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Despite the vital role of stereoconvergent synthesis in modern chemistry, the on-surface stereoconvergent synthesis of organometallic complexes involving transformation among several stereoisomers to one specific form has been few reported. By
combination of high-resolution scanning tunneling microscopy (STM) imaging/manipulation and density functional theory
(DFT) calculations, we have displayed the stereoconvergent synthesis of organocopper complexes via the Cu-alkene interaction
and further dimerization into H-shaped motifs, in which two cis-forms and one trans-form are involved, and the specific
adsorption configuration of one cis-form is revealed to be the key for such a synthesis. Furthermore, the generality of the
dimerization of organocopper complexes has also been verified by codeposition of two similar molecular precursors, and the
hybridized K-shaped motifs (made up of two kinds of organocopper complexes) have been successfully achieved. These findings
may provide atomic-scale insights into the synthesis of specific stereoisomers in the fields of pharmaceuticals, biochemistry and
organometallic chemistry.
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1 Introduction
Stereoconvergent synthesis, as one of the subordinate branches of asymmetric synthesis, has been aiming at full conversion of the stereoisomer mixture to one specific favored
isomer [1–3]. Due to the dramatically different chemical or
biological activities and applications among the corresponding stereoisomers, stereoconvergent synthesis is particularly vital and valuable in modern chemistry and has also
been an urgent demand in selective synthesis [1,2]. Large
numbers of studies [1,3–7] concerning such stereoconvergent reactions have been performed in traditional
chemical syntheses, with high yields, selectivity and also
enantiomeric excess. Nowadays, the increasingly developing
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surface science methods make it possible to realize such
reactions in a two-dimensional regime. Enormous efforts
have been devoted to the controllable transformation between cis and trans isomers of azobenzene molecules (with
N=N bonds) [8–13], alkene molecules (with C=C bonds)
[14–16] by various means. More recently, the stereoselective
synthesis of a specific cis-diene moiety on Cu(110) through a
dehalogenative homocoupling strategy [17] was reported,
while the corresponding trans-diene moiety was successfully
synthesized via dehydrogenative homocoupling reaction on
the same substrate [18]. In these on-surface reactions, the
reaction products have been achieved with high stereoselectivity, yet, the stereoconvergent synthesis involving
transformations among several stereoisomers to the specific
one, to the best of our knowledge, has been few reported.
Thus, it is particularly fascinating and also challenging to
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explore a system involving such kinds of stereoconvergent
processes and gain reaction products with high stereo-purity,
which may open up bright prospects towards on-surface
formation of specific stereoisomers in a highly selective
manner.
In this study, we design a system involving both organic
molecules and metal atoms to explore the stereoconvergent
synthesis of organometallic complexes. We choose a molecular precursor with an enediyne moiety (i.e., (Z)-1,6di(naphthalen-2-yl)hexa-3-en-1,5-diyne,
shortened
as
DNHD, as shown in Scheme 1) to enable the stereo-flexibility of carbon-carbon double bond (cis-trans isomerization) [14–16] and the potential metal-alkene interaction [19].
The Cu(110) surface is employed to provide a platform
which enables a special adsorption configuration of the enediyne moiety compared to other surfaces, e.g., Ag(110) and
Au(111), as we proposed before [19]. Besides, the availability of Cu adatoms is another consideration for the
synthesis of organocopper complexes. From the interplay of
high-resolution scanning tunneling microscopy (STM) imaging/manipulation and density functional theory (DFT) calculations, we have explored a sequential process involving
the isomerization from cis 1 through trans to cis 2 followed
by the formation of the organocopper complex and the final
H-shaped motif, which thus shows the stereoconvergent
synthesis of the specific H-shaped motif on the Cu(110)
surface (cf. Scheme 1). The DFT calculations and STM simulations further allow us to confirm that such an H-shaped
motif results from the dimerization of two identical organocopper complexes. Besides, the special adsorption configuration of the intermediate cis 2 is revealed to be the key
to facilitating the formation of the organocopper complex via
Cu-alkene interaction. In such a process, high-yield conversion of the stereoisomers (cis 1 and trans) to one specific
favored cis 2 isomer and then the H-shaped motif can be
successfully achieved on the surface. To demonstrate the
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generality on the formation and dimerization of organocopper complexes, we introduce another molecule (i.e., (Z)1,6-bis(4-(tert-butyl)phenyl)hexa-3-en-1,5-diyne, shortened
as BtPHD) together with DNHD molecule on the Cu(110)
surface. More interestingly, we have also synthesized the
“hybridized” K-shaped motif (which is made up of two kinds
of organocopper complexes) together with the H-shaped (by
the DNHD molecule) and X-shaped (by the BtPHD molecule) ones, respectively.

