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Electrosynthesis of Au nanocluster embedded
conductive polymer films at soft interfaces using
dithiafulvenyl-functionalized pyrenet

{ M) Check for updates ‘

Cite this: Nanoscale, 2023, 15, 5834

Reza Moshrefi, Katelyn Ryan, Evan P. Connors, Joshua C. Walsh, Erika Merschrod,
Graham J. Bodwell 2 and Talia Jane Stockmann (= *

Nanoparticle (NP) embedded conductive polymer films are desirable platforms for electrocatalysis as well
as biomedical and analytical applications. Increased catalytic and analytical performance is accompanied
by concomitant decreases in NP size. Herein, highly reproducible electrogeneration of low dispersity Au
nanocluster embedded ultra-thin (~2 nm) conductive polymer films at a micro liquid|liquid interface is
demonstrated. Confinement at a micropipette tip facilitates a heterogeneous electron transfer process
across the interface between two immiscible electrolyte solutions (ITIES), between KAuCly(aq) and a
dithiafulvenyl-substituted pyrene monomer, 4,5-didecoxy-1,8-bis(dithiafulven-6-yl)pyrene (bis(DTF)
pyrene), in oil, i.e., a wl|o interface. At a large ITIES the reaction is spontaneous, rapid, and proceeds via
transfer of AuCl,™ to the oil phase, followed by homogeneous electron transfer generating uncontrolled
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polymer growth with larger (~50 nm) Au nanoparticles (NPs). Thus, miniaturization facilitates external,
potential control and limits the reaction pathway. Atomic (AFM) and Kelvin probe force microscopies
(KPFM) imaged the topography and work function distribution of the as-prepared films. The latter was
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rsc.li/nanoscale linked to nanocluster distribution.

Introduction

The ITIES, ie., the liquid|liquid or soft interface, has come
under increasing interest as a platform for the growth/syn-
thesis of 2D and 3D molecular™® and nano-structures,>” as
well as for electrosynthesis of electrocatalytic materials and
conductive polymers.®® The Galvani potential difference, e.g.,
between water|oil (w|0), ¢w — ¢o = A%, is localized across the
interface and controlled with electrodes immersed in either
phase positioned relatively far away; thus, this approach is
often referred to as ‘electrodeless’ since electrodes are only
indirectly involved. Since the electrodes are not physically or
chemically engaged in the electrosynthetic process, one can
exploit the pristine, molecularly smooth, defect-free features of
the liquid|liquid interface, that lends itself to a high degree of
experimental reproducibility. This is advantageous since solid/
solution interfaces often carry the risk that morphological fea-
tures from the solid substrate will be transcribed onto the syn-
thesized material which can inhibit their ultimate functional-
ity; moreover, the material is often covalently bound to the
solid surface complicating its removal and application as a
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free-standing ~ material. ~ These materials, = whether
nanoparticle®*7'° or molecular assemblies’” as well as
polymer films,>® have potential use in biomedical, electro-
catalytic, and separation science applications.

Early work in externally controlled electropolymerization
reactions at liquid|liquid interfaces was performed by
Cunnane’s group and focused on monomers/electron donors
such as 2,2":5',2"-terthiophene (TT),"'™* and functionalized
pyrroles.’® Meanwhile, Mare¢ek’s group tested three different
modified pyrroles.’® Similarly, Dryfe’s group electrogenerated
polypyrrole in the presence of single-walled carbon nanotubes
(SWCNTs), which were physically deposited at the liquid|
liquid interface, generating a SWCNT/polymer composite
material. During this time, electrogeneration of metal nano-
particles (NPs) at soft interfaces was also being explored by
Johans et al.,'”*° while Knake et al.>* demonstrated the feasi-
bility of simultaneous Au NP generation and tyramine
polymerization at a large ITIES electrosynthesizing a nano-
composite material.

