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ABSTRACT: 1-Hexyne monomers were potentiostatically electropolymerized
upon confinement in 1D channels of a surface-mounted metal−organic framework
Cu(BDC) (SURMOF-2). A layer-by-layer deposition method allowed for
SURMOF depostition on substrates with prepatterned electrodes, making it
possible to characterize electrical conductivity in situ, i.e., without having to
delaminate the conductive polymer thin film. Successful polymerization was
evidenced by mass spectroscopy, and the electrical measurements demonstrated an
increase of the electrical conductivity of the MOF material by 8 orders of magnitude.
Extensive DFT calculations revealed that the final conductivity is limited by electron
hopping between the conductive oligomers.

KEYWORDS: monosubstituted acetylenes, MOF thin film, confinement in 1D channels of SURMOF, electropolymerization, conductivity

1. INTRODUCTION

Electrochemical polymerization (EP) via oxidation or reduc-
tion of organic precursors has become one of the key methods
in nanoscience.1−3 This powerful tool enabled the develop-
ment of modified electrodes that extended the panel of new
conducting polymer-based materials, such as electrogenerated
composites4,5 and led to numerous new applications, ranging
from energy conversion and storage6 and electrocatalysis7 to
electrotriggered drug delivery8 and biocompatible films.9

Moreover, EP can be performed under galvanostatic,
potentiostatic, or most commonly potentiodynamic condi-
tions,10 and represents a useful method to synthesize
conducting polymers in the form of thin films from a number
of different aromatic monomers (pyrrole, thiophene, and
aniline).11,12 Polyacetylene (PA) is one of the original and
best-known π-conjugated polymers, which bears one of the
simplest repeating units (−HCCH−)n. In previous works,
free-standing polyacetylene films have been electrochemically
synthesized using anodic or cathodic condensation of acetylene
in aprotic media.13−15 The electrochemical method has been
proven to be an effective technique to fabricate porous
molecular conductors (PMCs)−electroactive frameworks,
which exhibit porosity, a through-space conduction pathway,
and a high density of charge carriers (electrons). In previous
works, synthesis was performed by electrocrystallizing of Cd2+

and N,N′-di(4-pyridyl)-1,4,5,8- naphthalenetetracarboxdiimide
(NDI-py).16

Metal−organic frameworks (MOFs) are a very rich class of
materials with considerable potential, such as, for example,
catalysts and adsorbents.17,18 Beyond these more traditional
applications, there is an emerging interest in utilizing the
electrical and optical properties of this rich class of materials to
fabricate sensors and electronic devices,19 including photo-
voltaics.20 At present, however, this potential is severely limited
by difficulties in rendering sufficiently high electrical
conductivity to these porous materials.21 Previously, two
examples related to the loading of redox active molecules into
the pores of the MOFs have been reported.22,23 Alternatively,
an increase in electrical conductivity upon in situ polymer-
ization within the pores of bulk MOFs was reported for
confined monomers of pyrrole (Pyr) and thiophene (Th).24,25

Moreover, nanochannels of MOFs have proven to be
desirable fields, not only for the precision synthesis of polymer
materials but also for exploring specific properties of polymer
confinement, thus offering a unqiue tool toward controlled
synthesis of confined polymers.26 MOF-based composites with
enhanced electrical conductivity can also be attained through
efficient compositing of MOFs with conductive components
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such as graphene.27,28 These previous examples, however, have
been reported for the bulk form of MOF materials, which
make reliable characterization of electrical properties some-
what difficult. For highly reproducible measurements, MOF
thin films grown on conducting, patterned substrates are much
better suited. So far, however, the polymerization inside such
thin layers has been restricted to a few cases of SURMOFs
(surface mounted metal organic frameworks) where monomers
of 3,4-ethylenedioxythiophene (EDOT) could be polymerized
to yield (electrically nonconducting) polythiophene
oligomers.29 Considering that in previous work polymerization
of monomers embedded in MOFs has been studied in quite
some detail,30,31 it is surprising that, to the best of our
knowledge, there is only one previous report32 on electro-
polymerization of monomers embedded in MOFs. In this
pioneering work, HKUST-1 thin films supported on a
polyaniline substrate were utilized as template for the
electrochemical synthesis of a microporous conductive
polyaniline polymer. In this case, however, the conductivity
could not be determined in situ, but only after delamination
and further processing of the product.

