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Polymorphic transition from the 1D ribbon to 2D carpet
superstructure of squaric acid molecules on Au(111) was
achieved through thermally activated process. Our com-
bined STM and DFT study revealed that the molecular ar-
rangements in 1D and 2D superstructures are determined by
the stability of their conformational isomers and assembled
structures, respectively.

Polymorphic transitions of molecular assemblies on solid surfaces
have recently attracted great interest for developing organic-based
functional devices. The polymorphic transition has so far been ex-
tensively studied on supramolecular assemblies at the liquid-solid
interfaces.! However, ultrahigh-vacuum (UHV) condition provides
different approach to fabricate “solvent-free molecular assembly”
and to control its morphology and physical properties.” The poly-
morphic transition of molecular assembly under UHV is, therefore,
of importance for gaining fundamental insights into the underlying
mechanism based on molecule-substrate and/or intermolecular inter-
actions without involving solvent molecules.” Intermolecular interac-
tions such as hydrogen bonding (H-bonding) and van der Waals
(vdW) interactions, balanced with molecule-substrate interactions,
are generally considered to play an important role in engineering
molecular arrangements on solid surfaces. Merz et al. reported the
temperature-controlled reversible polymorphic transition in a two-
dimensional (2D) molecular crystal of bowl-shaped corannulene on
Cu(111) on the basis of the relation between the temperature-
dependent population of vibrational modes and intermolecular at-
tractive forces,”® and further demonstrated the possibility of selecting
a desired assembly structure with intermolecular steric blocking.”
Conformational changes caused by thermal annealing can also be
utilized to achieve a polymorphic transition on solid surfaces. Mate-
na et al. reported the transition from a H-bonded porous to a close-
packed rhombic molecular superstructure on Ag(111), of which the
driving force was suggested to be a thermally induced trans-cis in-
version of the terminal amidic group within the molecule.” Howev-
er, to the best of our knowledge, only a few studies have been re-
ported on the polymorphic transition under UHV condition with
respect to the dimensionality of molecular assembly on solid surfac-
es, such as via changing the chemical composition® or surface cover-
age®, despite the importance of structural versatility in designing
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Scheme 1 Squaric acid (3,4-dihydroxycyclobut-3-ene-1,2-dione).
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Fig. 1 STM images (65 x 65 nm?) of (a) as-deposited 1D ribbon (¥,
=500 mV, [, =0.25 nA) and (b) 2D carpet H,SQ superstructure after
annealing at ~320 K for 5 min (¥, =400 mV, 7, = 0.3 nA).

molecular assembly as a building block for ultimate device miniatur-
ization.

In this Communication, we demonstrate the polymorphic transi-
tion from a 1D ribbon to a 2D carpet superstructure of squaric acid
(H,SQ, see Scheme 1 for the structure) molecules on a Au(111) sur-
face through thermally activated process, using scanning tunneling
microscopy (STM) and density functional theory (DFT) calculations.
Our study revealed that the stability of the conformational isomers
and assembled structures is crucial for determining the dimensionali-
ty of the 1D ribbon and 2D carpet H,SQ superstructures, respective-
ly. We here employ the simple H,SQ molecule as a prototype system
that forms a layered structure with strong H-bonding. Electric prop-
erties of H,SQ not only in its molecular crystal” but also in its thin
film® have been reported to be strongly associated with ordering of
H-bonds depending on thermal phase transition. In addition, a series
of planar oxocarbon acid (H,C,0,) molecules has received much
attention as electro-active materials.’

All the STM images were obtained using a low-temperature
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Fig. 2 Molecularly resolved STM images of (a) 1D ribbon (V=250
mV, [, = 0.3 nA) and (b) 2D carpet (V5 =25 mV, [, = 0.3 nA) H,SQ
superstructures on a Au(111) surface. Magnified STM images of
blue squares in (a) and (b) are presented in (c) and (d), respectively.
Unit cells of both structures are indicated with red-dashed lines.

