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On-surface synthesis of a polyphenylene vinylene oligomer CeHis o Celh1s

via reductive coupling of a terephthalaldehyde derivative A 20, AT ° /13 O g
on Au(111) is reported. Scanning tunneling microscopy A Yo | Au(111), UHV ’ $ O

and photoelectron spectroscopy experiments confirmed CeH13 CeHn CeHia
oxygen dissociation and its desorption from the surface. DTA 1 p-PPV 2

Density functional theory calculations provided a reason-
able reaction mechanism involving reactive sites on the
substrate.

Fig. 1Investigated on-surface reaction.

(DTA 1) monomers on the Au(111) surface under UHV con-
ditions (Fig. 1). We will show that successful C-C couplirfg o
DTA proceeds directly on Au(111) by temperature induced
C-H activation of the aldehyde moiety, resulting in a para
polyphenylene vinylene derivative-PPV) 2 adsorbed on the
substrate. Given their great potential for the design of-ele

On-surface synthesis of covalently interlinked organinosa
tructures under ultrahigh vacuum (UHV) conditions has ob-
tained extensive attention in recent ydarSeveral reactions,
such as the Ullmann couplidg formation of Schiff bases

condensation of boronic acitisacylation reactiony homo- . . h .
fsacy s tronic devices and particularly organic solar cells resiet,

coupling of aIkapg% and alkynes and more recently, azide- the bottom-up growth of PPV-based polymers directly on sub:
alkyne cycloaddition® have been successfully conducted on . ;
strates opens a new possibility for the development andkfabi

surfaces. Each approach aims to the same objective: tgation of functional organic nanomaterials
develop well-ordered functional nanostructures on sedac ) ’

which sometimes are difficult or even impossible to syntreesi 1€ design of thédTA molecules allows them to be ther-
via classical solution phase chemiirpespite the versatility Mally deposited on the surface at a moderate sublimation
of these on-surface chemical processes for such a purpese, ttemperature. Moreover, the reactants are charged with two
investigation of new reaction types that could allow theppre ~ @ld€hyde moieties, which allow this particular compound to
ration of more complex nanostructures with tunable progert UNdergo oligomerizationDTA 1 was next sublimated onto
remains of great interest in this field. the Au(111) surface kept at room temperature. STM exper-

One suitable candidate for on-surface synthesis could bEnents were performed to study their adsorption and self
the equivalent of the reductive coupling of carbonyls in so-25Sembly behavior, revealing a single densely packed monc

lution (McMurry reaction, which is known to produce ma- layer of monomer4 on the substrate (Fig. 2). Within the_self—
terials with attractive electronic properties like polygplylene as_sembled monolaygr (DTA'S,AM)’ .the gldehyde mou_aues arg
vinylene (PPV). In particular, aldehydes have been shown t§f€nted along thé direction (inset in Fig. 2a), following a
form covalent bonds after reductive coupling, which is cat-Periodicity ofa=(0.81+ 0.04)nm [0.92nm, calculated value
alyzed by Ti and \*1°. Resembling the McMurry-type chem- for the gas_phase]. When comparing the cal_cul_ated cente.-
istry, in the present study we use a combination of scanlo-center distance witla, a reasonable quantitative agree-

ning tunneling microscopy (STM), X-ray photoelectron spec ment is found, where the small difference can be ascribed to
troscopy (XPS) and density functional theory (DFT) to irties the absence of the Au(111) surface in the gas phase calcul-

gate the on-surface coupling of 2,5-dihexylterephthalaydie tions, which restrains out-of-plane movements of the melec
lar components.

t Electronic Supplementary Information (ESI) available: SBOI: As a consecutive step, the DTA-SAM was annealed at tem-
20.1039_/b0'00000x/ _ N o peratures ranging from 100 °C to 250 °C. STM experiments
_Phy3|ka||sches Institut, Wealﬁche Wilhelms-Universit Munster, after the annealing &F = 250 °C (activation temperature) re-