2. RESULTS AND DISCUSSION

Here, we focus on the electrochemical synthesis and in situ
characterization of a different conductive, polymer, poly-
acetylene (PA). PA is a particular attractive compound because
this material exhibits the highest electrical conductivity33

among polymers. We describe the electropolymerization of a
monosubstituted alkyne, namely 1-hexyne, to afford butyl-
substituted polyacetylene (BPA). As host MOFs we used
Cu(BDC)-SURMOF-2 (BDC = 1,4-benzenedicarboxylate)
grown on functionalized Au@SiO2 substrates using a layer-
by-layer (lbl) technique. After loading the monomers inside
the 1D channels of the host framework we used potentiostatic
electropolymerization to synthesize BPA chains embedded in
the 1D-channels of the MOF thin film. The use of the lbl
technique to grow the SURMOFs allowed us to characterize
the electrical conductivity of the product in situ, revealing a
huge increase in electrical conductivity. The resulting BPA@

SURMOF-2 composite thin films exhibited values of 8 orders
of magnitude larger than for the pristine SURMOF.
A particular advantage of the SURMOF-based approach

presented here is that it provides a convenient way to
fabricated polyacetylene thin films by avoiding the severe
problems (polyacetylene is insoluble in solvents) of preparing
thin films of this material using, for example, spin coating. The
chemical and physical properties of substituted PAs are
strongly related to the structure of their main chains.34−36 1-
Hexyne was chosen as monomer to establish the occurrence of
electroinitiated polymerization through CC bonds. To make
EP processes occur efficiently and reproducibly within MOFs,
we need stable, preferentially monolithic MOF thin films
rigidly anchored to an electrode. A number of different
methods to produce MOF coatings have been developed.20

For the intended application in the context of the work
presented here, it would be beneficial to use oriented MOF
thin films, considering the potential application on novel
hybrid electric and electronic devices.37 In this context,
SURMOFs carry a particular potential, because they can be
grown in a layer-by-layer (lbl) fashion on appropriately
functionalized substrates, yielding highly oriented monolithic
thin films. We have chosen the Cu(BDC) SURMOF-2 formed
by Cu paddle-wheel metal nodes connected by 1,4-
benzenedicarboxylic acid (BDC) linkers deposited on top of
a MHDA-SAM (mercaptohexadecanoic acid self-assembled
monolayer).38 A layer-by-layer process described previ-
ously20,39,40 was used to obtain monolithic, oriented films
with channels within the MOF-layer running parallel to the
surface. Cu(BDC) SURMOF-2 exhibits P4 symmetry38 and
forms 1D channels, propagating along the crystallographic
[001] direction (Figure 1a).
As a first step with regard to the fabrication of polyacetylene

thin films, the pores of SURMOF-2 were loaded with 1-hexyne
by immersion of the MOF-coated substrates into a solution of
the 1-hexyne monomers in dry dichloromethane. The presence
of 1-hexyne guest molecules inside the framework after 10, 25,
and 45 h of immersion was monitored by Raman spectroscopy
(Figure S1). The loading of the monomer is evident by the
increase in the Raman peaks at 2930 cm−1, assigned to the C−

Figure 1. Schematic presentation of the use of Cu(BDC) SURMOF-2 as working electrodes in an electrochemical cell. (a) Side view of Cu(BDC)
crystal structure grown along the [001] direction on a MHDA SAM. In red, oxygen; in green, copper; in black, carbon. (b) Scheme showing the
encapsulation of alkyne monomer and the polymer formation inside the nanochannels of SURMOF-2. (c) Schematic representation of the
electrochemical cell. (d) Scheme of polymerization of monosubstituted alkyne (1-hexyne, C6H10).
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H stretches40 of butyl-tails of 1-hexyne monomer, and at 2330
cm−1, assigned to CC triple bond stretches (Figure 2a) that
are shifted to higher energy in comparison with the net
compound and matched quite well with our simulated Raman
frequencies extracted from the DFT calculations, as shown in
Figure S9. This type of phenomenon has been reported for the
coordination of alkynes to metal ions and nanoparticles.41,42

