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Hydrogen-bonded one-dimensional molecular chains on ultrathin insulating films:
Quinacridone on KCl/Cu(111)

Rémi Bretel, Séverine Le Moal, Hamid Oughaddou, and Eric Le Moal
Université Paris-Saclay, CNRS, Institut des Sciences Moléculaires d’Orsay, 91405 Orsay, France

® (Received 1 July 2023; revised 24 August 2023; accepted 1 September 2023; published 19 September 2023)

We report on the growth of one-dimensional (1D) chains of the prochiral quinacridone (QA) molecule on
ultrathin KCl films on Cu(111) in ultrahigh vacuum. Using low-temperature scanning tunneling microscopy
(STM), we observe straight homochiral 1D chains of QA molecules on one (1L), two (2L), and three (3L) atomic
layer thick (100)-terminated KCl islands. The KCI films mostly consist of 2L-thick KCl islands delineated by
long polar and short nonpolar edges. These 2L-thick KCl islands are topped by smaller one-atom-thick KCl
islands or pits, which are delineated by nonpolar step edges. We find that QA chains can nucleate at these
nonpolar step edges or on top of KCl terraces without assistance of step edges. In both cases, the longest straight
QA chains observed grow along the KCI (100) directions or slightly rotated (typically less than 10°) from them.
Intermolecular distances ranging from 6.4 A t0 6.8 A are measured for QA chains on KCl/Cu(111), which is
compatible with hydrogen bonds between neighboring flat-lying QA molecules. These intermolecular distances
being larger than the measured KCl lattice parameter (i.e., 6.21 A at 78 K), QA chain growth on KC1/Cu(111) is
incommensurate. Molecular arrangement models for the QA chains on KCI are proposed, based on the analysis

of the STM images.

DOI: 10.1103/PhysRevB.108.125423

I. INTRODUCTION

Molecular self-assembly on surfaces is a unique bottom-
up fabrication technique, which has been increasingly
used to grow artificial one- and two-dimensional (1D/2D)
supramolecular architectures with emergent physical and
chemical properties [1-5]. This fabrication technique relies
on the spontaneous (or temperature-activated) organization of
adsorbed molecules into well-defined, stable or metastable,
periodic arrangements through a delicate balance of inter-
molecular and molecule-substrate interactions [6—8]. It opens
up new prospects not only for fundamental research in inter-
faces and materials science, but also for the development of
novel industrial processes and device technology [9-12]. Re-
cently, linear chains of hydrogen-bonded organic molecules
have raised a considerable research effort, because they are
considered ideal platforms for the study of electronic and exci-
tonic effects in quantum-confined molecular systems [13—-15].
Furthermore, such 1D molecular chains may become ul-
timate excitonic nanowires in future nanotechnologies us-
ing charge-neutral molecular excitations as the information
vector [16-23].

The growth of hydrogen-bonded 1D chains of various
molecules on metals has already been reported [24-31], in-
cluding quinacridone (QA) on Ag(111) [32], Ag(100) and
Cu(111) [33], and on the semimetal HOPG [34]. Low-
energy electron diffraction (LEED) and scanning tunneling
microscopy (STM) studies have shown that the growth of
such 1D molecular chains on metals can be controlled through
the substrate temperature and the coverage rate. However, on
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the one hand, hybridization of the molecular orbitals and the
metal surface states due to direct adsorption on the metal
strongly alters the excitonic properties of the molecules [35].
On the other hand, the use of insulating substrates prevents
the use of surface science tools based on charged particles,
such as LEED and STM. In the context of single-molecule
spectroscopy, this problem has been solved by the use of ultra-
thin insulating films of alkali halides [36,37]. For instance, the
intrinsic luminescence of individual molecules has been mea-
sured using STM-induced luminescence [38—41] and STM
tip-enhanced photoluminescence spectroscopy [42—44] on ul-
trathin NaCl films grown on silver and gold crystal surfaces.
Ultrathin films of KCI have also been used to electronically
decouple organic nanocrystals [45,46] and molecular lay-
ers [47] from silver and gold surfaces for STM-based exper-
iments. However, the growth of hydrogen-bonded molecular
chains on ultrathin alkali-halide films is still a challenge.

The difficulty arises from the high surface mobility of the
molecules on alkali halides and the nonideal growth mode of
alkali-halide thin films. At low surface coverages, on most
metal surfaces, alkali-halide thin films consist of isolated is-
lands, around which the substrate surface is bare [48-51].
Though the mobility of the molecules is required for their self-
assembly, it often yields that all the molecules migrate onto
the bare metal areas. In several recent studies, this issue was
circumvented by the manipulation of single molecules using
the tip of an STM, to assemble them in a row [40,52]. In such a
method, the length of the chains and the number of chains may
be strongly limited. So far, self-assembled, hydrogen-bonded
1D chains of molecules on ultrathin insulating films have
never been reported.

