[2+2] Cyclo-Addition Reactions for Efficient Polymerization on
a HOPG Surface at Ambient Conditions
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Abstract: Polymers obtained by on-surface chemistry have emerged as a class of promising materi-
als. Here, we propose a new strategy to obtain self-assembled 1D polymers by using photochemical
[2+2] cyclo-addition or by using a mild thermal annealing. All nanostructures are fully characterized
by using scanning tunneling microscopy at ambient conditions on a graphite surface. We demon-
strated that nature of the stimulus strongly alters the overall quality of the resulting polymers in
terms of length and number of defects. This new way is an efficient method to elaborate on-surface
self-assembled 1D polymers.
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1. Introduction

During the past two decades, molecular self-organization has been widely investi-
gated on different kinds of substrates [1-9]. More recently, on-surface synthesis was de-
veloped as an efficient way to create covalent nanostructures [10-31]. All these nanostruc-
tures have been obtained by bottom-up approaches leading to atomically precise
nanostructures, which can be used for great potential applications in molecular electron-
ics, spintronics, energy, catalysis, and other fields. The formation of the surface-confined
polymers is mainly governed by the balance between molecule-molecule and molecule—
surface interactions, bond strength, reversibility of bond formation, precursor diffusion,
and their surface concentration [2,14]. In addition, all on-surface polymerizations require
an external stimulus to provoke the initial bond cleavage, which will lead to the polymer-
ization. In the case of on-surface polymerizations, this initiation step is based on thermal
annealing, which is the most used stimulus, [10-18], on an STM tip-induced reaction [19-
22] or a light illumination [23-28]. Among these three approaches, photochemical reac-
tions on surfaces emerge as an elegant solution because they can proceed at room temper-
atures which can limit the number of defects in synthesized nanostructures, a major weak-
ness of on-surface thermal-induced reactions. Due to their definition, cycloaddition reac-
tions are very promising for on-surface synthesis because there is no side-product, thus
avoiding poisoning of the surface [32]. Therefore, on-surface cyclo-addition reactions can
be an elegant way to provide extended and undefective covalently bounded nanostruc-
tures on unaltered surfaces [24,33-35]. However, cyclo-addition reactions follow the
Woodward-Hoffman rules, which predict whether a pericyclic process occurs under ther-
mal or photochemical conditions, as well as the stereochemical outcome of the reaction.
These rules are based on the conservation of orbital symmetry [36]. Here, we propose to
investigate the role of the stimulus to achieve the synthesis of long 1D polymers by acti-
vation of C=C bonds on a highly oriented pyrolytic graphite (HOPG) surface at ambient
conditions. We propose to answer to several questions: Does the surface impose con-
straints that favor new mechanism for C=C bond polymerisation? What are the parame-
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ters to get the longest 1D-polymers on a surface? In order to fully answer these fundamen-
tal questions, we designed specific molecular building blocks, then all adsorbates were
fully characterized by scanning tunneling microscopy (STM). We investigated and com-
pared the role of light and thermal annealing as external stimuli to form long 1D-polymers
on a HOPG surface.

2. Materials and Methods
2.1. Synthesis of 1,4-bis(4’-Vinylphenyl)-2,5-bis(octadecyloxy)benzene (Vinyl-OC18)

All reagents were purchased from Aldrich (France), except Pd(PPhs)s, which was
purchased from Strem chemical (France), and used as received. The silica gel used for
column chromatography was purchased from Merck (France). The deuterated NMR sol-
vents were purchased from Euriso-top (France). The NMR spectra were recorded using a
Bruker AC-300 MHz spectrometer (France). The procedure is based on two steps [37,38].
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Scheme 1. Synthesis of 1,4-dibromo-2,5-bis(octadecyloxy)benzene.

2,5-dibromohydroquinone (1 g, 3.8 mmol) and 1-bromo-octadecane (2.45 g, 7.6
mmol) were dissolved in acetone (100 mL). The mixture was heated at reflux for 24 h
(Scheme 1). The solvent is removed under reduced pressure, then washed three times with
50 mL of water. The resulting yellow powder is recrystallized in 100 mL of ethyl acetate
to give the pure 1,4-dibromo-2,5-bis(octadecyloxy)benzene as a white bright solid (Yield:
83%).