More recently, however, Lehane et al.® demonstrated the
electrosynthesis of poly(3,4-dioxyethylene)thiophene (PEDOT)
at a macro liquid|liquid interface (cm scale) between
water|o,a,a-trifluorotoluene (w|TFT), using Ce*" as an electron
acceptor in the aqueous phase with EDOT dissolved in TFT.
They were able to reproducibly electrogenerate films <50 nm
thick that could be extracted from the interface, stored for

This journal is © The Royal Society of Chemistry 2023


http://rsc.li/nanoscale
http://orcid.org/0000-0001-7793-4774
http://orcid.org/0000-0002-9476-2078
http://orcid.org/0000-0001-7811-8840
https://doi.org/10.1039/d2nr06519c
https://doi.org/10.1039/d2nr06519c
https://doi.org/10.1039/d2nr06519c
http://crossmark.crossref.org/dialog/?doi=10.1039/d2nr06519c&domain=pdf&date_stamp=2023-03-23
https://doi.org/10.1039/d2nr06519c
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR015012

Published on 27 February 2023. Downloaded by Fail Open on 7/23/2025 10:57:29 AM.

Nanoscale

long-term use, and were shown to be biocompatible. Then, our
group demonstrated further synthetic control through minia-
turization of the ITIES and building on the works for Cunnane
and others with simultaneous Au® and Cu®* NP generation
and TT electropolymerization. This approach relied on per-
forming the electrosynthesis at a micro-ITIES (25 pm in dia-
meter), while installing the metal salt (e.g,, KAuCl,) in the
aqueous phase and TT in 1,2-dichloroethane (DCE). In this
way, the large overpotentials thought necessary by Cunnane
could be avoided,"* limiting overoxidation of the film.*

Herein, a pyrene skeleton has been functionalized with two
dithiafulvenyl (DTF) substituents to create a highly electron-
donating  molecule, 4,5-didecoxy-1,8-bis(dithiafulven-6-yl)
pyrene (1, Fig. 1). Pyrene has become ubiquitous in synthetic,
macromolecular, and supramolecular chemistry as a frame-
work on which one can build a wide variety of materials.>*™>°
This is enhanced further due to its ready availability indust-
rially as well as owing to its electronic properties. The latter,
combined with it being a chromophore have led to pyrenes
being active components in organic light emitting diodes
(OLEDs) and other organic electronic devices.?® Similarly, the
DTF dimerization mechanism through the formation of a
radical cation species is well known and has been employed in
the preparation of m-conjugated conductive polymers®”*® as
well as metal NPs.”® Khadem et al.*>° showed that a molecule
similar to the bis(DTF)pyrene 1 (see Fig. 1) was extremely
resistant to oxidative coupling despite having two relatively low
oxidation potentials at 0.57 and 0.72 V (vs. Ag/AgCl) which
were attributed to the successive oxidation of the two DTF
moieties.

Nevertheless, low dispersity Au nanoclusters (~1.7 nm in
diameter) embedded in polymer films were electrosynthesized
at a polarizable micro w|DCE interface (25 pm in diameter)
through application of 1 as an electron donor dissolved in the
DCE phase and KAuCl, in aqueous. The voltammetric evol-
ution of an electron transfer wave with a concomitant decrease
in the signal for AuCl,”~ simple ion transfer with increasing
concentration of 1, ¢, was observed. Films were then ejected
from the tip of the micropipette using a syringe attached to
the back of the specialized holder and deposited on Au and

7=
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Fig. 1 Chemical structure of 4,5-didecoxy-1,8-bis(dithiafulven-6-yl)
pyrene (1).
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glass substrates. Atomic force microscopy (AFM) and Kelvin
probe force microscopy (KPFM) were used to image the topo-
graphy of the nanocomposite film and estimate the film thick-
ness, as well as the change in work function across the
material, which is linked to the distribution of Au
nanoclusters.

Experimental

All chemicals were used as received without purification.
Potassium tetrachloroaurate (KAuCly, >98%), hydrochloric acid
solution (HCl, >37%), 1,2-dichloroethane (DCE, >98%), trioctyl-
phosphine (97%), trihexyltetradecylphosphonium bromide
(Psss14BI, >95%), and bromooctane (99%) were purchased
from Sigma-Aldrich/Merck. Lithium tetrakis(pentafluorophe-
nyl)borate etherate (LiTB, >99%) was sourced from Boulder
Scientific. The organic phase supporting electrolyte tetraoctyl-
phosphonium tetrakis(pentafluorophenyl)borate (PgggsTB) and
Pes614TB (trihexyltetradecylphosphonium tetrakis(pentafluoro-
phenyl)borate) were prepared as described elsewhere.””"
Similarly, the preparation of bis(DTF)pyrene 1 has also been
reported.®’