In this article, we report the self-assembly of hydrogen-
bonded 1D chains of quinacridone (QA) molecules on

©2023 American Physical Society
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FIG. 1. Quinacridone (QA), molecular formula: C,yH;2N,O,.
(a) Hard-sphere model and van der Waals radii [33] of the linear
trans-isomer of QA, lying flat on a KCI(100) surface. The molecule
is a prochiral molecule; i.e., depending on which of its two faces the
molecule adsorbs on a surface, it is one or the other of the two enan-
tiomers (L or R) shown in the figure. The atoms in the QA model are
carbon (black), hydrogen (gray), nitrogen (blue), and oxygen (red).
Here, the adsorption site of QA on KCl is arbitrary. (b) Structural
formula of QA and schematic representation of a homochiral (i.e.,
enantiopure) QA chain, highlighting the hydrogen bonds between the
neighboring molecules.

ultrathin KCl films epitaxially grown on Cu(111) in ultrahigh
vacuum (UHV). The KCI films consist of (100)-terminated
KCl islands, whose thickness ranges from one (1L) to three
(3L) atomic layers. The linear trans-isomer of QA is a prochi-
ral molecule, as shown in Fig. 1(a). This molecule is known
to self-assemble in hydrogen-bonded 1D chains [53,54], as
shown in Fig. 1(b). The model system QA/KCl/Cu(111)
is both of fundamental and technological interest, because
QA is actively considered for future organic-based elec-
tronic and optoelectronic devices [54-59] and alkali-halide
thin films are increasingly used as buffer layers at the
electrode/semiconductor interfaces to enhance the perfor-
mance of such devices [60—67]. Using low-temperature STM,
we observe straight homochiral QA chains grown on KCI
islands. First, we describe the epitaxial growth of KCI on
Cu(111), which has rarely been considered so far [68]. Ul-
trathin KCl film growth on Cu(111) exhibits some structural
characteristics that it does not have on other metal and semi-
conductor surfaces studied so far, i.e., on Au(111) [47,69],
Ag(100) [70], stepped Cu surfaces [71,72], and Si(111) [73].
Then, we determine the in-plane orientation of the QA chains
relative to the main crystal axes of the Cu(111) substrate
and the KCI(100) islands. We measure the intermolecular
distances in the QA chains on KCl/Cu(111). Finally, the (L
or R) enantiomers are identified and the in-plane orientation
of the molecules relative to the chain axis is determined from
the STM images, in order to propose molecular arrangement
models for the observed QA chains on KCI/Cu(111).

II. METHODS

All experiments are carried out in ultrahigh vacuum
(UHV). STM measurements are conducted at a base pressure
of less than 1 x 107!° mbar using a low-temperature STM
(Scienta Omicron, Uppsala) operated at 78 K (liquid nitrogen

cryostat) in the constant current mode. The STM tip is an
electrochemically etched tungsten wire. The substrate is a
Cu(111) single crystal (SPL, Zaandam), which we clean in
UHV through cycles of sputtering with Ar™ ions (800 eV,
10 uA, 60 minutes) and annealing at 673 K for 15 minutes.
We deposit QA and KCI molecules by thermal evaporation
of QA powder purified by sublimation and > 99.9995%-pure
KCl powder (Sigma Aldrich), using a water-cooled evaporator
equipped with quartz crucibles (TCE-CS, Kentax, Seelze), at
cell temperatures of 553 to 573 K for QA and 803 to 813 K for
KCI. The results shown in this article are obtained by deposit-
ing KCl and QA on the copper crystal about 5 minutes after
the sample is taken out of the low-temperature STM. Thus,
the temperature of the substrate at the start of KCl and QA
deposition is intermediate between the temperature measured
in the STM (78 K) and the temperature measured at the sample
holder (303 K). KCI deposition on Cu(111) at low temperature
makes it possible to obtain 1L- to 3L-thick KCl islands and to
avoid the formation of thicker islands (possibly by increasing
the nucleation rate and limiting dewetting effects). Cooling
the KCI/Cu(111) sample before QA deposition favors the
growth of QA chains on KClI islands, presumably because
this slows down the diffusion of QA molecules out of the
KCl islands toward the uncovered Cu(111) areas, as compared
to room temperature [74,75]. All STM image analysis is per-
formed using the Gwyddion [76] and ImageJ [77] softwares.
In order to compensate for the lateral drift of the sample,
the STM tip is scanned across the sample back and forth
and the distances are measured on the four resulting images
(i.e., trace and retrace, up and down). The uncertainty on the
measured distances is evaluated from the dispersion of the
values obtained from these four images. The Z-scanner of
the STM is calibrated using the Cu(111) atomic step height
hcua11), which we measure on the clean Cu(111) sample. The
theoretical value of this step height (hcyi11y) =~ 208.7 pm) is
calculated using the lattice parameter of copper (acy, = 361.5
pm at 297 K) and the relation hcy(111) = ‘%

III. RESULTS AND DISCUSSION

In Sec. III A, we describe the growth of ultrathin KCI films
on Cu(111). In Sec. III B, we determine the adsorption model
of the QA chains on KCI and we infer the role of QA-QA and
QA-KCl interactions in the growth of these chains.

A. Ultrathin KClI films on Cu(111)

Figure 2 shows STM images of ultrathin KCI films grown
on Cu(111) using two different sets of preparation condi-
tions, in order to obtain various film thicknesses. In Figs. 2(a)
and 2(b), KCl is deposited for 5 minutes at a cell temperature
of 813 K and for 10 minutes at 803 K in Figs. 2(c) to 2(e). The
number of atomic layers in the KCl islands is estimated on the
basis of their STM heights and of comparisons with the STM
heights of NaCl islands grown on Cu(111).