H NMR (400 MHz, Chloroform-d, see Figure S1) & =7.09 (s, 2H), 3.95 (t, ] = 6.52 Hz,
4H), 1.80 (h, ] =7.92 Hz, 4H), 1.49 (h, ] = 7.92 Hz, 4H), 1.25 (m, 56H), 0.87 (t, ] =7.04 Hz,
6H). 3C NMR (75 MHz, Chloroform-d) & =150.10, 118.50, 111.16, 77.22, 70.34, 31.94, 29.71,
29.67,29.59, 29.55, 29.37, 29.30, 29.12, 25.94, 22.70, 14.13.
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Scheme 2. Synthesis of 1,4-bis(4'-vinylphenyl)-2,5-bis(octadecyloxy)benzene.

1,4-dibromo-2,5-bis(octadecyloxy)benzene (1.0 g, 1.3 mmol) and 4-vinylphenyl-
boronic acid (0.6 g, 3 mmol) were dissolved in 60 mL of THF (Scheme 2). Then, an aqueous
solution of K2CO:s (0.5 M, 6 mL) and Pd(PPhs)u catalyst (42 mg, 0.03 mmol) was added. The
resulting mixture was heated at reflux for 72 h. Then, the solvent was removed under
reduced pressure. The crude solid was dissolved in 100 mL of Chloroform. The organic
solution was washed three times with 100 mL of water. The solvent was removed under
reduced pressure. The resulting white solid is purified by column chromatography (silica
gel, acetone/petroleum ether 1:2). The solid was recrystallized in ethyl acetate to give 1,4-
bis(4'-vinylphenyl)-2,5-bis(octadecyloxy)benzene as a pure white solid (Yield: 55%).
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H NMR (400 MHz, Chloroform-d, see Figure S2) =7.58 (d, ] = 8.24 Hz, 4H), 7.45 (d,
] =8.24 Hz, 4H), 6.98 (s, 2H), 6.79 (dd, ] =10.90 Hz, ] = 17.40 Hz, 2H), 5.79 (d, ] = 17.40 Hz,
2H), 5.26 (d, ] = 10.40 Hz, 2H), 3.90 (t, ] = 6.46 Hz, 4H), 1.58 (h, ] =7.92 Hz, 4H), 1.33 (h, ] =
7.92 Hz, 4H), 1.25 (m, 56H), 0.87 (t, ] = 7.04 Hz, 6H). 3C NMR (75 MHz, Chloroform-d) 6 =
150.35, 137.93, 136.67, 136.20, 130.45, 129.65, 116.16, 113.63, 77.21, 69.66, 31.94, 29.71, 29.67,
29.59, 29.55, 29.37, 29.30, 29.12, 25.94, 22.70, 14.13.

2.2. STM Experiments

Freshly cleaved highly oriented pyrolytic graphite (HOPG from Goodfellow) is used
as substrate. Solutions of vinyl-OC18 (Figurel) molecules in 1-phenyloctane (98%, Sig-
maAldrich, France, concentration of 10 mol/L) are used for drop-cast deposition. Solu-
tions in DMF (98%, SigmaAldrich, France, concentration of 10-4 mol/L) were prepared for
spin coating deposition. The self-assembled networks are obtained at the solid-liquid in-
terface or by drop casting. STM imaging of the samples was performed at the liquid-solid
interface or ambient conditions using a SPM Nanoscope-V(Veeco, Bruker, CA, USA) scan-
ning tunneling microscope. Cut Pt/Ir (Goodfellow) tips were used to obtain constant cur-
rent images at room temperature with a bias voltage applied to the sample. STM images
were processed and analyzed using the application FabViewer, France [39].

