–dipole and van der
Waals interactions.

Diarylethene (DAE; the more specific term dithienyl-
ethene (DTE) is also used in some studies) could be one of
the candidates to achieve supramolecular assembly through
ion–dipole interactions, because it has an intrinsic dipole
resulting from its unique structure (Scheme 1) and has no

functional groups acting as a ligand with metal ions. DAE is
well-known for its photochromism,[8] and thus switching
properties as well as optoelectronic[9] and optomechanical[10]

applications have been intensively studied.
Homogeneous monolayers composed of DAE have so far

been achieved by designing and synthesizing modified DAE
molecules: thiolated DAE for self-assembled monolayers
(SAM) on Au(111)[11] and DAE with long alkyl chain and
pyrene moieties, which is stabilized into a 2D structure at the
solution/HOPG interface.[12] However, in these systems the
strong intermolecular coupling may hamper control of the
switching state of individual molecules.

Here, we report the successful formation of a metal ion–
DAE superstructure using a simple DAE molecule called 1,2-
bis(2,4-dimethyl-5-phenyl-3-thienyl)-3,3,4,4,5,5-hexafluoro-1-
cyclopentene (see Figure 3a for its gas phase structure) on the
Cu(111) surface by co-deposition of NaCl followed by mild
annealing. Based on scanning tunneling microscopy (STM)
experiments and density functional theory (DFT) calcula-
tions, we propose a possible model for the superstructure,
which consists of Na+ ions and closed-form isomers of DAE.
The driving force for the superstructure formation is indeed
suggested to be ion–dipole interactions between Na+ ions and
the DAE molecules, which results in a row-type molecular
arrangement along the molecular dipole axis.

Deposition of the closed-form isomer of DAE on the
Cu(111) surface with pre-adsorbed NaCl islands under ultra-

Scheme 1. Structure of DAE molecule used in this study and the
orientation of the molecular dipole moment. Calculated molecular
dipole moment of the isolated molecule is 5.83 D.
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high vacuum leads to a random distribution of adsorbed
molecules on Cu(111), as shown in Figure 1a. All DAE
molecules were found on clean Cu(111) regions and the rims
of NaCl islands, and no molecules were adsorbed on the NaCl
islands due to the smaller adsorption energy of DAE on top of
the NaCl islands compared to that on Cu(111). After
annealing the sample at ca. 360 K, well-ordered molecular
films, which are composed of linear molecular rows, appeared
on the Cu terraces, although some isolated DAE molecules
were still present on the terraces and step edges of Cu, and the
rims of the NaCl islands (Figure 1b). Three equivalent
orientations of the row structure (two are shown in Fig-
ure 1b), along the 11�2

� �
directions of Cu(111), were found;

these were identified by comparison with the orientation of
the isolated molecules as well as with the crystal orientations
clarified by the atomically resolved lattice of the Cu(111)
surface.[13] The same superstructure was also formed by
deposition of the open-form isomers, because the open-form
isomer transforms into the closed-form isomer on Cu(111)
using the thermal energy provided during annealing process.
The stabilities of the two isomers are reversed on Cu(111)
compared to that in solution.[13]

The co-deposition of NaCl is essential for the formation of
a well-ordered DAE superstructure on Cu(111). Without
NaCl, the molecules remained randomly adsorbed as isolated
monomers, dimers, or small clusters even after annealing
(Figure 1c). By postdepositing NaCl on the DAE/Cu(111)
surface followed by annealing at about 360 K, we were able to
fabricate molecular films (Figure 1d) that were identical to

those formed by DAE deposition with preadsorbed NaCl
islands (Figure 1b). These observations strongly indicate the
necessity of Na, Cl, or both for superstructure formation.

Enlarged STM images are helpful for elucidating the
details of the superstructure. All molecules are triangular with
a bright spot at the center, and the DAE molecules within
a molecular row adsorb in the identical structure with the
same orientation; however, adjacent rows have opposite
molecular orientations, as clarified by imaging the edges of
the molecular film (Figure 2a) as well as the vacancies and
voids within the films (Figure 2 b). Small molecular clusters
composed of two, three, and four DAE molecules on Cu(111)
and Au(111) do not exhibit such a row-type adsorption
configuration,[13] which also implies that the superstructure
obtained by co-deposition of NaCl contains species other than
DAE. Based on the STM contrast of the closed-form DAE
and orientation of the Cu(111) lattice, we constructed a model
of the superstructure, as displayed in Figure 2c. In this figure,
the model is superimposed on an enlarged STM image taken
from Figure 2b. The model uses the optimized structure of
a single DAE row, which will be described in detail below. The
basis vectors of the unit cell in the DAE superstructure, u and