At a sample bias of 4.0 V and a set-point current of 4 pA,
we measure STM heights of 229 + 24 pm and 398 + 36 pm
relative to the Cu(111) surface, for the 1L- and 2L-thick KCI
islands. In these STM images, the one-atom-thick areas found
on top of these 1L- and 2L-thick KClI islands have apparent
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FIG. 2. (a)-(e) STM topography images of ultrathin KCI films grown on Cu(111) featuring one (1L), two (2L), and three (3L) atomic layer
thick areas. STM parameters: (a), (b) sample bias 4.0 V, set-point current 10 pA; (c) 4.0 V, 30 pA; (d), (e) 3.0 V, 4 pA. (a) 1L-thick KCl islands
featuring a few 2L-thick KCI domains and surrounded by noncovered Cu(111) areas. (b) Same area as framed in dotted line in (a). The color
scale covers a narrow height range, in order to highlight the moiré pattern in the 1L-thick KCI area. The axes shown in this image indicate the
main crystal directions of the Cu(111) surface and of the (100) plane of the considered KCl island. (c) 2L-thick KCl islands. (d) 2L-thick KCI
island featuring a few 3L-thick KCI domains. (e) Same area as (d), with adapted height scale to highlight the moiré pattern in the 2L-thick KCI
area. In inset, the area framed in dotted line is shown with adapted height scale to highlight the moiré pattern and the atomic resolution in the
3L-thick KCl area. (f) Atomic model for the 2L-thick (100)-terminated KCl islands on Cu(111), oriented with one of the (011) directions of
the KCI1(100) plane parallel to one of the (011) directions of the Cu(111) plane.

thicknesses of 169 & 12 pm and 139 & 12 pm, respectively.
Using the same STM parameters, we measure an STM height
of 362 & 12 pm for 2L-thick NaCl islands and an apparent
thickness of 121 & 6 pm for the one-atom-thick area growing
on top of these islands, i.e., for the third NaCl layer (see the
corresponding STM images in Fig. S1 of the Supplemental
Material [78]). These observations are consistent with the fact
that the lattice constant of KCl is about 10% larger than that of
NaCl. We believe that this corroborates our assessment of the
KCl layer thicknesses. No 1L-thick NaCl islands are observed
on Cu(111) within the investigated growth conditions.

The orientation of the main crystal axes of the Cu(111)
surface, as indicated in Fig. 2(b), and the nearest Cu-Cu inter-
atomic distance at the temperature of the STM measurements
(252 £ 1 pm at 78 K) are known from atomic-resolution STM
images of the clean Cu(111). From Figs. 2(c) to 2(e), we learn
that 2L-thick KCl islands are oriented with one of the KCl
(110) directions parallel to one of the Cu (110) directions.
A possible arrangement of the KCI atoms on the Cu(111)
surface for this orientation of the KCl lattice is illustrated in
Fig. 2(f). Based on this model, we hypothesize the following
relation of epitaxy between the film and the substrate, where
(a1, a2) and (bq, by) are the vector bases of the primary cells
of the Cu(111) and KCI1(100) surfaces and we assume b, || as,

respectively:
b; = 2a; + a,. (D)

From fast Fourier transform (FFT) of the atomic-resolution
STM image shown in Fig. 2(e), we measure that the nearest
CI-Cl interatomic distance at 78 K equals 439 &£ 1 pm. This
corresponds to a ratio of the lattice parameters |b;|/|a1| =
1.74 £ 0.01. To less than 1%, this ratio is the same as what
is known for bulk KCIl and Cu at room temperature [79].
Moreover, to the precision of the experiment, the measured
ratio verifies the condition |by|/|a;| = +/3 required by Eq. (1),
which confirms the epitaxial relationship proposed in Eq. (1).
This coincidence of the KCl and Cu lattices only exists
along the KCl1 (110) direction that is orthogonal to one of
the Cu (110) directions. Perpendicularly to this direction,
we observe a periodic modulation of the STM height, i.e.,
a one-dimensional (1D) moiré pattern. The period of this
modulation is the same in the 2L-thick and 3L-thick areas of
a given island; however, it differs from an island to another.
The shortest and longest periods measured within the reported
experiments are 1.29 £ 0.01 nm and 1.53 & 0.01 nm, which is
close to n|ay| where n = 5 and n = 6, i.e., 1.260 = 0.005 nm
and 1.512 £ 0.006 nm at 78 K, respectively. Using the model
shown in Fig. 2(f), we notice that these extremal values of
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the period could correspond to the equations 3b; = 5a, and
%bl = 6a,, which requires a contraction of the KCI lattice
by about 5% and 2%, respectively. Since we do not measure
such a contraction in the atomic-resolution STM images, we
conclude that KCl growth on Cu(111) is incommensurable in
this direction. The variability of the period of the observed
1D moiré pattern might result from different, undetected, sub-
tle reconstruction of either the KCl film or Cu(111) surface,
which are sufficiently similar in potential energy to coexist in
the studied system. To sum up, a point-on-line coincidence is
evidenced for the 2L- and 3L-thick KClI islands on Cu(111)
that have one of the KCl (110) directions parallel to one of
the Cu (110) directions.