Wilhelm-Klemm-Strasse 10, 4814Qiivster, Germany . .

b Center for Nanotechnology (CeNTech), Heisenbergstrasse 48149 ~ Vealed _d'S_Ord_ered ollgomers_on the.Au_(lll) substrate (see
Miinster, Germany ESIT), indicating that a possible activation of the aldehyd

¢ Department of Physics, Universitibre de Bruxelles, Campus Plaine-CP moiety and subsequent C-C coupling could have occurred.
231, 1050 Brussels, Belgium Given the large dissociation energy for the oxygen of the-ald

d Organisch-Chemisches Institut, Weétitiche Wilhelms-Universit Munster, hvd . 2 th . f h hiah .
Corrensstrasse 40, 48149(Mster, Germany yae m0|et)} , the requwement OT suc 19 activation tem-
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Fig. 2 Deposition and on-surface reaction®TA monomers on Au(111). a) STM image (22 nn?; U = -1.50V; | = 400 pA) after the
deposition onto the surface kept at room temperature. The inset shevistermolecular distance between adjacent monomers along the
aldehyde moiety direction. b) STM image (880 nn?; U = -0.65V: | = 7 pA) after the deposition onto the surface kept at 250 °C. The
targeted coupling reaction is achieved, produg#®PV oligomers (white arrows) on the surface. c) Oligon2chain length distribution. d)
High resolution STM image (558.5nn?; U = 0.65V: ! = 7 pA) of thep-PPV products2. The inset schematically represents the chemical
structure of the reacted specie.

perature is not surprising. However, we found that the pro- High resolution STM images (Fig. 2d) allowed the struc-
nounced desorption the reactants undergo at such temperatuural characterization of the newly formed oligomers. As it
is a limiting factor for the on-surface coupling. To circum- can be observed, the aliphatic chains follow a distirigt
vent this limitation,DTA monomers were deposited onto the zagarrangement, likely induced by van der Waals interactions
Au(111) surface kept at 250 °C. STM imaging after the depo-More importantly, the produc8are on aransconfiguration,
sition revealed that oligomerization was accomplishedt@vh given that thecis alternative would not follow the linear ar-
arrows in Fig. 2b), with about 6 % of the reactants formingrangement observed on the surface. The existence &go-
the targeteg-PPV products (details in the ESIT). Moreover, mers in the disordered phase, however, cannot be excludad
the product® are surrounded, in a ratio1:8, by a disordered We determined the center-to-center distance betweenadjac
phase which is difficult to characterize with STM imaging. An phenyl rings experimentally (0.5 0.2 nm) and by DFT cal-
improvement of these factors was not observed in expergnentulations for the gas phase (0.67 nm). When compared wiu
on other Au substrates (see ESIT). However, XPS experimentse unit cell directiora, corresponding to the aldehyde moi-
on Au(111) allowed to exclude the presence of oxygen on thety orientation in the DTA-SAM (Fig. 2a), a significant reduc
surface after the on-surface reaction (see below). Thexefo tion of the intermolecular distance-0.3 nm) is observed. The
the disordered phase could consist of entangled oligo@ers reduced center-to-center distance between the phenys ring
and/or oxygen-free side-products. clearly indicates that oligomets (schematically represented