A PG-618-USB potentiostat (Heka Electroniks) was
employed to record all electrochemical measurements. The
aqueous phase was injected into a micropipette held inside a
specialized holder. The holder was equipped with an inte-
grated Au wire which was immersed in the aqueous phase and
connected externally using an SMA connector to the head-
stage of the potentiostat serving as the working electrode. The
counter/reference electrode was a Pt wire also connected to the
head-stage and immersed in the organic phase. The interface
between two immiscible electrolyte solutions (ITIES) with a
diameter of 25 pum was maintained at the micropipette tip and
monitored by a CCD camera (AmScope) attached to a magnify-
ing lens assembly (Navitar). Micropipettes composed of boro-
silicate glass (Goodfellow Inc.) and modified holder have been
described in detail in earlier reports as well as briefly in the
ESL1 *? The electrolytic cells employed throughout have been
drawn in Scheme 1 and all experiments were performed in a
2-electrode configuration unless indicated otherwise.

The experimental potential scale was referenced to the
Galvani scale using the simple CI™ transfer, using the formal
Cl™ transfer potential (AY¢¢,-), —0.479 V, described by Zhou
et al®

A Tecnai Spirit Transmission Electron Microscope (TEM)
was employed to image nanocomposite samples deposited on
2 pm holey Au and 200 mesh Cu TEM grids (Electron
Microscopy Sciences). After samples were deposited onto a
TEM grid, they were dried under a flow of N, gas.

The topography and work function maps were taken using
the MFP-3D (AFM/KPFM) from Asylum research equipped with
NSC/Pt or NSC35/AL BS tips (MikroMasch) operating at a scan
rate of 0.25 Hz for KPFM or AFM topography/scratch test,
respectively. The platinum tips’ work function was determined
using HOPG as a standard.
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10 mM HCl ymM1
Au|AuCl;|x mM KAuCl, |5 mM Py, . TB|PtTB| Pt [Cell 1]
(aq) (DCE)
ymM1
Au|AuCl;|x mM KAuCl, |5 mM Py . TB|PtTB| Pt [Cell 2]
(aq) (DCE)
ymM1
Au|AuCl;|5 mM KCI||5 mM P, TB| PtTB| Pt [Cell 3]
(aq) (DCE)

Scheme 1 Electrolytic cells where y mM of 1 as the electron donor (see
Fig. 1) was added to the organic phase. Meanwhile, x mM of KAuCl, (aq)
was added to the aqueous phase in Cells 1 and 2.
Tetraoctylphosphonium  tetrakis(pentafluorophenyl)borate  (PgggsTB)
ionic liquid was employed as the organic phase supporting electrolyte.
The double-bars indicate the 25 uym diameter polarizable liquid|liquid
interface.

Results and discussion

Cyclic voltammograms (CVs) shown in Fig. 2 were recorded
using Cells 1, 2, and 3 for the red, black, and blue, dashed
traces, respectively, with y = 0 mM in the DCE phase, i.e., no
bis(DTF)pyrene 1 added, while 5 mM of KAuCl, was added to
the aqueous phase for Cells 1 and 2. In each case, the limit of
the polarizable potential window (PPW) is described by the
large increase in the magnitude of the current at roughly 0.5
and —0.5 V; whereby, the respective K'/H" and Cl~ supporting
electrolyte ions undergo simple ion transfer from water to oil
(w = o) and back.? The organic phase supporting electrolyte
ions, Pgggs” and TB™, are minor contributors to the PPW limit-
ing signal.** The blue, dashed curve depicts the response
without KAuCl, added to the aqueous phase and represents a
blank trace. At pH ~5.5 using Cell 2 with 5 mM of KAuCl,(aq)
(black curve in Fig. 2), the peak-shaped waves at 0.126 V and
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Fig. 2 Cyclic voltammograms (CVs) recorded using Cells 1, 2, and 3 as
indicated inset at 0.020 V s™* with 1 = 0 mM in DCE and 5 mM KAuUCl,
(aq) in Cells 1 and 2. Solid black arrows indicate scan direction. Each
peak-shaped wave is labeled with the ion undergoing transfer across the
ITIES from w — o.
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—0.013 V when scanning from positive to negative potentials
are due to the simple ion transfer of AuCl,~ and
AuCly_,)(OH),” from w — o, respectively. It is recognized that
AuCl,” undergoes ligand speciation at moderate to high pH
forming AuCly_,(OH),” in which y chlorides have been
replaced by hydroxide ligands; thus, these data are in good
agreement with recent reports.”'®?>3” The two steady-state
waves with half-wave potentials (4% ¢,,,) at roughly —0.009 and
0.177 V present during the reverse scan using Cell 2 corres-
pond to the respective transfers of AuCly_,(OH),” and AuCl,~
back from o — w. At pH 2 in the aqueous phase (red curve in
Fig. 2), only one signal corresponding to AuCl,” transfer was
observed. The asymmetric i~V response between the forward
and reverse scan directions is owing to geometric confinement
within the micropipette leading to linear and hemispherical
diffusion inside and outside of the pipette, respectively; this
agrees well with previous studies.””*