Based on Figs. 2(c) to 2(e), we demonstrate that the 2L-
thick KClI islands on Cu(111) are delineated by alternating
long polar and short nonpolar edges, i.e., edges parallel to
the KCI (110) and (100) directions, respectively. This unusual
feature may result from the fact that KCI nonpolar edges are
not aligned with any particular crystal direction of the Cu(111)
surface, unlike the polar edges. As shown in Fig. 2(f), the KCl
polar edges either are parallel to one of the Cu (110) directions
or verify the epitaxial relationship defined in Eq. (1), which
may be thermodynamically favorable. In contrast, the one-
atom-thick KCl “islets” topping 2L-thick KCl islands feature
only nonpolar edges, supposedly because their interaction
with the underlying Cu(111) surface is comparatively much
weaker. Only based on the results shown in Fig. 2, we cannot
exclude that the presence of long polar edges results from the
low substrate temperature during KCl deposition. However, a
similar alternation of polar and nonpolar edges was previously
observed for KCl islands grown on Cu(110) at room tempera-
ture and at 370 K [68].

As shown in Figs. 2(a) and 2(b), 1L-thick KCl islands on
Cu(111) exhibit distinctive recognizable characteristics that
2L- and 3L-thick KCl islands do not have. A more intricate,
two-dimensional (2D) moiré pattern is observed. The same
moiré pattern is observed in 1L-thick areas corresponding
to one-atom-thick pits in 2L-thick KCI islands. Because of
this, and based on the symmetry of this moiré pattern, we
deduce that 1L-thick KCl islands are (100)-terminated, like
2L- and 3L-thick islands, and we determine the in-plane ori-
entation of the KCl axes, as shown in Fig. 2(b). The 2D moiré
pattern found in 1L-thick KCI areas consists of a matrix of
bright dots, which has a rectangular unit cell of dimensions
(883 £5) x (1130 & 5) pm. From these values, we deduce
that the unit vectors of this moiré pattern equal 4a; + 2a, and
%az, respectively. As shown in Fig. 2(f), this moiré pattern
could correspond to the relation of epitaxy defined by Eq. (1)
along the direction of by and to the relation 5b, = 9a, along
the direction of b,. These two relations imply a uniaxial
expansion of the KCl lattice by about 3% along the b, axis.
We cannot experimentally confirm this expansion because
the moiré pattern totally dominates over atomic resolution in
the STM images. At positive sample bias, a smaller bright
spot is visible at the center of the rectangular unit cell of
the moiré pattern. Altogether, the (smaller or larger) bright
spots mark the nodes of a rhombic lattice, whose acute an-
gle equals 75°. In addition, we find that the 1L-thick KCI
islands feature irregular (i.e., not straight) edges, which meet
at angles of either 90°, 120°, or 135° [see, e.g., in Fig. 2(b)],

presumably because of the interaction with the underlying
Cu(111) surface.

From our STM measurements, we find that the great ma-
jority of 2L-thick KCl islands on Cu(111) have the in-plane
orientation described in Fig. 2, where one of the KCI (110)
directions is parallel to one of the Cu (110) directions and a
1D moiré pattern is observed. However, a minority of 2L-thick
KCl islands oriented with the KC1 (110) directions at 15°
from the Cu (110) directions is also found. In this case, a
2D moiré pattern, with spatial periods in the range of 0.9 to
1.1 nm, is observed. From our STM measurements (shown
in the Supplemental Material [78]), we observe the same
favored in-plane orientations of the QA chain axis relative
to the KCl lattice, irrespective of the in-plane orientation of
the KCl islands relative to the Cu(111) surface. This indicates
that, from KCl thicknesses of 2L on, the Cu(111) surface has a
negligible effect on the in-plane orientation of the QA chains
grown on KCl/Cu(111). Therefore, in the next section, we
focus on QA chain growth on KCl islands oriented as shown in
Fig. 2.

B. QA chains on KCl/Cu(111) islands
1. QA chains on 1L-thick KCI

Figures 3 and 4 show STM images of QA molecules de-
posited on 1L- and 2L-thick KCI areas of KCl islands grown
on Cu(l11). We find that QA spontaneously arranges in 1D
molecular chains both on bare Cu(111) and on KCl islands, as
shown in Fig. 3(a). On KCI, most of the QA chains grow on
the 1L-thick KCI areas and are connected to a nonpolar step
edge between 1L- and 2L-thick KCI areas. In Fig. 3(b), we
consider three straight QA chains on 1L-thick KCI, labeled
from @ to ®. These chains comprise 14, 7, and 13 molecules,
respectively. To the precision of the measurement, these three
chains have the same in-plane orientation, i.e., with the chain
axis at +(2.5 £ 1.0)° from the KCl [001] direction, and the
same intermolecular distance. By autocorrelation of height
profiles taken along the chain axis, we determine that neigh-
boring molecules are separated by (634 £9) pm, (635 +9)
pm, and (641 £ 7) pm in QA chains ®, @, and ®, respec-
tively. In the following, we use the STM images to determine
the chirality of the QA molecules, i.e., whether they adsorb on
KCl as the L or R enantiomer [as introduced in Fig. 1(a)], and
their in-plane orientation with respect to the chain axis and the
KCl directions.