The CC stretches at around 2300 cm−1 are visible in the IR
spectrum and provide quite strong evidence for a change in the
molecular dipole of the confined triple bond.43 XRD
measurements carried out after immersion showed no major
differences to those recorded for the pristine film (Figure S2).
The absence of a change in form factor is expected because

loading 1-hexyne molecules into the pores of SURMOF-2
leads to only small changes in the electron density. To
determine the polymer geometries in the pore, we performed
DFT geometry optimizations, revealing as the most probable

scenario a modified conformation based on the trans−transoid
form, shown in Figure S11, in which the alternating −C4H9

groups were rotated around the backbone by approximately
30° away from their neighbors. Subsequently, the 1-hexyne-
loaded thin films were immersed in 1-hexyne-free dichloro-
methane solution with 0.1 M tetrabutylammonium hexafluor-
ophosphate (TBAHFP) as a supporting electrolyte. Then, a
negative voltage was applied to initiate the electropolymeriza-
tion process (Figure 1). The polymer chain formation process
is depicted schematically in Figure 1d and is associated with
the formation of BPA. Prior to the potentiostatic EP
experiments and in order to evaluate the range of working
potential, we have characterized the electrochemical properties
of loaded SURMOF-2 samples by means of cyclic voltammetry
(CV). The CV was performed using standard electrochemical
equipment under an argon atmosphere in dry dichloromethane
containing 0.1 M TBAHFP as supporting electrolyte at a scan

Figure 2. Monitoring of the electropolymerization process. (a) Raman spectra monitoring the evaluation of the morphological changes upon EP.
(b) Out-of-plane X-ray diffractogram for the SURMOF film prior and subsequent 1-hexyne loading and electropolymerization (normalized to
[200]). (c) IRRAS spectra of Cu(BDC) SURMOF-2 film before and after EP (with offset for better visibility).
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rate of 50 mV s−1 at RT, in contact to 20 mM 1-hexyne, or
without it, for reference tests (Figure S3, see the Supporting
Information).In the blank experiments, the SURMOF coating
rather effectively blocks the charge flow through the film, as
reported in previous work.21 Moreover, in contrast to the
cyclic voltammetric behavior of the Cu(I)-ions containing
solutions,14 no evidence of redox processes associated with Cu
from the paddlewheel metal node could be observed. For the
1-hexyne-loaded samples, the CVs showed pronounced
differences, and a substantial current density of 10 mA cm−2

was observed. There was an oxidation peak of 1-hexyne during
the first anodic scan on the cyclic voltammogram (Figure S3),
which can be attributed to the oxidative homocoupling process
at the ethynyl substituents. The cathodic scan revealed the
appearance of two irreversible reduction peaks at −1.25 and
−1.60 V (versus Ag/Ag+). We assign the higher voltage peaks
to the formation of the initial radical anion, the first step of the
polymerization process. The peak at lower voltages has been
assigned to the subsequent propagation step, where the initial
radical anion reacts with a molecule of 1-hexyne revealing a
new radical anion with an increased separation distance from
radical anion. These assumptions are consistent with the
development of a red-brownish color at the Cu(BDC)/(Au@
Si) cathode, which is typical for anion radicals.43

Higher product yields are prohibited by the fact that the
Cu(BDC)/(Au@Si) cathode effectively blocks charge flow
through the film, and the resulting very low currents limit the
amount of the produced material. To overcome this limitation,
we carried out potentiostatic EP experiments in a simple two-
electrode setup configuration consisting of a U-shaped glass
electrolytic cell, separated into two compartments by a porous
glass disk. Constant DC voltage was adjusted to the point
when red-brownish color appears around the cathode and
reached −3.5 ± 0.5 V.
Successful EP of the 1-hexyne monomers to yield BPA

oligomers is demonstrated by the IRRAS and Raman data
(Figure 2). The IR peak at 1631 cm−1 is characteristic for the
conjugated −CC− units within PA14 and attributed to the