2 Experimental
All STM experiments were performed in a UHV chamber
−10
mbar) equipped with a variable(base pressure 1×10
temperature, fast-scanning “Aarhus-type” STM using electrochemically etched W tips purchased from SPECS [20,21],
a molecular evaporator and an e-beam evaporator, and other
standard instrumentation for sample preparation. After the
system was thoroughly degassed, the molecules were deposited by thermal sublimation onto a Cu(110) substrate. The
sample was thereafter transferred within the UHV chamber
to the STM, where measurements were usually carried out at
~150 K. Only in the case of Figure 1(a, b), the STM images
were obtained at room temperature (RT). All the STM
images were further smoothed to eliminate noises. The lateral manipulations were carried out in a controllable linescan mode under specific scanning conditions (by increasing
the tunnel current up to approximately 2.0 nA while reducing
the tunnel voltage down to approximately 20 mV) [22,23].
The calculations were performed in the framework of DFT
by using the Vienna ab initio simulation package (VASP)
[24,25]. The projector-augmented wave method was used to
describe the interaction between ions and electrons [26,27];
the Perdew-Burke-Ernzerh of generalized gradient approximation exchange-correlation functional was employed [28],

Scheme 1 Schematic illustration and the corresponding STM images showing the stereoconvergent synthesis of the specific H-shaped organocopper
complex. Grey: C; white: H; wine: Cu. The substrate lattice direction is also shown (color online).
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3 Results and discussion

Figure 1 Synthesis and dimerization of organocopper complexes on Cu
(110) from DNHD molecules. (a) Large-scale and (b) close-up STM images
showing the predominant formation of H-shaped motifs (as marked by the
white rectangle) after deposition of DNHD molecules on a Cu(110) substrate held at RT (also scanned at RT). (c, d) Sequential STM images show
the split of the H-shaped motif after lateral STM manipulations. The white
arrow in (c) indicates the location and direction of the manipulation applied, and the white square in (d) highlights the two separated parts after
manipulation. (e) High-resolution STM image and (f) simulated STM image of the H-shaped motif. (g–i) The top and side views of the corresponding DFT-optimized structural models of the H-shaped motif on Cu
(110), respectively. Scanning condition: tunneling current It=0.60 nA, bias
voltage Vt=−2500 mV (color online).

and van der Waals interactions were included using the
dispersion-corrected DFT-D3 method of Grimme [29]. The
atomic structures were relaxed using the conjugate gradient
algorithm scheme as implemented in the VASP code until the
forces on all unconstrained atoms were ≤0.03 eV/Å. Plane
waves were used as a basis set with an energy cutoff of
400 eV for the models, and calculations were performed on a
2×2×1 k-point grid. Cu(110) surface was modeled by threelayered slabs for structural models of cis 2 and three possible
organocopper complexes, while two-layered slabs for
structural models of H-shaped and K-shaped motifs (shown
in the following figures). The simulated STM images were
obtained by the Hive program based on the Tersoff-Hamann
method [30,31].

After deposition of the DNHD molecules on the Cu(110)
substrate held at RT, we find the dominant formation of Hshaped motifs with a quite high yield (Figure 1(a)), and a
typical one is marked by the rectangle shown in Figure 1(b).
Such H-shaped motifs grow along the [110] direction of the
substrate. Moreover, each motif can diffuse as a whole on the
surface (Figure S1, Supporting Information online), which
implies the relatively strong bonding within one motif. To
further investigate the constitution of the H-shaped motif,
lateral STM manipulation has been performed on it
(Figure 1(c)), which can be split along the [001] direction of
the substrate into two identical bow-shaped parts (Figure 1
(d)). The submolecularly resolved STM image of the Hshaped motif (Figure 1(e)) shows that it is made up of two
bow shapes with two distinguishable bright protrusions at the
center. Such phenomenon is similar to that of the X-shaped
motif (synthesized from another molecule BtPHD) [19] as
reported previously, where each enediyne moiety can interact
with one Cu atom via Cu-alkene interaction forming the
organocopper complex and then dimerization into the Xshaped motif via Cu-Cu interaction. It is also known that Cu
adatoms are available on Cu(110) at RT [19,32].