3. Results

We synthesized 1,4-bis(4-vinylphenyl)-2,5-bis(octadecyloxy)benzene (vinyl-OC18)
molecules, which contain a triphenyl core ended by two vinyl groups and surrounded by
two lateral octadecyl chains. The lateral octadecyloxy chains were chosen to promote su-
pramolecular self-assembly by van der Waals interactions between parallel aligned adja-
cent rows of molecules (interdigitation) and also specific interaction with HOPG surface
[3/4]. A triphenyl core contributes to molecule-molecule interactions through m-stacking
[5]. The distance between the extremities of vinyl substituents of Vinyl-OC18 molecules is
1.80 nm, while the distance between the two extremities of surrounding lateral octadecyl
chains is 5.19 nm (Figure 1).

5.19 nm

Figure 1. CPK model of 1,4-bis(4-vinylphenyl)-2,5-bis(octadecyloxy)benzene (vinyl-OC18).

3.1. Supramolecular Self-Assembly on HOPG Surface

Vinyl-OC18 molecules were deposited by drop-casting (20 uL; 10-#mol/L) on HOPG
substrate at room temperature or can be generated using the spin coating method. As
revealed in STM images, no isolated molecule was observed, but only large extended 2D
domains (Figure 2). These 2D domains consist of fused periodic domains, bordered by
grain boundaries (Figure 2a).
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Figure 2. STM images of vinyl-OC18 molecules deposited at the 1-phenyloctane/HOPG interface. It
=10-20 pA, Us=-0.5—0.7 V (a) Large scale 100 x 100 nm? showing 2D domains. (b) High resolution
15 x 15 nm?. Bright nanolines are constituted by bright nanorods. Some faintly bright features are
observed (surrounded by dashed with ellipse) in dark stripes. (¢) STM image (Vs =-1.5V, It =10
pA, 10 nm x 10 nm) of vinyl-OC18 supramolecular network with corresponding superimposed
model and unit cell vectors Usupra, Vsupra, and angle Osupra. (d) Vinyl-OC18 supramolecular network
on a HOPG surface.

The repetitive unit of 2D islands consists of parallel pairs of disjoined bright rods
(Figure 2b). These repetitive units form a compact periodic network constituted by bright
lines, which are separated by darker stripes. The periodicity between the bright lines is
2.9 + 0.2 nm. In each darker strip, some features (marked by a white dashed ellipse in
Figure 2b) are visible and they are aligned along the HOPG (100) orientation at both sides
of the bright rods.

Based on our STM observations and measurements, we propose the model of vinyl-
OC18/HOPG. Consistent with the features of vinyl-OC18 molecules (Figure 1), each bright
rod is attributed to a single aromatic core of a vinyl-OC18 molecule, while the features
observed in dark stripes are attributed to lateral C18 alkyl chains of vinyl-OC18 molecules
(Figure 2c,d). The unit cell of the supramolecular network vinyl-OC18/HOPG interface is
constituted by two elongated-bright protrusions included in a rhomb, as shown by the
two vectors Usupra and Vsupra (Figure 2c). The length of these two vectors is Usupra=3.1 £ 0.3
nm and Vsupra = 1.3 + 0.1 nm. The angle between these vectors is Osupra = 120°. The unit cell
covering 3.77 nm? for one vinyl-OC18 molecules, the molecular density of the vinyl-
OC18/HOPG network is 0.26 molecules per nm2.

All the distances measured on STM images are in accordance with the interdigitation
of lateral octadecyloxy chains between adjacent molecules. This interdigitation, leading to
stabilizing van der Waals interaction between molecules, is widely known to promote the
formation of supramolecular self-assemblies onto graphite surfaces [3,4,40].
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3.2. llumination of Vinyl-OC18 Supramolecular Network on HOPG Surface by UV-Light

We firstly investigated the chemical transformation of vinyl-OC18 supramolecular
self-assembly induced by UV irradiation (365 nm) at the solid-liquid interface. The dura-
tion of light illumination varied from 20 minutes to 90 min, but no effect of duration was
observed. Large scale STM image (Figure 3a) indicates that only a single domain of bright
wires is visible. Some rare defects are also visible (surrounded by a plain white circle in
Figure 3a). The bright wires are not perfectly linear (as highlighted by the dashed white
ellipse in Figure 3a). These bright nanowires are separated by dark stripes (width: 2.9 +
0.2 nm), including faintly bright features (Figure 3b).