scanning tunneling microscope (LT-STM, Oxford Instruments) at 5
K in an UHV chamber, where the base pressure was maintained
below 5.0 x 10" Torr. Sample cleaning and H,SQ evaporation were
carried out in a preparation chamber. The Au(l111) crystal was
cleaned by several cycles of argon-ion sputtering (Ar pressure, 3 X
107 Torr; energy, 1.5 keV) and annealing at 870 K. H,SQ (Tokyo
Chemical Industry Co., Ltd.) was purified by degassing in a home-
built Knudsen cell. H,SQ molecules were evaporated onto the clean
Au(111) surface by heating the Knudsen cell to 490 K. The Au(111)
sample was held at room temperature (RT) during the H,SQ deposi-
tion, and then was transferred to the STM chamber for observation.
Fig. 1 shows the STM images of two types of H,SQ molecular
superstructures formed on Au(111). The narrow 1D ribbon super-
structure was observed after depositing H,SQ molecules onto
Au(111) at RT (Fig. 1a). We also provided large-scale STM images
including several ribbon structures and the histogram of measured
ribbon widths in Fig. S1, ESIf. After deposition at RT, we did not
observe isolated molecules or small molecular aggregates on the
surface, which implies that RT provides sufficient thermal energy for
molecular diffusion. Subsequent thermal annealing at ~320 K result-
ed in a polymorphic transition to the 2D carpet superstructure (Fig.
1b). It should be noted that the polymorphic transition did not in-
volve additional deposition of H,SQ molecules, despite a significant
difference in the local coverage between 1D and 2D superstructures
shown in Fig. 1a and 1b. As shown in Fig. 1a, the growth of the 1D
superstructure is initiated from the step edge of the Au(111) sub-
strate. The vicinal step edges near the 1D superstructure are not cov-
ered by H,SQ molecules. Whereas the 1D superstructure presents a
fully anisotropic morphology with a high length-to-width aspect
ratio, the 2D superstructures are close to an isotropic square island
with a size of several thousands of nm®. Although the 1D superstruc-
tures look like dominantly aligning along (110) on Au(111) (Fig. 1a
and Fig. S1, ESIY), there is no apparent periodic coincidence of mo-
lecular arrangement with respect to Au lattice. The herring-bone
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Fig. 3 Optimized structures of (a) 1D ribbon and (b) 2D carpet H,SQ
superstructures (C, gray; H, white; O, red), corresponding to Fig. 2¢
and 2d, respectively. Unit cells are indicated with black-dashed lines
in (a) and (b). Electrostatic potential maps for 1D and 2D superstruc-
tures are presented in (c) and (d), respectively. The relative color
scale of electrostatic potential maps from red to blue corresponds to
negative to positive region on the molecular surface.

reconstructed Au(111) structure is also clearly seen inside both the
1D and 2D superstructures (see also Fig. 2). These experimental
observations indicate that intermolecular interactions between H,SQ
molecules via H-bonding are much stronger than molecule-substrate
interactions.

Fig. 2 shows the molecularly resolved STM images, which not
only show uniform molecular electronic structures but also provide a
view of the detailed molecular arrangements inside the 1D ribbon
(Fig. 2a) and 2D carpet (Fig. 2b) superstructures. The blue square
regions of Fig. 2a and 2b were enlarged, as shown in Fig. 2¢ and 2d,
respectively. The unit cells indicated by the red-dashed lines reveal
the different molecular arrangements, i.e., anisotropic parallelo-
grammic arrangement (y = 82+0.1°) for 1D (Fig. 2c) and isotropic
square arrangements for 2D (Fig. 2d) H,SQ superstructures. The unit
cell parameter b (6.4+0.3 A) is longer than half of a (11.6+0.4 A) by
~0.6 A, which means that intermolecular interactions in a molecular
row along the a-axis are stronger than those between the neighboring
rows along the b-axis in the 1D superstructure (Fig. 2c). After an-
nealing, a unit cell of isotropic square lattice (a = b = 6.2+0.2 A) was
observed from the 2D superstructure (Fig. 2d), where side lengths of
the unit cell are close to those of 2D H,SQ sheets in the 3D molecu-
lar crystal of the P2;/m phase (a = 6.143 A, b = 6.148 A), as meas-
ured by neutron diffraction experiments.” Therefore, our experi-
mental observations indicate that the polymorphic transition by
thermal annealing induces a change in the molecular arrangement
and dimensionality of the molecular superstructures, according to
variations in the intermolecular interactions.