Fig. 3 shows the i-V responses for Cells 1 and 2 with
increasing concentrations of 1 (cy,) in DCE and KAuCl, in the
aqueous phase. Only a small amount of 1 added to the DCE
phase changes the voltammetric response resulting in a posi-
tive peak-shaped wave at potentials greater than the ion trans-
fer potential for AuCl,”. For example, in Fig. 3C using Cell 1
with [KAuCl,] = 5 mM, and with increasing c,,, there is a con-
comitant decrease in the peak intensity for AuCl,~ ion transfer
signal from w — o and the development of a new signal at
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Fig. 3 Overlay of CVs obtained at a 25 pm diameter micro-ITIES using
Cells 1 and 2 for the left (A, C, E) and right-hand columns (B, D, F), with
[KAuCl,] or x = 1, 5, and 10 mM for the top, middle, and bottom panels,
respectively. While c,,, was the concentration of 1 (see Fig. 1) added to
the DCE phase. Arrows indicate scan direction, and the CV was swept at
a rate of 0.020 V s, ET = electron transfer wave; the simple ion transfer
signals have been labelled with their associated ions inset.
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~0.35 V. At modest ¢, with a [KAuCl,] : [bis(DTF)pyrene] ratio
of less than 1:1, but greater than 1:0.5, the -V signal is sig-
moidal; however, a ratio of 1:2 results in a peak-shaped wave.
The DTF and pyrene core of 1 are both good electron donors;
therefore, it is proposed that this is interfacial electron transfer
from 1 in oil to AuCl,"/AuCl,_,(OH),” in water, i.e., a negative
charge being transferred from o — w. This agrees well with the
transition from sigmoidal to peak-shaped wave, since at low c,,
electron transfer would be diffusion limited by 1 in the
organic phase; whereby, the electron donor is operating under
a hemispherical diffusion regime.*® Compound 1 is presum-
ably very hydrophobic so unlikely to partition into the aqueous
phase. Owing to the high redox potential of AuCl,,
Epycr; jau = 1.002V,* the Au salt is likely reduced to Au® gener-
ating metal nanoparticles (NPs). This agrees well with our
recent reports using ferrocene (Fc)’ and TT>?? as organic
phase electron donors, as well as Bai et al.’s electrosynthesis of
Ag wire at a nanopipette interface.*’

The oxidation potential of 1 was determined by dissolving
~1 mM of the monomer in DCE and recording the CV at a Pt
inlaid disc ultramicroelectrode (UME), with a radius of
12.5 um, and with the potential referenced to the ferrocene
redox couple (Fc'/Fc) as described previously,*' with E,, . /e =
0.64V (vs. SHE)." Thus, EY, ,, was determined to be ~1.6 V (vs.
SHE). The heterogeneous electron transfer mechanism can be
described generally by the following two equations for the
system at pH 2 and 5.5-6, respectively,

AuCl, ™ (aq) + 3D(org) — Au(s) +3D""(org) + 4Cl (aq) (1)

AuCly_,)(OH),” (aq) + yH" (aq) 4 3D(org)
— Au(s) + 3D% (org) + (4 — y)Cl™ (aq) + yH,O(1)

(2)

in which, D is the electron donor, 1. Using established
analytical solutions®**> the approximate electron transfer
potential (AY ¢er) can be formulated as,

~ F°"DCE _ pH0 (0.059V)
AT er ~ E1+/1 - EAu(fH)/Au B

log((H'])  (3)

Since there is no AuCl,~ speciation at pH 2, the logarithmic
term on the right-hand side is ignored in that case. Thus,
AY et was calculated to be 0.67 and 0.56 V at pH 2 and 5.5-6,
respectively, meaning a lower applied potential is needed at
moderate pH, which agrees with the voltammetric results and
the improved film formation (see below) using Cell 2.