At positive sample bias, the STM image of most QA
molecules on 1L-thick KCl/Cu(111) exhibits a characteris-
tic three-lobe geometry, which mirrors the partial density of
states of the lowest unoccupied molecular orbital (LUMO), as
calculated for the neutral molecule using density functional
theory (DFT), as shown in Fig. 3(f). The same STM contrast
has been previously reported for QA molecules on few-layer
NaCl films on Ag(111) [41]. The partial density of states of
the LUMO features two spherical lobes around the molecule
ends and an S-shaped (or 2-shaped) central lobe (depending
on which enantiomer is considered). For the R(L)-enantiomer,
the imaginary line joining the two spherical lobes is rotated
—7° (4+7°) from the long axis of the molecule. Moreover, the
S- (or 2-) shaped central lobe features a darker line, which
is not aligned with the two spherical lobes. Thus, based on
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FIG. 3. (a)-(e) STM topography images of QA molecules deposited on an ultrathin KCl film grown on Cu(111), featuring 1L- and 2L-thick
KCl areas. STM parameters: (a)—(c) 4.0 V, 4 pA; (d) 2.0 V, 4 pA; (e) —2.0 V, 4 pA. The images shown in (c) to (e) correspond to the same area
as framed in dotted line in (b) and show QA chains on 1L-thick KCI. The white arrows in (c) to (e) are guides for the eye to help visualize the
position of the molecules. (f) DFT calculations (details available in Ref. [41]) of the frontier orbitals of the neutral molecule and corresponding
maps of their partial density of states at constant height. Panel (f) is adapted with permission from Ref. [41].

the relative position of its lobes in the STM image, one can
determine the chirality of a given QA molecule and its
in-plane orientation. Using this method, we identify the
molecules in chains @ and @ in Fig. 3(b) as the L-enantiomer
and the molecules in chain ® as the R-enantiomer. In chain ®,
the imaginary line joining the two spherical lobes of each QA
molecule is perpendicular to the chain axis, whereas in chains
® and @, this line is rotated +(10 % 1)° from the perpendicu-
lar to the chain axis. Knowing the chirality of QA molecules,
we deduce that the QA long axis is rotated +(7 £ 1)° from

the perpendicular to the chain axis in chain ®, and +(3 £ 1)°
in chains @ and @. Based on these deductions and on the
measured intermolecular distances, we make models for the
molecular arrangement of the QA chains. The models shown
in Figs. 5(a) and 5(b) correspond to chains @ and @ and to
chain @, respectively. For the sake of simplicity, only three
QA molecules of each chain are represented. As stated above,
chains @, @, and ® have their axis at +(2.5 & 1.0)° from the
KCI [001] direction. Hence, QA molecules have their long
axis oriented at +(9.5 4+ 2.0)° from the KCI [010] direction

FIG. 4. (a)—(c) STM topography images of QA molecules deposited on an ultrathin KCl film grown on Cu(111), featuring 1L- and 2L-thick
KCl areas. STM parameters: (a) 3.0 V, 4 pA; (b) 2.3 V, 4 pA; (c) —2.8 V, 4 pA. The images shown in (b) and (c) correspond to the same area
as framed in dotted line in (a) and show a QA chain on 1L-thick KCI. The white arrows in (b) and (c) are guides for the eye to help visualize

the position of the molecules.
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FIG. 5. Models for the molecular arrangement of the QA chains on 1L-thick KC1/Cu(111) shown in Figs. 3 and 4: (a) chains ® and @ in
Fig. 3, (b) chain ® in Fig. 3, (c) chain @ in Fig. 4, and (d) chains ® and © in Fig. 4.

in chain @ [see Fig. 5(b)], and 4+(5.5 4 2.0)° in chains @ and
@ [see Fig. 5(a)].

As shown in Fig. 3, QA molecules at nonequivalent po-
sitions in the chain may have distinct STM contrasts, from
which the chirality of the molecules can also be deduced.
In Fig. 3(c), the molecules located at both ends of the three
QA chains exhibit a different STM contrast than the other
molecules of the chain, which is dependent on the applied
sample bias. At V; =4.0 V, the image of these molecules
reproduces the DFT-calculated partial density of states of the
highest occupied molecular orbital (HOMO). As shown in
Fig. 3(f), the partial density of states of the HOMO of the
R-enantiomer features a Wi-shaped central dark line, which
(for symmetry reasons) is N-shaped for the L-enantiomer.
In this way, we confirm that the molecules at both ends of
the chains shown in Fig. 3(c) have the same chirality as the
other molecules of these chains. This is consistent with the
previously reported property that straight QA chains are enan-
tiopure, because the presence of the two enantiomers in the
same chain yields lateral shifts of the molecules with respect
to the chain axis [33].