To interpret the experimental results obtained using STM, we
carried out extensive periodic DFT calculations with a variety of
molecular arrangements (see ESIT for computation details and Fig.
S2-S4, ESIf for initial molecular arrangements). We used the DFT-
D2 method' to fully consider the intermolecular interactions, in-
cluding the vdW forces. Based on the incommensurate molecular
arrangement for both 1D and 2D H,SQ superstructures on Au(111),
indicating weak molecule-substrate interaction, we performed DFT
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calculations considering only the molecular configurations without
substrate, in which the planarity of molecular assembly was kept by
symmetry constraints. The optimized structures corresponding to the
1D ribbon (Fig. 2c) and 2D carpet (Fig. 2d) H,SQ superstructures
are presented in Fig. 3a and 3b, respectively. Although the influence
of Au(111) on the molecular arrangement was not involved in the
DFT calculations, the geometric information of the optimized super-
structures agrees fairly well with the experimental values (see Table
S1, ESIf), which implies that the polymorphism of H,SQ on
Au(111) does not significantly depend on the molecule-substrate
interaction. Our calculations revealed that the 2D superstructure is
more stable than the 1D superstructure by 0.12 eV per one H,SQ
molecule (see Fig. S5, ESIT). Therefore, the polymorphic transition
from the 1D to 2D superstructure by thermal annealing, as observed
in our STM experiments, can be clearly explained by the higher
stability of 2D carpet superstructure. Interestingly, according to the
computational results, the two H,SQ superstructures on Au(111) are
composed of different conformational isomers (Fig. 3a and 3b). As
described in the ESIf, an isolated H,SQ molecule has five conforma-
tional isomers depending on the relative position of the two H atoms,
in which the most stable two isomers are ZZ (C,,) and EZ (C;) (sce
Table S2, ESIf for the optimized structures and relative energies of
the five H,SQ isomers). Our DFT-D2 calculations showed that, in
the gas phase, the ZZ isomer is more stable than the EZ isomer by
0.11 eV (2.64 kcal/mol), which is in good agreement with previous
theoretical reports.'' Fig. 3 shows that the less stable 1D structure
compared to the 2D structure consists only of ZZ isomers, which are
more stable than EZ isomers. In contrast, after annealing, the 2D
structure is composed of only EZ isomers. These results indicate that
different driving forces induce the formation of the two superstruc-
tures. The initial formation of the 1D superstructure at RT is deter-
mined by the relative monomeric stability among the H,SQ isomers
in the gas phase, and the polymorphic transition from the 1D to 2D
superstructure by annealing can be explained by a change in the
overall stabilization mechanism from the stability of individual
monomers to the stability of the assembled structure. In addition, it
is spontaneously expected that the annealing process provides ther-
mal energy required for conformational change as well as collective
diffusion of molecules on the surface, considering the relative stabil-
ity of two isomers.

The main intermolecular interaction in both superstructures can
be considered to be H-bonding (Fig. 3). The H-bonding distance
within the 2D molecular arrangement is calculated to be 1.33 A,
which is considerably shorter than that in the 1D superstructure
(1.43-1.47 A). Our DFT calculations, therefore, indicated that the
polymorphic transition from 1D to 2D superstructure requires the
rearrangement of H,SQ molecules accompanied with the conforma-
tional change from ZZ to EZ isomers, although the detailed dynamic
feature of the polymorphic transition, such as transition state and
molecular diffusion on the surface, was not fully addressed. As a
consequence, the 2D carpet superstructure achieves the more effec-
tive intermolecular H-bonding network compared to the 1D ribbon
superstructure, during the annealing process. In addition to H-
bonding interactions, we can consider vdW interactions within the
1D molecular arrangement (Fig. 3a), where the neighboring molecu-
lar rows, entangled by H-bonding along the a-axis, are interlocked
by the vdW interactions along the b-axis. To study the influence of
intermolecular interactions on a molecular arrangement in more
detail, we plotted the electrostatic potential maps for both the 1D and
2D superstructures in Fig. 3c and 3d, respectively. While attractive
H-bondings are found in the 2D superstructure in an isotropic man-
ner (Fig. 3d), electrostatic repulsion between the neighboring molec-
ular rows in the 1D superstructure (Fig. 3c) causes a gradual shift in
the position of the molecular rows along the a-axis, which causes not
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only the distortion of the rectangular arrangement but also the alter-
native displacement of the molecular center from the axis of the
molecular rows. In order to investigate the variation in electronic
property due to polymorphic transition, we examined the redistribu-
tions of electron density during the formation of 1D and 2D super-
structures (see Fig. S6, ESIT). We found clear anisotropic and iso-
tropic polarization of electron density for 1D and 2D molecular ar-
rays, respectively, mostly in the intermolecular space where H-
bondings form between adjacent H,SQ molecules. The geometry of
four-membered ring is also be influenced by the transition, and thus
the deviation of C-C bond lengths in 2D superstructure becomes
smaller, i.e., more highly mn-conjugated, than that in 1D superstruc-
ture (see Fig. S7, ESIt). The H-bonding network and m-conjugated
framework in H,SQ molecular crystals has been known to be im-
portant for manifesting the electric properties.” ' Therefore, our
findings suggest that the polymorphic transition from the 1D to 2D
superstructure presents an opportunity to achieve a new type of se-
lectivity in the directional electric properties of H,SQ polymorphs
towards novel functional devices.

To summarize, we have demonstrated the thermally activated
polymorphic transition from 1D ribbon to 2D carpet superstructures
using H,SQ molecules on Au(111) in UHV condition through STM
experiments combined with DFT calculations. We found that the
molecular arrangements in the 1D ribbon and 2D carpet superstruc-
tures are determined by the stability of the conformational isomers
and assembled structures, respectively. Our study provides a new
platform for developing highly controlled electric devices.
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