A representative sample of clearly identifiable 562 re-in Fig. 2d) were formed as a result of a reductive coupling
acted monomers from different deposition experiments alprocess on the Au(111) surface.
lowed the estimation of the oligomeBschain length distri- To provide detailed chemical information about the ob-
bution (Fig. 2¢). Oligomers with a length of= 3— 8 units  served on-surface coupling of tiETA monomers, XPS ex-
(reacted monomers) are obtained more frequently, wheneas t periments were carried out. After depositing the monomers
maximum length observed correspondechte 32 units. It  onto the Au(111) surface kept at room temperature, C1s anu
is interesting to note that the oligome2sdo not follow the  O1s spectra were recorded (Fig. 3a,b). In this case, the C1ls
Au(111) herringbone reconstruction, as it has been obderveregion shows two distinct peaks which correspond well witl.
for other on-surface reactions on this substtaifheir relative  contributions from three carbon species at binding ensrgie
disorder could be due to the substrate reconstructionglirayi  of 284.7 eV (aromatic), 285.0 eV (hydrocarbon) and 287.6 eV
insufficient confinement during the reaction. The enhancedcarbonyl). In addition, a single O1s peak is detected atd-bi
diffusion of the reactantd& and product® on the substrate ing energy of 531.9 eV, corresponding well with physisorbed
at the activation temperature could additionally contiébto ~ aldehyde oxygen. Quantitative analysis reproduced the cora
such disorder. Furthermore, the absence of monorhéns  position of theDTA reactants (carbon = 91.8%; oxygen =
the STM images indicates that in this case reactants alsB.2%). Spectra collected after depositibJA monomers
desorb, similar as with the DTA-SAM annealing at 250 °C. onto the Au(111) surface kept at 250 °C show an absence
Moreover, STM tip manipulations were carried out to inves-of the oxygen-related signals. In this case, the previously
tigate the intra-molecular and molecule-substrate ictema  observed Ols peak at 531.9eV (Fig. 3c) and Cls peak at
for the oligomer® on Au(111) (see ESIT). These experiments287.6 eV (Fig. 3d) are not detected. Motivated by the con-
showed thg-PPV products to weakly (non covalently) inter- figuration proposed for thp-PPV oligomers (Figure 2d), the
act with the metal substrate, while the intra-moleculatauni peak fitting of the @sregion in this case includes a new car-
are strongly (covalently) interlinked. bon specie consistent with the vinylene moiety of the présiuc
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"[C 18 action mechanism must be considered.

To elucidate the mechanism driving the coupling of alde-
hydes on the Au(111) surface, we performed systematic
DFT calculations. Hereinafter, the most energetically fa-
vored mechanism is described in detail, while less favored
alternatives are presented in the ESIT. Two simplifdetA

‘ ‘ ‘ - bt 2 Py el monomers adsorbed on the substrate with the carbonyl groups
P Binding Energy (V) " Binding Energy (V) facing each other (Fig. 4onfig 1) are defined as the state
(c)‘ ‘ ‘ \0;15 [ (d) I o B with 0 eV. Taking into conaderauo_n the_large dlssomamm_
: 0 : ergy for the aldehyde oxygéf we investigated the C-H acti-
vation of the carbonyl group via H abstraction by the sulbstra
We found that a surface adsorbeeébenzoyloxy benzyl radi-
cal is generated while the H-atom remains bound to the sairfac
(Fig. 4; config 2), increasing the total energy to 0.84 eV. This
. .o % ey radical formally derives from the acyl radical addition twet
s m w0 e 20 2 2 27 26 285 2er 23 carbonyl O-atom of the second reactant. This process can or-
Binding Energy (eV) Binding Energy (eV) cur at a relatively low transition state energy of 1.13 e\t
Fig. 3 XPS analysis of the on-surface reaction. a-b) XPS data ofo0int, a transfer of the hydrogen atom back from the surface
the Cl1s and O1s regions after deposition onto the substrate kept ta the O-atom of the ester carbonyl group of thenzoyloxy
room temperature. Peak fitting analysis reproduced the stoichiometrigenzyl radical leads to a 1,3-biradical (1.27 eV transititate
of intact monomers. c-d) XPS data collected after the depositiorenergy), increasing the total energy to 0.90eV (Figcdn-
onto the substrate kept at 250 °C show a complete absence of oxyg¢fy. 3). Following from the 1,3-biradical configuration, the
species. The Cssignal is cgnsistent with the formationlpJPPV 2, _reaction can progress more energetically favored follgvén
but does not exclude contributions from oxygen-free side products "?Wo-step process: (i) the 1,3-biradical first cyclizes toya h

the disordered phase. droxyoxirane (Fig. 4config 4) that is fairly stable at 0.72 eV,