At V, =2.0 V [Fig. 3(d)], the rodlike image of the
molecules at the chain ends and their comparatively lower
STM height indicate that electrons tunnel from tip to sample
through the electronic band gap of the molecules. Based on

the comparison of Figs. 3(c) and 3(d), we find that this rod
is oriented parallel to the long axis of QA. At V, = -2.0 V
[Fig. 3(e)], all the molecules in the chains exhibit the same
STM contrast, which makes it possible to determine the num-
ber of molecules constituting the chain without ambiguity.
(Note that the calculations here are primarily used to help
determine the orientation of the QA molecules and that a
full interpretation of the appearance of molecules in terms of
molecular orbitals is beyond the scope of this work.)

Similar observations can be made for the QA chains on
1L-thick KCI shown in Fig. 4. The three longest chains, la-
beled from @ to ® in Fig. 4(a), comprise 12, 12, and 10 QA
molecules, respectively. Using the same method as introduced
above, we identify the R-enantiomer in chain ® and the L-
enantiomer in chains ® and ®, except the two QA molecules
at the top end of chain ® in Fig. 4(b), which are of the
R-enantiomer. To the precision of the measurements, chains
® and © have the same in-plane orientation, with the chain
axis rotated +(9 £ 1)° from the KC1 [010] direction, and the
same intermolecular distance, i.e., 644 + 11 pm for chain ®
and 647 =3 pm for chain ®. In both chains, the QA long
axis is rotated —(5 &£ 1)° from the perpendicular to the chain
axis, i.e., +(4 & 2)° from the KCI [001] direction. This is in
contrast with chain ®, for which we measure the chain axis
orientation at —(7.5 £ 0.5)° from the KCI [001] direction and
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a comparatively larger (by about 5%) intermolecular distance
of 682 + 3 pm. [Note that the other shorter QA chains ob-
served in Fig. 4(a) exhibit intermolecular distances ranging
from 641 & 6 pm to 662 £ 8 pm.] In chain @, the QA long
axis is rotated +(1 £ 1)° from the perpendicular to the chain
axis, i.e., —(6.5 &= 1.5)° from the KCI [010] direction. The
models shown in Figs. 5(c) and 5(d) correspond to chain ®
and to chains ® and ®, respectively.

In Fig. 4, we observe comparable bias-dependent effects
on the STM contrast as in Fig. 3. Several molecules ex-
hibit a rodlike STM contrast at V;, =2.3 V and V, =3.0 V,
which changes into the LUMO-like contrast at V, = —2.8 V.
We speculate that different STM contrasts result from the
nonequivalent electronic and dielectric environments of the
molecules in the chains, as demonstrated for other systems,
e.g., PTCDA clusters on bilayer NaCl/Ag(111) [80]. More-
over, the STM images presented in this work reveal the
presence of atomic defects in the KCl films [see the dark
spots in Figs. 2(d) and 2(e) and the bright spots in Fig. 3(b)].
QA molecules may be adsorbed on such defects or interact
with them, which may result in energy shifts of the molecular
orbitals or in a different charge state of the molecule [41].

In the models shown in Fig. 5, the adsorption site of
the QA chains on KClI is chosen arbitrarily, based on sim-
ple considerations about electrostatic interactions between
the functional groups of QA and the K* and Cl~ ions
of the underlying KCI layer. Namely, the chains are later-
ally positioned to have the oxygen atoms of the carbonyl
groups (which carry negative partial charges) on top of
potassium cations. Naturally, all the molecules may not
have such energy-favorable adsorption sites in chains that
are longer than three molecules. Nevertheless, these sim-
ple models help understand the experimentally observed
dependence of the intermolecular distance on the in-plane
orientation of the molecules relative to the chain axis. When
the QA long axis is orthogonal to the chain axis, e.g., in
Fig. 5(c), the functional groups of the neighboring molecules
perfectly face each other. Thus, these groups form hydrogen
bonds that are oriented parallel to the chain axis. When the
QA long axis is not orthogonal to the chain axis, i.e., in the
three other cases shown in Fig. 5, these functional groups are
laterally shifted by a few tens of picometers with respect to
each other. As a result, the formed hydrogen bonds are tilted
with respect to the direction of the chain axis. Assuming that
the hydrogen bond length is the same in all models shown
in Fig. 5, tilted hydrogen bonds yield shorter intermolecular
distances.

2. QA chains on 2L- and 3L-thick KCI

Figure 6 shows STM images of QA molecules deposited on
2LL- and 3L-thick KCl areas of KCl islands grown on Cu(111).
We find that QA spontaneously arranges in 1D molecular
chains on both 2L- and 3L-thick KCl areas. Straight linear
chains coexist with “broken” chains, i.e., QA chains that
exhibit some degree of disorder. Such disorder may either
result from insufficient mobility of the molecules on KCI at
the considered substrate temperatures or be due to the pres-
ence of both enantiomers of the adsorbed prochiral molecule.
Straight linear chains of QA molecules either grow starting

p'f;l'r J!'Q' E 2L KCl (b) M;J

.
QA chain—

I ‘\.‘ ZES KCI(100
B x‘“‘ . axes

i

FIG. 6. (a)-(d) STM topography images of QA molecules de-
posited on an ultrathin KCI film grown on Cu(111), featuring 2L-
and 3L-thick KCl areas. STM parameters: (a), (b) sample bias 4.6 V,
set-point current 2 pA; (c), (d) 4.0 V, 4 pA. The images shown in
(c) and (d) correspond to the same area as framed in dotted line in (b).
In the image shown in (d), the vertical scale is intentionally saturated,
in order to highlight the moiré pattern and the atomic resolution on
KCL

from 2L /3L KCI step edges or on flat terraces without the
assistance of KCl step edges. The QA chain arrowed in
Fig. 6(b) comprises 16 QA molecules and is oriented parallel
to the [010] axis of the underlying KCl surface.