Inspired from that and on the basis of the STM topography
and dimension, we propose that the H-shaped motif should
be made up of two DNHD molecules and two Cu adatoms.
We have optimized several structural models by DFT calculations and obtained the most favorable structural model as
shown in Figure 1(g–i) (detailed in Figure S2). From the
models, it is confirmed that the H-shaped motif is formed by
dimerization of two organocopper complexes via Cu-Cu
interaction. Each organocopper complex is synthesized by
one cis-form DNHD molecule interacting with one Cu adatom (positioned under the alkene group) via Cu-alkene
bonding, resulting in the nearly tetrahedral bonding config2
3
uration of the alkene moiety and thus from sp to sp rehybridization characteristics. Then, the strongly tilted enediyne
part appears as the characteristic bright protrusion in the
STM image, which is in good accordance with the corresponding simulated STM image (Figure 1(f)). What’s more,
the existence of distorted H-shaped motif owing to the
mismatch in the two neighboring organocopper complexes
(Figure S3) also rationalizes the dimerization of two organocopper complexes.
From the model shown in Figure 1(g), we can clearly
observe that the configuration of DNHD molecules in the Hshaped motif is dramatically different from the low-temperature adsorption configuration of the DNHD molecule on
the Cu(110) surface, which is, for example, shown in
Figure 2(a). In order to experimentally identify the possible
intermediates, we have systematically studied the evolution
process of the DNHD molecules on Cu(110) by stepwise
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Figure 2 Identification of the evolution process of DNHD molecules on
Cu(110) in response to the different annealing temperatures. (a–e) STM
images obtained after (a) deposition of DNHD molecules on the Cu(110)
substrate held at ~210 K; (b) annealing at ~235 K for 10 min; (c) annealing
at ~255 K for 10 min; (d) annealing at ~280 K for 10 min; (e) annealing at
~310 K for 10 min. Scanning condition: It=0.50 nA, Vt=−2500 mV. (f)
Statistical diagram displaying the evolution process and the corresponding
percentages of constituents in the annealing temperature range from 210 to
310 K (color online).

regulation of the annealing temperatures. As we have shown
before [14,33,34], deposition of the DNHD molecules on
Cu(110) held at ~210 K or below (Figure 2(a)) results in the
cis-form adsorption configuration, which is assigned to cis 1
here (cf. Scheme 1). Thermal treatment in the range of
~210–255 K leads to the gradual cis 1-trans isomerization
(Figure 2(b, c)). At this state, there is still no indication of the
H-shaped motif.
After further annealing to ~280 K, the H-shaped motifs
start to appear as shown in Figure 2(d), and meanwhile,
unexpectedly, we find another cis-form (assigned to cis 2,
also refer to Scheme 1) with the symmetric axis along the
[001] direction of the substrate, i.e., 90° rotation from the cis
1. Such samples have been achieved at different molecular
coverages (Figure S4). When annealing to ~310 K, the Hshaped motifs become dominant with a relatively high yield
(Figure 2(e)), and both trans and cis 2 drastically decrease.
From the detailed statistics (Figure 2(f)), we can observe the
tendency in the evolution process where the decrease of
trans promotes the formation of both cis 2 and H-shaped
motifs at first, and then H-shaped motifs are further con-
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structed at the cost of both trans and cis 2.
Now, the first attractive question arises: how is the Hshaped motif constructed? As shown in Figure 1(a, b), such
H-shaped motifs specifically grow along the [110] direction
of the substrate; moreover, the motif can only be split along
the [001] direction (Figure 1(d)), which indicates that the Hshaped motif is most probably constructed by the cis 2 rather
than the trans. This is because: (1) the trans has no specific
adsorption direction (Figure 2(c)), and such kind of metalalkene interaction should normally occur between metals and
cis-forms as extensively reported in the field of organometallic chemistry [35,36]; (2) cis 2 just has the coincident
adsorption direction with the symmetric axis along the [001]
direction. Then, the next question is what the relation is
among cis 1, trans, and cis 2? To in-situ figure out this
question, we have again performed lateral STM manipulations on cis 2. As shown in Figure 3(a, b), interestingly, cis 2
can be manipulated to cis 1 by doing a line-scan along the
[110] direction. Besides, cis 2 can also be manipulated to
trans by doing a line-scan along the [001] direction (cf.