stretching of the alkene double bond and thus provided direct
evidence of BPA formed during the reaction. Inspection of the
∼3000 cm−1 region in the Raman spectra evidence strong
chemical changes associated with the formation of the
conjugated −PA− chains: in addition to the C−H of butyl
tails, a new set of sharp peaks at 2869, 2875, and 2781 cm−1 is
seen (red dotted lines). The latter bands are characteristic for
the (CC−H) symmetric and asymmetric stretching
frequency of the conjugated polymer main chain.44 Raman
active modes between ∼1260 and ∼1600 cm−1 are well-
understood features of the vibrational spectrum of trans-
polyacetylene (CC stretching).45 Consequently, the inten-
sity increase of the band at 1627 cm−1 is attributed to the
overlapping of vibrational bands of conjugated polymer main
chain and the MOF. Closer inspection evidenced the presence
of two weak features at ∼1360 and ∼1660 cm−1, which are
attributed to doping-induced Raman bands in BPA (Figure 2a,
Figure S1b, red arrows).46

After the EP process, no further changes in the XRD
diffraction peak positions were observed, only the overall
intensities of the diffraction peaks were slightly reduced
(Figure 2b). These observations revealed that no contraction
or change in symmetry of the host framework happened upon
polymerization of the guest monomers.47 Focused ion beam
(FIB) and scanning electron microscopy (SEM), combined
with energy-dispersive X-ray (EDX) were used for imaging and
analysis of the film (Figure S4). The results show the layered
sample structure, where the MOF film appears as a dark
contrast with a thickness of 100 ± 5 nm on top of the gold film
with a thickness of 90 ± 5 nm. The EDX analysis also reveals
the presence of major amounts of Cu within the dark layer of
MOF, whereas major amounts of gold were found along with
stripes of the gold electrode (Figure S4). Further firm evidence
for the presence of BPA was obtained by MALDI-ToF MS
analysis as shown in Figure 3a. Prior to analysis, the film was
dissolved by immersing the SURMOF sample into a 50%
ethanolic acetic acid solution (see the Supporting Informa-
tion). The resulting solution was subsequently analyzed using

Figure 3. Proposed convergent-reaction pathways. (a) MALDI-ToF MS spectrum of BPA after dissolution of SURMOF-2 framework in acetic
acid/ethanol (inset: partially enlarged spectrum). (b) Proposed mechanism of the electro-initiated polymerization through CC bonds.
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MALDI-ToF MS. Considering H- and Bu-groups as
terminating, [M+] was calculated as follow: 15·M[C6H10] +
M[H] + M[C4H9] = C194H160. The experimentally detected
mass peak corresponds to the adduct of composition [M++2H
+Li]. The origin of lithium can be explained by the sample
preparation method. Although the presence of such “chemical
noise” is widely recognized and numerous attempts have been
made to reduce its effect, its nature and origins are not yet
understood in detail.48

Series of peaks are visible up to ∼3000 Da, with the
progressive decrease in the peak intensity from the strongest
peak at 1299.35 Da, where the chain length observed is n = 15.
There is a gap of 82.08 amu between adjacent peaks, consistent
with a BPA repeating unit. Any other major series different to
82.08 amu mass differences are not observed, suggesting that
all the polymer chains are composed of one kind of structure.
The suggested EP mechanism is sketched in Figure 3b. Despite
the stability of quaternary ammonium cations beyond lithium
reducing potentials (nominally beyond −3.05 V vs SHE)
reduction of quaternary ammonium cations should be
considered49,50 (Figure 3b). The reduction of quaternary
ammonium cations in organic solvents proceeds by an initial
one-electron step with the expulsion of an alkyl carbon radical
(Bu•) and consequent formation of a tertiary amine (step 1).
The Bu-radical reacts with the propagated ion-radical of step 2
to form a carbanion. It is well-known that this carbanion can
act as a Bronsted base abstracting a β-proton from a pristine
[N4444]