Figure 3. STM images of formed nanostructures observed on HOPG surface after UV-light illumi-
nation (365 nm, duration 20 min) of vinyl-OC18 supramolecular networks. (a) Large-scale STM im-
age vs.=—-0.7 V, It = 10-20 pA, 70 nm x 55 nm). A defect is surrounded by a white plain circle, and
disordered bright lines are surrounded by white dashed ellipse, (b) Zoom of (a) (Vs=-0.7 V, It =10-
20 pA, 18 nm x 13 nm) showing faintly bright features, surrounded by white dashed ellipse included
in dark stripes (width: 2.9 nm).

A high resolution zoomed in STM image on the linear parts of the wires is shown in
Figure 3b. We observe clearly that no more bright rods, previously observed in Figure 2b
and attributed to single vinyl-OC18 molecules, are visible yet after UV-light exposition.
On the contrary, only wires with a continuous brightness over their entire length are ob-
served. The faintly bright features in the dark stripe observed before UV-light illumina-
tion (surrounded by a white dashed ellipse in Figure 2b) are still visible after light illumi-
nation (Figure 3b). These faintly bright features can be attributed again to lateral octadecyl
chains of vinyl-OC18 molecules.

3.3. Annealing of Vinyl-OC18 Supramolecular Network on HOPG Surface

We investigated the chemical transformation of vinyl-OC18 supramolecular self-as-
sembly induced by thermal annealing. Hence, a set of experiments consisting of subse-
quent annealing of the supramolecular network, obtained after drop casting of vinyl-
OC18 onto HOPG surface at room temperature, were performed. STM measurement is
performed once the DMF solvent is evaporated from thermal treatment. When heated up
around 343-363 K, a critical transformation was observed.

Long-range ordered wire organizations are observed as a single domain (Figure 4a).
The size of this single domain is much larger than that observed when vinyl-OC18 mole-
cules were deposited by drop-casting and the perfectly defect-free patterns are distin-
guished clearly from the previously observed multi-domain self-assemblies (Figure 2a).
As observed in the case of UV-light exposition (Figure 4b), 1D bright nanowires are ob-
served uniformly, without any separated rods as those observed before thermal annealing
(Figures 2b and S3). The bright nanowires are distanced of 2.9 + 0.2 nm with the faintly
bright features (surrounded by dashed white ellipse in Figure 4b) as previously observed
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after light illumination (Figure 3b). Such images clearly indicate that vinyl-OC18 mole-
cules are polymerized under thermal treatment.

(a) ) B

Figure 4. STM images of formed nanostructures observed on HOPG surface after thermal annealing
(353 K, duration 1 h) of vinyl-OC18 supramolecular networks. (a) (Vs =-0.5 to -0.7 V, It = 20-30 pA,
100 nm x 100 nm), (b) Zoom of (a) (Vs =-0.5 to -0.7 V, It = 20-30 pA, 30 nm x 30 nm). The nanorods
corresponding to unpolymerized molecule have been converted into continuous nanowires as
shown in the inset (9 x 5 nm?).

4. Discussion

The STM images obtained after light-induced or thermal-induced polymerization are
quite similar. The bright nanowires are aligned along the HOPG(001) orientation. They
are separated by dark stripes and the distance between bright parallel nanowires is 2.9
nm. In terms of difference, we only observe that the thermal-induced nanowires are
straighter and longer than those obtained by light illumination. Therefore, the nanowires
obtained by light illumination or by thermal annealing are structurally identical. How-
ever, what the chemical reaction is which leads to the formation of new bright nanowires
remains, at that point, unknown.