Some angular dispersion around the KCI1 (100) directions
is observed for the orientation of the other QA chains in
Fig. 6(b). For example, the axis of the chains labeled from
@ to @ in Fig. 6(c) is rotated +3°, +10°, and —10° from
the closest KCI (100) directions, respectively [see Fig. 6(d)].
For the two QA chains rotated by +10° (chains ® and @),
we measure similar intermolecular distances, i.e., 669 £+ 15
pm and 661 % 15 pm, respectively. To the experimental un-
certainty, this equals the intermolecular distance measured for
QA chains directly grown on Cu(111), i.e., 666 = 10 pm. The
QA chain rotated by +3° (chain @) features a comparatively
shorter intermolecular distance of 641 + 15 pm.

As shown in Fig. 6(c), QA chains with two different con-
trasts can be found in the STM images. At 4.0 V and 4 pA,
the side lobes are apparently higher than the central lobes of
chain @, whereas the contrary is observed for chains ® and
®. Despite lower spatial resolution (due to the larger scan
size), we observe that the QA chains on 2L- and 3L-thick
KCI shown in Figs. 6(a) and 6(b) exhibit either one or the
other of these two contrasts. In Fig. 6(c), we find a correlation
between the observed STM contrast and the intermolecular
distance measured along the chain axis. Thus, we infer that
distinct STM contrasts result from a different overlapping of
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chain axis
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[011]
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chain axis
+3°.
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FIG. 7. (a), (b) Models for the molecular arrangement of a QA chain on 2L-thick KCl/Cu(111) shown in Fig. 6 and labeled chain @. QA
molecules are assumed to adsorb on KCI as the L-enantiomer in (a) and as the R-enantiomer in (b). For the sake of simplicity, only three QA
molecules per chain are represented. The adsorption site of QA on KCl is chosen arbitrarily.

the orbitals of the neighboring molecules, due to different
intermolecular distances.

In the STM images, the apparent width of the QA
molecules increases with the thickness of the underlying KCI
film. This is due to the convolution with the shape of the
STM tip apex. For the STM parameters used here, the STM
height of QA molecules increases with the number of KCl
atomic layers. As a result, these convolution effects are the
strongest for QA on 3L-thick KCl and the weakest for QA on
1L-thick KCI. This makes it more difficult to distinguish the
different lobes of each molecule in a QA chain on 2L- and
3L-thick KCl, as compared to 1L-thick KCI. In particular, the
chirality of the adsorbed molecules and their in-plane orien-
tation cannot be deduced without ambiguity for QA chains
and @ in Fig. 6. However, we clearly see in Fig. 6(c)
that the imaginary line joining the spherical lobes of the QA
molecules in chain @ is orthogonal to the chain axis. Thus,
we infer the two possible models shown in Fig. 7, each of
which corresponding to one of the two enantiomers. In both
models, the neighboring QA molecules are laterally shifted by
the same distance (but in opposite directions), which results in
the same angular tilt (in absolute value) of the hydrogen bonds
with respect to the direction of the chain axis. In agreement
with our observations for QA chains on 1L-thick KCl, we
find that intermolecular distances of about 6.4 A are measured
when the hydrogen bonds are not oriented parallel to the chain
axis.

3. Discussion on the absence of commensurate structures

As shown in Fig. 8, the growth of homochiral QA chains
along the KC1 (100) directions could be commensurate (i.e.,
with all QA molecules at equivalent adsorption sites) if the
intermolecular distance along the QA chain axis equaled the
KCl lattice parameter, which we measure to be 6.21 A at78 K.
However, such a short intermolecular distance is not exper-
imentally observed. This confirms that QA chain growth on

KCl/Cu(111) is incommensurate, within the range of investi-
gated growth parameters and KCl film thicknesses. Figure 8
shows two different molecular arrangements having the same
intermolecular distance of 6.21 A, but differing in the in-plane
orientation of the molecules. In Fig. 8(a), we consider the
case where the QA long axis is orthogonal to the chain axis,
which is the case where the hydrogen bonds would be the
shortest. This arrangement is not experimentally observed,
presumably because the hydrogen bond length would be too
short to be stable. In Fig. 8(b), the in-plane orientation of the
QA molecules is such that the oxygen atom of the carbonyl
groups is equidistant from the closest hydrogen atoms of the
neighboring molecule, which is the case where the hydrogen
bonds would be the longest. This arrangement implies a com-
paratively shorter distance between the long axes (and thus
a stronger spatial overlapping) of the neighboring molecules,
which possibly explains why it is not experimentally observed
either. To sum up, we infer from the models shown in Fig. 8
that the commensurate growth of QA chains along the KCl
(100) directions is hindered by QA-QA intermolecular inter-
actions, either due to the (too short) length of the hydrogen
bonds or the (too short) distance between the long axes of
neighboring molecules.