Figure S5(a, b)). Since cis 1 and cis 2 are intrinsically the
same cis structure of DNHD molecule just with different
adsorption directions with respect to the substrate lattice, the
third question then arises: why all of the H-shaped motifs are
along the [110] direction? In other words, the H-shaped motif

Figure 3 (a, b) Lateral STM manipulation on one cis 2 structure showing
the transformation from cis 2 to cis 1. The arrow in (a) indicates the
location and direction of the manipulation applied, and the rectangle in (b)
highlights the evolution of the target structure. (c–f) Top and side views of
the DFT-calculated structural models of (c) cis 2 and (d–f) three possible
organocopper complexes on Cu(110). (g, h) High-resolution STM image
and the simulated STM image of cis 2, respectively. (i–k) The simulated
STM images corresponding to the structural models shown in (d–f), respectively. (l) The high-resolution STM image of the remaining half of the
H-shaped motif obtained after STM manipulation (color online).
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is only made up of cis 2 rather than cis 1. Note that at the
substrate temperatures above 200 K, Cu adatoms already
prevail on the Cu(110) surface. So, the temperature is not an
issue.
In order to unravel the underlying mechanism, we have
performed DFT calculations on the structure search of cis 2.
From the high-resolution STM image (Figure 3(g)), we can
see that cis 2 seems a little bit smaller than cis 1. On the basis
of the STM topography and adsorption direction, we have
obtained the on-surface structural model of cis 2
(Figure 3(c)) and the corresponding simulated STM image
(Figure 3(h)). From the structural model (Figure 3(c)), astonishingly, we distinguish that cis 2 adopts a different adsorption geometry from cis 1, that is, the enediyne moiety is
tilted due to the interactions with the substrate. In comparison with the flat-lying adsorption configuration of cis 1 [34],
only cis 2 can adopt this special configuration which thus
facilitates the Cu-alkene interaction, in accordance with what
we have proposed for another molecular system [19].
Experimentally, we found cis 2 and H-shaped motifs always coexist. cis 2 is calculated to be energetically less favorable than trans by 0.75 eV. Besides, trans was calculated
to be more stable than cis 1 by 0.28 eV [14]. This means cis 2
is just an intermediate state towards the formation of the
organocopper complex. Accordingly, we perform further
DFT calculations to figure out the structural model of the
organocopper complex. As is known, the Cu adatom may go
underneath the tilted enediyne moiety by forming the Cualkene interaction. Then three possible structural models for
organocopper complex are built up and shown in Figure 3(d–
f), and the corresponding simulated STM images are shown
in Figure 3(i–k). After directly interacting with Cu adatom
(Figure 3(d)), the structure becomes energetically more
stable by 0.32 eV. It can be observed that the naphthalene
rings can flip during the formation of trans (Figure S6), and
two kinds of trans-forms (arc-shaped and S-shaped) with the
naphthalene rings flipped have been found to coexist. Also,
from the sequential STM images scanned at the same region
(Figure S5(b, c)), we can observe the spontaneous conformational changes between these two trans-forms. Similar
conformational changes with the functional groups flipped
[37–39] have also been reported previously. Then, we have
also optimized one structural model with the naphthalene
rings flipped (cf. Figure 3(e)), and it is calculated to be more
stable than that shown in Figure 3(d) by 0.23 eV. However,
the corresponding simulated STM image (Figure 3(j)) does
not agree with the experimental STM topography (i.e., half
of the H-shaped motif gained via STM manipulation) (Figure
3(l)), which may be due to the steric hindrance between two
neighboring naphthalene rings. Then, according to the STM
topography, we have relaxed another structure by further
expanding two naphthalene rings (Figure 3(f)), and the corresponding STM simulation (Figure 3(k)) resembles the
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experimental one (Figure 3(l)) very well. This structure is
energetically more stable than that shown in Figure 3(e) by
0.17 eV. The detailed energy diagram of this process is
shown in Figure S7. On the basis of these DFT calculations
together with the relevant literatures [19,40], the formation
of the organocopper complex is rationalized.