The chemical transformation of vinyl-OC18 supramolecular self-assembly induced
by thermal annealing or by UV-light illumination leads to the complete transformation of
starting bright nanorods constituted by separated vinyl-OC18 molecules (Figure 2) into
straight bright nanowires (Figures 3 and 4). These chemical transformations only involve
the C=C bonds located at the extremities of the vinyl-OC18 molecules. Therefore, we have
carefully analyzed the reactions that can involve the C=C bonds. The first reaction is the
well-known polyaddition of C=C leading to linear alkyl chains, like in the case of the for-
mation of polystyrene. However, this reaction is impossible in our case because the C=C
bonds of two adjacent rows of vinyl-OC18 molecules are separated by a distance of more
than 2 nm due to the steric hindrance imposed by lateral octadecyl chains (Figure S4).
Besides, such a reaction should lead to aromatic units pending from a linear unsaturated
chain. Such a structure would be observed with separated bright spots, which is defini-
tively not observed in the STM images (Figures 3 and 4). A second possible reaction is
based on the dehydrogenative homocoupling of two consecutive C=C bonds [41] (Figure
S5). Nonetheless, this reaction is only possible on coinage metal surfaces and under ultra-
high vacuum, which rules out this possibility in our experimental procedure. Finally, the
last possible chemical reaction is of the type [2+2] cycloaddition reaction between two C=C
bonds, which leads to the formation of a cyclobutane as linear connecting nodes between
consecutive vinyl-OC18 molecules (Figure 5).



7 of 11

b 5 [2+2)] N b R g
OO~ YO0 ———— OO0 v o)
. \
OR oR cycloaddition OR o
R

Figure 5. Scheme of hypothetic polymerization of C=C bonds between two consecutive vinyl-OC18
molecules by a concerted [2+2] cycloadditions leading to a cyclobutane as a connecting node.

Concerted cycloadditions are one of the most investigated and used chemical reac-
tions. In the case of concerted [2+2] cycloadditions, reactions are allowed by light with a
supra-supra symmetry according to the Woodward-Hoffmann rules [36]. Light-induced
[2+2] cycloadditions are widely used as efficient synthetic methods in organic chemistry
[42]. Therefore, the formation of 1D polymers can be explained by concerted [2+2] cycload-
ditions between C=C bonds of two consecutive vinyl-OC18 molecules. In the case of UV-
light induced concerted [2+2] cycloaddition, the two involved C=C bonds have to be in a
supra-supra configuration. The configuration can be achieved by the sliding of vinyl-
OC18 molecules relative to each other. Then, the C=C bonds can be rotated in order to be
out-of-the-plane of the HOPG surface in order to be parallel. Finally, the concerted cy-
cloaddition occurs to give a cyclobutane as a connecting node between consecutive aro-
matic cores (Figure 6b and Video S1). Within this process, the resulting cyclobutane
adopts the “puckered” conformation which is the most stable one due to the reduction of
the steric hindrance between the substituents [43].
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Figure 6. (a) UV-light induced concerted [2+2] cycloaddition with supra-supra process of two C=C
bonds of two consecutive vinyl-OC18 molecules. (b) Formation of a cyclobutane, in a “puckered”
conformation, acting as a connecting node between two consecutive aromatic cores.

When thermal annealing was used as stimulus, one could explain the formation of
1D polymers by a thermal concerted [2+2] cycloaddition reaction. According to the rule of
Woodward-Hoffmann [36], this thermal [2+2] cyloaddition reaction has to be antarafacial
on one component. However, the geometrical and orbital constraints ensure that they are
encountered only in special circumstances [44]. For instance, concerted thermal [2+2] cy-
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cloadditions are mainly encountered in the dimerization of strained alkenes and in (het-
ero)cumulenes to provide cyclobutanes [45]. In addition, the presence of the underlying
HOPG surface strongly limits the antara-supra [2+2] approach because this approach re-
quires a 3D positioning of the C=C bonds which is quite impossible with the presence of
the underlying solid surface. Therefore, the thermal [2+2] cyloaddition reaction seems to
be quite impossible in our case.

In order to propose another mechanism to explain the formation of 1D polymer by
thermal annealing, we have carefully checked the literature describing thermal dimeriza-
tion of alkenes in solution. This reaction is rare, and it is based on a two-steps reaction: (i)
the cleavage of C=C bonds and the formation of new single C-C bonds and two C-radicals
and (ii) the formation of linear C4 chain due to the possibility of hydrogen abstraction
from solvent [46]. In our experimental conditions, this process is also possible. The initial
dimerization of two C=C bond of two consecutive vinyl-OC18 molecules leads to the for-
mation of the linear biradical C4 chain (Figure 7). However, two different evolutions of
the generated biradical can occur. (i) The biradical species could lead to the formation of
a cyclobutane by intramolecular cyclisation (Figure 7 right). This mechanism gives the
same 1D-polymer as those obtained by UV-light induced concerted [2+2] cycloaddition
reaction. (2) These biradicals can undergo H atom transfer from the solvent leading to a
linear saturated C4 chain between two adjacent aromatic units. However, we are not able
to distinguish the nature of the connecting nodes (linear versus cyclic) in the obtained
STM images. Therefore, both mechanisms can explain the observed polymerization.