The growth of homochiral QA chains along the KCI (110)
directions is not experimentally observed either. As shown in
Fig. 9, QA chains oriented parallel to the KCI (110) directions
would present a higher-order commensurability with the KCI
lattice for an intermolecular distance of %ﬁ times the KCI
lattice parameter (6.21 A at 78 K), i.e., 6.59 A. This value is
within the range of experimentally measured intermolecular
distances (6.4-6.8 A). Therefore, we infer that the growth
of QA chains oriented along the KCI (110) directions is not
hindered by QA-QA intermolecular interactions, but by QA-
KCl electrostatic interactions. This may be due to the fact
that, in this molecular arrangement of the QA chains, only the
second-next-neighbor molecules have equivalent adsorption
sites.
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chain axis

chain axis

FIG. 8. (a), (b) Hypothetical adsorption models for QA molecules arranged in a 1D chain on the KCI(100) surface, where the chain axis is
oriented parallel to a KCI (100) direction and the intermolecular distance is commensurate with KCI lattice parameter (i.e., all QA molecules
have identical adsorption sites). The adsorption site of QA on KCl is chosen arbitrarily. The molecular arrangement shown in these models is

not experimentally observed.

Overall, our results indicate that the in-plane orientation
of the chain axis relative to KCI directions and of the QA
long axis with respect to the chain axis is mainly governed
by molecule-substrate QA-KCI interactions. These QA-KCl
interactions are most likely dominated by the electrostatic
interactions between the functional groups of the molecules
and the K* and CI~ ions of the underlying KCI layer. The
in-plane orientation of QA long axis with respect to the chain
axis dictates the orientation of the hydrogen bonds between

ichain axis

.
&

[011]

439 AE

FIG. 9. Hypothetical adsorption model for QA molecules ar-
ranged in a 1D chain on the KCI(100) surface, where the chain axis
is oriented parallel to a KCl1 (110) direction. The intermolecular dis-
tance is chosen such that all second-nearest-neighbor molecules have
identical adsorption sites (i.e., higher-order commensurability). The
molecular arrangement shown in this model is not experimentally
observed.

neighboring molecules, which determines the intermolecular
distance. Finally, we conclude that the experimental diffi-
culties to obtain comparatively long (i.e., several tens of
molecules) and straight QA chains on KCl thin films may be
mostly due to the kinetics of QA diffusion on KCI and the
difficulty to grow such thin films with high surface coverage
and low defect (step, hole, and kink) density.

IV. CONCLUSIONS

‘We have investigated the growth of 1D molecular chains of
quinacridone (QA) on ultrathin KCI films on Cu(111) using
low-temperature STM in UHV at 78 K. After deposition on
Cu(111) partially covered with KCI islands, QA molecules
spontaneously arrange into straight homochiral 1D chains
both on the bare Cu(111) areas and on 1L-, 2L-, and 3L-thick
KCl areas. On KCl, QA chains either nucleate at defects or
step edges or grow on terraces without assistance of defects.
Irrespective of the in-plane orientation of KCl islands relative
to Cu(111), the longest straight QA chains observed in this
work are oriented with the chain axis parallel to or rotated less
than 10° from the closest KCI (100) direction. The growth of
QA chains oriented along the KC1 (110) directions is hindered
by QA-KCI electrostatic interactions. The measured inter-
molecular distances for QA chains on KCl/Cu(111) range
from 6.4 to 6.8 A, which is compatible with hydrogen bonds
between neighboring flat-lying QA molecules. QA-KCI in-
teractions likely govern the in-plane orientation of the chain
axis relative to KCI directions and the in-plane orientation
of the QA long axis with respect to the chain axis, whereas
QA-QA interactions determine the intermolecular distance.
Within the investigated range of growth parameters and KC1
film thicknesses, QA chain growth on KC1/Cu(111) is found
to be incommensurate.

Our results may help answer the increasing demand for
self-assembled nanoscale systems of 7-conjugated molecules
on thin insulating layers, for the study of emergent physics
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in nanophotonics, nanoelectronics, and excitonics. Moreover,
the variations in intermolecular distance and relative orienta-
tion of the molecules observed from one chain to another offer
unique possibilities to study the effect of these geometric pa-
rameters on the optical, electronic, vibrational, and excitonic
properties of such molecular chains. Furthermore, QA chain
growth on KCl/Cu(111) being incommensurate, this system
makes it possible to study how an inhomogeneous dielectric
and electronic environment alters the coherent coupling of
the molecules in a chain (i.e., exciton delocalization) and
possibly leads to exciton localization effects. We envisage that
such investigations can be carried out on the nanometer scale
using tip-enhanced Raman scattering (TERS) and photolumi-
nescence (TEPL) and STM-induced luminescence (STML)
spectroscopy and microscopy. Finally, we believe that the fine

variations in the molecular arrangement of QA chains reported
in this article are of technological relevance for the perfor-
mance of future QA-based (and possibly QA/alkali halide
based) devices.
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