It is noteworthy that the reason we propose such a process
as stereoconvergent synthesis is that the starting state can be
the cis 1 form (T≤210 K, Figure 2(a)) or the trans form (T
~255 K, Figure 2(c)), or even the mixture of both cis 1 and
trans forms (210 K<T<255 K, Figure 2(b)). Based on any of
these stereodivergent starting isomers, they can be transformed to the specific cis 2 form and then form the H-shaped
organocopper complexes by combining with Cu adatoms and
further dimerization. In this way, full conversion of the stereoisomer mixture to one specific favored isomer [1–3] can
be successfully achieved on the surface.
As a step further, to demonstrate the generality of the
synthesis and dimerization of organocopper complexes, we
have codeposited two similar molecular precursors (i.e.,
DNHD and BtPHD molecules) on the Cu(110) surface. As
shown in Figure 4(a), both molecules have the enediyne
moieties that enable them to interact with the Cu adatoms by
forming different organocopper complexes. After codeposition of DNHD and BtPHD molecules on a Cu(110) substrate
held at RT, as expected, we observe a few K-shaped motifs
(by hybridization of DNHD and BtPHD molecules) coexisting with H-shaped (by DNHD molecules) and X-shaped
[19] (by BtPHD molecules) ones as shown in Figure 4(b, c),
which presents the possibility of “hybridized” dimerization
from similar organocopper complexes. High-resolution STM
image (Figure 4(d)) shows that the K-shaped motif has the
characteristics of both H-shaped and X-shaped ones with two
bright protrusions at the center. The adsorption geometry on
Cu(110) (Figure 4(f–h)) shows that the tilted enediyne
moieties with Cu atoms underneath are attributed to the
bright protrusions (similar to the situations in both H-shaped
and X-shaped ones). The corresponding STM simulation
(Figure 4(e)) further exhibits a similar profile to the experimental data. Furthermore, STM manipulations on K-shaped
motifs also show that they can be split along the [001] direction of the substrate (Figure S8).
Thus, it is reasonable to reach the conclusion about the
structure and construction of the H-shaped motif based on
the following clues: (1) the formation of hybridized Kshaped motif; (2) STM manipulations on the H-shaped motif
(Figure 1(c, d)) and the cis 2 (Figures 3(a, b) and S4); (3)
DFT calculations and related STM simulations; (4) control
experiments of BtPHD on Ag(110) and Au(111), and STM
manipulations on half of the X-shaped motif in our previous
study [19]; (5) some literature supports involving both onsurface research [40] and studies in the field of organometallic chemistry [35,36].
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Figure 4 Synthesis and dimerization of organocopper complexes on
Cu(110) from both DNHD and BtPHD molecules. (a) Schematic illustration showing the hybridization of two organocopper complexes forming the
K-shaped motif. (b, c) STM images showing the formation of hybridized
K-shaped motifs (marked by white squares) together with H-shaped and Xshaped ones (marked by green and blue squares, respectively) after codeposition of DNHD and BtPHD molecules on a Cu(110) substrate held at
RT. (d) High-resolution STM image of the K-shaped motif. Scanning
condition: It=0.50 nA,Vt=−2500 mV. (e) The simulated STM image of the
K-shaped one. (f–h) The top and side views of the DFT-optimized structural models of the K-shaped motif on Cu(110) (color online).

4 Conclusions
In conclusion, by combination of high-resolution STM
imaging/manipulation and DFT calculations, we have shown
the stereoconvergent synthesis of organocopper complexes
via Cu-alkene interaction and further dimerization with relatively high yields, in which the specific adsorption configuration of the enediyne moiety is revealed to be the key for
such a process. Furthermore, the generality of dimerization
between two similar organocopper complexes is presented.
These findings demonstrate an example of the on-surface
stereoconvergent synthesis of organocopper complexes,
which may provide atomic-scale insights into the synthesis
of specific stereoisomers with high selectivity in the relevant
fields such as pharmaceuticals and biochemistry.
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