OOOOOOQOO

H atom transfer Intramolecular
from solvent AQ cyclization
R
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QO OO OOO QQQ
R R

Figure 7. Two steps thermal-induced dimerization of two C=C bonds of two consecutive vinyl-OC18

molecules leading to formation of a linear connection (left) or a cyclobutane (right) acting as a con-
necting node between two consecutive aromatic cores.

Experimentally, the 1D-polymers obtained by thermal annealing are without any de-
fect and longer than those obtained by light-induced reactions. This result can be ex-
plained by the combination of two parameters which all promote the thermal reaction:

(1) The presence of HOPG surface alters the lifetimes and quantum yields of the photo-
excited states of the UV-light cycloaddition reactions [47]
(2) The thermal energy promotes the sliding of vinyl-OC18 molecules.
Finally, on the basis of the experimental data and the physico-chemical discussion,
we can provide a model for resulting nanowires observed after UV-Light illumination or
thermal annealing (Figure 8).
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Figure 8. (a) STM image (Vs =-0.5V, It = pA, 10 nm x 5 nm) of vinyl-OC18 polymerized network.
(b) STM image (Vs =-0.5V, It = pA, 10 nm x 5 nm) of vinyl-OC18 polymerized network with corre-
sponding superimposed model. (c) Model of polymerized network, (d) side-view of the polymer-
ized network.

The 1D-polymers are all parallel and they are separated by a distance of 2.9 nm due
to the interdigitation of lateral octadecyloxy chains between adjacent molecules (i.e., van
der Waals interaction between molecules).

5. Conclusions

We have successfully polymerized alkene molecules onto a HOPG surface to provide
well-organized 1D-polymers. The on-surface polymerization is generated by thermal
heating (no solvent), whereas the light irradiation generates polymerization at the solid—
liquid interface. We have demonstrated that the reactivity of C=C bonds can be tuned by
the presence of a HOPG surface. Indeed, the C=C bonds could be involved in an UV-light
induced concerted [2+2] cycloaddition reaction, with respect to the Woodward-Hoffmann
rules. In the case of thermal annealing, the polymerization of C=C bonds could give the
same polymers that those obtained by light-induced reaction, but it cannot be explained
by a concerted cyclo-addition reaction following Woodward-Hoffmann rules. We pro-
pose another mechanism, based on surface-assisted two-steps reaction. This thermal in-
duced reaction is very efficient, and it could be used as a new opportunity to provide
multi-functional nanostructures.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/xxx/s1, Figure S1: a) '"H NMR and b) *C spectra of 1,4-dibromo-2,5-bis(octade-
cyloxy)benzene (CDCls); Figure S2: Figure S2. a) 'H NMR and b) C spectra of 1,4-bis(4’-vi-
nylphenyl)-2,5-bis(octadecyloxy)benzene (CDCls); Figure S3. STM image (Vs =-0.5V, It= pA, 28 nm
x 25 nm) of vinyl-OC18 photo-polymerized (upper part) and unpolymerized (lower part) networks.
Figure S4. Scheme of hypothetic polymerization of C=C bonds between adjacent vinyl-OC18 mole-
cules as usually observed in the case of styryl-derivatives. The lateral alkyl chains are too long to
allow the formation of C-C bond between molecules (highlighted in red). Figure S5. Scheme of hy-
pothetic polymerization of C=C bonds between consecutive vinyl-OC18 molecules (new bonds are
highlighted in red). This type of reaction requires coinage metal surface, high temperature and UHV
conditions. Video S1: On-surface photocyclo-addition.
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