This strongly evidences a complete desorption of oxygem fro With a transition state energy of 2.22 eV, (ii) subsequeryt 0x
the surface, in agreement with previously reported studies 9€n scission from the oxirane ring results in the dissodiate
Au(111)!3. Furthermore, this fact suggests the oxygen scis®Xygen atom adsorbed on the Au(111) surface and an enc!
sion from the aldehyde as a prerequisite for double bond for({Fig- 4;config 5) now at a total energy of 0.88 eV, with a tran-
mation. Moreover, the formation of oxygenated side-pregluc Sition state energy barrier of 1.81 eV.
after the on-surface reaction can hereby be excluded. Since the XPS data showed that a complete desorption cf
In previous studies of the McMurry-type chemistry, the all oxygen species occurred after the on-surface reaatien,
coupling mechanism is explained by the formation of vicinalcan assume that the dissociated oxygen atom desorbed from.
diolate intermediates between a metal atom from the catalyshe substrate at this point, probably as a molecular spéicie.
and the oxygen atom from the aldehyde moiety at room temis important to note that the large entropy increase upon des
perature. The diolates were shown to induce the dissoniatioorption of a molecular specie decreases the free energyof th
of the oxygen atom and the C-C coupling after subsequergystem by 2.55 eV per Onolecule at the experimental condi-
thermal treatmenf. However, our XPS experiments demon- tions, which provide the thermodynamic driving force faisth
strate that on Au(111) at room temperature, the O1s bindinglesorption proce$s. Another important aspect to be consid-
energy for the DTA-SAM (Fig. 3b) corresponds to an aldehydeered is the existence of many reactive sites on the Au(11.)
specié?. This is also in agreement with our DFT calculations substrate due to surface reconstruction and/or surfaée- dif
(see ESIT), which are consistent with a weak physisorptfon osion of single Au atoms at elevated temperatures. Therefore
monomersl on the substrate, strongly suggesting that a cothe next step of the reaction is calculated in a system where t
valently bound diolate is not formed. Furthermore, if diela  oxygen atom is already removed from the surface and an ex-
were formed directly after the deposition onto the Au(111)tra Au atom mimicking a reactive site (see ESIT) is introdlice
surface kept at 250 °C, chemisorbBdA monomers and/or (Fig. 4; config 6), increasing the total energy to 1.60eV ana
coadsorbed oxygen from the aldehyde moiety should be exdecreasing the free energy at the experimental conditions t
pected to remain on the metal substfiteIn contrast, our 0.32eV accordingly. From that point on, H donation to the
XPS data show a complete absence of oxygen related signalsibstrate can occur after overcoming a transition stateygne
evidencing the desorption of unreacted monormieasid the  of 1.69 eV forming a Au-enolate (Fig. 4pnfig 7) and leaving
dissociation of oxygen during the on-surface reaction form the system at a free energy of 1.26 eV. Hydrogen recombina-
ing thep-PPV products. Therefore, taking also the absence otion with the Au-enolate results in the formation of an ejpiexi
well-established catalysts (titanium, zinc, vanadium ap-c  (Fig. 4;config 8) now at a free energy of 0.79 eV after a transi-
per) in our experiments into consideratforn alternative re-  tion state energy of 2.05 eV. Subsequent deoxygenatiottsesu

Intensity (a.u.)
Intensity (a.u.)

Intensity (a.u.)
Intensity (a.u.)
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Fig. 4 Energetics of the proposed reaction mechanism. Purple lines indicaterfeegy estimates after oxygen desorption at the experimental
conditions. The rate limiting step appears highlighted in red.
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