+ cation in a Hoffman elimination reaction. Thus, H-
and Bu-groups are considered as terminating groups, which is
in agreement with the molecular mass of the strongest peak at
1299.35 Da detected in MALDI-ToF MS and corresponds to
the calculated value for C94H160 [M++2H+Li]: 1299, 24.
Moreover, the narrow mass distribution stands for the
exclusive polymerization in the pores of the MOF.
To evaluate the effect of the in-pore EP formation of BPA

chains and the electrical conductivity of the embedded
polyacetylene chains, we grew the Cu(BDC) SURMOF film
on interdigitated gold electrodes using layer-by-layer spray
deposition.51 A film thickness of 100 nm was determined by
SEM (Figure S4). X-ray diffraction (XRD) measurements
(Figure S2) demonstrate the crystalline oriented film growth
with the targeted Cu(BDC) structure.52 Current−voltage (I−
V) characteristics of the pristine thin-film device (Figure 4)
exhibited a very low conductivity (∼6 × 10−10 S m−1),
consistent with the expected insulating nature of empty
Cu(BDC) SURMOF-2. Upon EP in the pores, the current
increased tremendously. The I−V curve is linear, showing an
ideal ohmic behavior. The fact that the host SURMOFs could
also be grown on substrates with prepatterned electrodes
allowed for the in situ determination of the electrical
conductivity, in contrast to previous work,30,31 where the
conductive polymer formed by electropolymerization had to be
removed from the substrate and further processed before the
material could be characterized. The conductivity of the PA@
Cu(BDC)-SURMOF-2 sample was found to amount to 0.098
S m−1. The polymerization in the pores thus increased the
electrical conductivity of the sample by 8 orders of magnitude.
Moreover, the observed increased conductivity is long-time
stable and the I−V curve of a sample stored in argon for 3
months is virtually identical. These observations reveal that the
polyacetylene chains formed in the EP process must be doped,
since the pure polyacetylene is an insulator. We propose that in
our case traces of Cl generated by electrolysis of the solvent

cause a p-doping of the polyacetylene oligomers.53 The
presence of p-doping would also be consistent with the rather
high stability of the compounds formed in the EP process.54

Because in the (nonconducting) SURMOFs, polyacetylene
oligomers are present rather than long, extended polymer
strands (see above), the occurrence of electrical conductivity
requires the percolation of the short polymer chains. The
electrical conductivity of such networks depends on the charge
transport within the oligomers (intrachain) and the hopping of
charges form chain to chain (interchain). As the electrical
conductivity of doped polyacetylene (∼1−10 S m−1) is much
larger than the values measured for our systems, the electrical
conductivity is determined only by interchain transport.
According to an established percolation model,55 in such
cases, the overall conductivity is given by the interrupted bond
probability56 p, and the interchain conductivity σPer. Calcu-
lations carried out for the present case (see the Supporting
Information) yield p = 26.6% and σPer = 9.29 × 10−3 S m−1

(see the Supporting Information). Using these values, we
obtain an upper bound for the conductivity of our SURMOF/
polymer system of 0.12 S m−1, a value which is within 25% of
three of the experimental values.

3. CONCLUSIONS
We have successfully carried out the cathodic electrochemical
polymerization at constant DC voltage of monosubstituted
alkyne monomers confined in nanochannels of surface-
mounted thin films of Cu(BDC) MOF (SURMOF-2). The
crystallinity of the host SURMOF substrate is not affected by
the EP-process. MS analysis evidenced the progressive
decrease of the peak intensity from the strongest peak at
1299.35 Da, corresponding to the chain length of n = 15 and is
visible out to ∼3000 Da. The formation of BPA in its trans-
configuration is confirmed by spectroscopic methods. The use
of a layer-by-layer process to grow the HOST MOF thin film
on a prepatterned substrate allowed for the in situ
determination of the electrical conductivity, which amounted
to 0.1 S m−1, 8 orders of magnitude greater than that of the
pristine SURMOF. A theoretical analysis revealed that this
conductivity is limited by hopping of electrons between the
percolation network formed by the polyacetylene oligomers.

Figure 4. Current−voltage curves before (blue) and after (black)
infiltration with 1-hexyne1 and EP. The red data points, virtually
identical with the black points, were measured after 3 months after EP
where the sample was stored in pure argon at room temperature.
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