Figure 1. STM images of closed-form DAE adsorbed on Cu(111) at
room temperature with predeposited NaCl islands (indicated in the
image), a) before and b) after annealing at 85 8C. c) Closed-form
isomers adsorbed on clean Cu(111) at room temperature followed by
annealing at 87 8C. d) DAE superstructure prepared by deposition of
the closed-form isomer followed by deposition of NaCl and annealing
at 85 8C. Image sizes: a) 50 � 50 nm2, b,c) 80 � 80 nm2, and
d) 30 � 30 nm2. Tunneling conditions: a,b) Vs =�2 V and It =50 pA,
c) Vs = + 2 V and It = 100 pA, d) Vs = + 1 V and It =30 pA.

Figure 2. a) STM image (10 � 10 nm2; Vs = + 1 V and It = 30 pA) of the
edge region of the superstructure. b) STM image (9 � 9 nm2; Vs =�1 V
and It = 30 pA) of a DAE monolayer film containing a vacancy (one
missing molecule) and void (four missing molecules). c) Proposed
superstructure model superimposed on the enlarged, rotated, and
trimmed STM image from (b). Unit vectors of the Cu(111) surface and
one of the unit vectors of the superstructure are indicated. d) Bias
dependence of the STM images (5 � 5 nm2) at It = 50 pA. e) Constant
height (feedback open at Vs = + 1 V and It = 50 pA) STS mappings
(5 � 5 nm2). For (d) and (e), the sample bias is indicated in each
image.
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v, are defined as u = 4a1 + 2a2 and v = 15a2, respectively, in
which a1 and a2 are the unit vectors of the Cu(111) lattice. The
bias dependences of the STM images (Figure 2d) and
constant-height STS mapping (Figure 2e) are not significant
within our experimental range of� 2 V. Only a small variation
is found at the phenyl rings, which show brighter contrast in
the unoccupied-state images (Vs> 0 V) than the occupied-
state images (Vs< 0 V). We do not observe spots that could be
attributed to Na+ or Cl� ions.

Several groups have reported molecular superstructure
formation through co-deposition of alkali halides. For molec-
ular films of tetracyanoquinodimethane (TCNQ) on Au-
(111)[14] and terephthalic acid (TPA) on Cu(100)[7a] with NaCl
co-deposition, the molecular packing geometries differ from
those formed in the absence of alkali halides. Another report
using biphenyl-3,3’,5,5’-tetracarboxylic acid (BTA) on Cu-
(100) showed that the molecule that does not form super-
structures by itself does so when NaCl is co-deposited,[7b]

which is quite similar to our case. In these previous reports,
the observed superstructures were concluded to be molecule–
alkali metal ionic crystals, and the disappearance of Cl was
evidenced by the reduction of the Cl 2p peak during in situ X-
ray photoelectron spectroscopy (XPS), in which the changes
in the peak positions and intensities were recorded during or
after molecular deposition on the metal with preadsorbed
alkali halides. We also performed XPS experiments, but the
two samples, i.e., NaCl/Cu(111) and DAE + NaCl/Cu(111),
were prepared and measured in separate experiments; there-
fore, only the peak positions were compared. The results
support the idea that Na binds to DAE and Cl disappears
from the surface because of the penetration into the bulk, as
proposed by Skomski et al.[7] (see the Supporting Information
(SI) for details).

Although our case seems similar to previously reported
molecule–alkali metal superstructures, there are significant
differences. DAE does not possess any functional groups
(such as carboxyl groups) that can act as ligands; thus, no
chemical reaction with the metal ions to form ionic bonds is
expected. Its low electron affinity (EA ;� 1.37 eV[13]) does not
predict the role of DAE as an electron acceptor to generate
anions to form ionic crystals with positively charged alkali
ions on Cu(111). In addition, the structures of the metal–
molecule ionic crystals reported so far are two-dimensionally
isotropic, whereas our case shows an anisotropic row struc-
ture. These differences indicate a unique bonding scheme that
is distinguished from ionic bonding.

Periodic DFT calculations were carried out to gain insight
into the formation of the DAE superstructure on Cu(111); we
focused on the driving force leading to the anisotropic
geometric configuration of the molecular film, i.e., the
formation of a row structure (see SI for computation details).
Therefore, we employed a supercell for an isolated single
DAE molecular row, i.e., b1 = 4a1 + 2a2 and b2 = 10a2, in which
the smallest atomic distance between adjacent molecular
rows was ca. 10 �. We also investigated the role of the
incorporated Na+ ions in the formation of the molecular rows
to explain our experimental findings, i.e., the successful
fabrication of a DAE superstructure only with NaCl co-
deposition. Extensive geometry optimizations were per-

formed to obtain the most stable structure using the initial
geometrical configurations of combinations of three adsorp-
tion orientations (i.e., P1, P2, and P3 according to the
molecular plane facing the Cu(111) surface, as shown in
Figure 3a) and four adsorption sites (on-top, OT; bridge, BR;
fcc hollow site, fH; and hcp hollow site, hH according to the
position of the center of mass of the DAE molecule).

Figure 3b and c show the most stable optimized structures
for the molecular rows without and with Na+ ions between
neighboring DAE molecules, respectively (see Figures S2 and
S3 for optimized structures of all the geometric configurations

Figure 3. a) Ball-stick model of closed-form DAE. On the right-hand
side, a side view of the molecule and the three planes facing the
Cu(111) surface considered in the calculations are shown; color code:
gray C, white H, pink F, orange S. b) Top and side views of the DFT-
optimized DAE row structure without Na+. c) Top and side views of
the DFT-optimized DAE row structure with Na+ (green). d and e) Side
views of the electrostatic potential maps of (b) and (c), respectively.
Blue to red corresponds to positive to negative charges. Black arrows
represent the molecular dipoles. Calculated molecular dipole moments
on the Cu(111) surface for (d) and (e) are 10.11 D and 7.51 D,
respectively.
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considered in this study). In both cases, the hcp hollow site is
the most stable adsorption site, although the relative energies
of the optimized structures do not depend significantly on the
adsorption site (see Table S1). Figure 3c displays a drastic
change in adsorption geometry from that in Figure 3b
because of the presence of Na+ ions in the molecular row.
Whereas the upright adsorption orientation (P2) of DAE
molecules on Cu(111) is preferred in the absence of Na+ ions
(Figure 3b and S4), the flat-lying adsorption orientation (P1)
is the most stable in the presence of Na+ ions (Figures 3c and
S5). In the absence of Na+ ions, two sulfur atoms of the DAE
molecule interact mainly with the Cu substrate; this is also
accompanied by van der Waals interactions between the
phenyl rings and the substrate (Figure S6). Thus, the DAE
molecules should be oriented in the upright adsorption
configuration. In contrast, when Na+ ions are inserted
between neighboring DAE molecules, the adsorption orien-
tation in the molecular row is significantly altered, in which
the Na+ ions adsorbed on Cu(111) strongly interact with two
fluorine atoms of DAE and thus draw the electronegative part
of the DAE molecule closer to the substrate. Figure 3d and 3e
show the electrostatic potential maps for isolated single DAE
molecular rows without and with Na+ ions, respectively, which
clearly indicate that the attractive electrostatic interactions
between Na+ ions and DAE molecules modify the direction of
the molecular dipole moment to be parallel to the substrate.

As a proof of ionization of the Na atoms on the Cu(111)
surface, we show in Figure 4a and 4b the charge density
difference maps for the molecular row without and with Na,
respectively. Depletion of the charge around Na is clearly
depicted (Figure 4 b), and the net charge of Na is found to be
+ 0.77 e. Ionization of Na is also confirmed in the density of
states shown in Figure S7b, where Na 3s states are located in
empty states away from the Fermi level. The ion–dipole
interactions along the axis of the molecular row also
compensate for the reduced interfacial interaction between
the DAE molecules and the Cu(111) substrate. In the
presence of Na, the charge transfer between the DAE
molecule and the substrate is significantly reduced, and thus
the charge density is redistributed, particularly around Na and
F atoms (Figure 4b). The evaluated net molecular charges are
+ 0.51 e and �0.10 e without and with Na+ ions, respectively.
The charge redistribution also leads to the decrease of
molecular dipole moment (Figure 3) because electron deple-
tion at S atoms and phenyl rings (green in Figure 4a) is
recovered due to the geometric change. Accordingly, the
change of the size and orientation of the molecular dipole
moment as well as the ionization of Na results in a decrease of
the work function by 0.37 eV with the surface coverage
considered in our calculations. The reduction of substrate–
molecule interactions is also indicated as sharpening of peaks
in the density of states of the DAE molecules on Cu(111)
(Figure S7). Therefore, our computational results strongly
suggest that the ion–dipole interactions induced by Na+ ions
play a crucial role in the formation of an anisotropic
geometric configuration, i.e., the formation of row structures
along the axis of the ion–dipole interactions. The overall
energy gain by Na incorporation along the molecular row in
the superstructure, which is accompanied with charge redis-

tribution, is found to be 0.64 eV (Ead(DAE) = 4.32 eV;
Ead(DAE�Na) = 4.96 eV). STM image simulations of DAE
rows without and with Na+ ions also support our interpreta-
tion; experimental images agree well with the model with Na+

ions (see SI for details.) The opposite directions of adjacent
molecular rows may be related to geometrical preference to
maximize the van der Waals interactions between adjacent
molecules while maintaining the same adsorption sites, and
antiparallel arrangement of the molecular dipoles, i.e.,
centrosymmetric arrangement, as is generally observed in
molecular crystals.[15] In addition, because the reduction of the
interfacial interactions might lead to changes in the path/rate
of isomerization reactions, our results imply that co-deposi-
tion of atomic or ionic species would provide control of
photochromism in a molecular film.

In conclusion, we demonstrated the formation of a well-
ordered superstructure of photochromic diarylethene mole-
cules on Cu(111) by means of vacuum evaporation of either
isomer with NaCl co-deposition followed by mild annealing.
Na+ incorporation is evident from a comparison of exper-
imental STM images with DFT calculations. The key to the
superstructure formation with anisotropic geometric config-
uration, i.e., the formation of a linear row structure, is
suggested to be cation–molecular dipole interactions.
Although further experiments to accomplish photochromic
reactions within the superstructure are necessary, our results
demonstrate a potential strategy to utilize alkali metal co-
deposition to simultaneously control electronic properties
and tune intermolecular interactions. Knowledge of the
interactions involved could also be useful for designing new
molecules for optoelectronic devices.

Figure 4. Top and side views of the charge density difference maps for
the DFT-optimized DAE row structures a) without and b) with Na+.
Red and green iso-surfaces indicate addition and depletion of electron
density of �0.0012 e bohr�3, respectively. color code: gray C, white H,
pink F, orange S, green Na.
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Experimental Section
STM experiments were performed using a low-temperature STM
system (Omicron GmbH) in an ultrahigh vacuum (UHV) chamber.
The base pressure was less than 5 � 10�11 Torr. All STM measure-
ments were performed at 5 K. Constant height STS mappings were
acquired using a standard lock-in technique with a bias modulation of
40 mVand 617 Hz while opening the feed-back loop. All bias voltages
indicated in this Communication are with respect to the sample, i.e.,
Vsample.

Cu(111) was prepared by repeated cycles of Ar+ ion sputtering
and annealing. NaCl islands (2–3 monolayers thick) were formed at
room temperature (RT) by evaporation from a Knudsen cell (K-cell)
heated at 870–900 K. The molecule purchased was the open-form
isomer of 1,2-bis(2,4-dimethyl-5-phenyl-3-thienyl)-3,3,4,4,5,5-hexa-
fluoro-1-cyclopentene (98% purity, Tokyo Chemical Industry Co.,
Ltd.). The powder was degassed in the K-cell before deposition, and
the temperature at the K-cell was at � 400 K, and the Cu(111)
substrate was kept at RT during deposition. When the closed-form
isomer was used for deposition, the powder was exposed to UV light
(375 nm) until it turned to blue prior to insertion into the K-cell.
Cu(111) was annealed at 355–365 K to form the superstructure.

X-ray photoelectron spectroscopy (XPS) was performed in
another UHV system that was equipped with a Theta Probe system
(Thermo Fischer Scientific) with a monochromatized Al Ka X-ray
source. The spectra were calibrated using the Cu 2p 3/2 peak at
932.4 eV. The prepared samples, i.e., NaCl/Cu(111) and DAE + NaCl/
Cu(111), were transferred from the sample preparation chamber of
the STM system to the XPS system using a portable UHV chamber.
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