To investigate the formation of NPs, aqueous droplets were
ejected out of the micropipette after performing 25 consecutive
CV cycles, deposited onto a 2 um holey Au TEM grid, dried
with N, gas, and imaged (Fig. 4). Fig. 4A shows the Au NP/
poly-bis(DTF)pyrene composite obtained at pH ~5.5 with
[KAuCly] and ¢, equal to 5 and 1 mM, respectively. In this
case, the film completely occludes the 2 pm hole in the TEM
grid. At pH 2 under otherwise similar conditions, the film was
poorly formed (Fig. 4B). Fig. 4C shows a magnified section of
the image from Fig. 4A in which the Au nanoclusters can be
distinguished; however, these are at the limit of our TEM’s
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Fig. 4 TEM micrographs of nanocomposite material generated de-
posited on 2 pm diameter holey Au TEM grids using Cells 2 (left-hand
side, (A) and (C) or Cell 1 (B), with [KAuCl4] = 5 mM and ¢, = 1 mM, after
25 CV scans at 0.020 V s™%. (D) Nanocomposite material sampled onto a
lacey-carbon 200 mesh Cu TEM grid after a ~5 min shake-flask experi-
ment with 10 mM KAuCl,(ag) combined with a DCE phase containing
10 mM of 1 and 10 mM of Pgee14TB.

resolution. Interestingly, Au nanoclusters are not evenly dis-
tributed throughout the film, but rather there are regions with
a high density of particles interspersed with areas with few to
no particles. It is possible that smaller nanoclusters that are
not resolved by our instrument are present in these polymer
rich domains; however, this will be the focus of future work.
Moving forward, a shake-flask experiment was used in
which a 10 mM solution of KAuCl, in 500 pL of aqueous phase
was combined and mixed with 500 pL of DCE containing
10 mM of 1 and Pgge14TB in a 2 mL vial, ie., a large ITIES.
Immediately after shaking, the yellow colour of the KAuCl,
containing aqueous phase disappeared, and the organic phase
turned from colourless to black. A 200 mesh Cu TEM grid was
immersed and stirred in the solution, then dried and imaged.
Fig. 4D shows the TEM micrograph obtained, in which long
polymer strands with embedded Au NPs can be observed.
Differentiating individual NPs was difficult and a proper size
analysis was not possible; however, they appear to be in the
range of 10-20 nm in diameter. These observations, combined
with  the intermediate  hydrophobicity —of AuCl,/
AuCl,_,)(OH),”, suggest that the Au salt likely partitions into
the DCE phase and undergoes homogeneous electron transfer
to generate these Au NP coated polymer strands. This mecha-
nism agrees with our recent work at the w|DCE micro interface
in which a large negative current offset was observed in the
presence of TT, indicating spontaneous AuCl, /AuCl_,(OH),”
transfer.” Even without mixing, Au NP/poly-bis(DTF)pyrene

Nanoscale, 2023, 15, 5834-5842 | 5837


https://doi.org/10.1039/d2nr06519c

Published on 27 February 2023. Downloaded by Fail Open on 7/23/2025 10:57:29 AM.

Paper

strands formed in <5 min, suggesting that the bulk, homo-
geneous organic phase reaction at a large ITIES is rapid and
spontaneous. However, these results indicate that by restrict-
ing the size of the ITIES and rapidly controlling the potential
difference across the interface, one can restrict the reaction to
a heterogeneous process and control nanocluster/polymer film
formation.

TEM imaged nanoclusters were sized using Image] software
with data compiled into histograms shown in Fig. 5A-F which
were fit using a Gaussian function (red traces). The peak from
the Gaussian fitting was taken to be the average nanocluster
size and Fig. 5G depicts a plot of the average diameter with
respect to ¢n,. As ¢y, increases, there is a concomitant decrease
in nanocluster diameter. This is likely owing to an increase in
the overall rate of the reaction which in turn likely means
faster envelopment of the nanclusters in polymer matrix, limit-
ing their final size.
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Fig. 5 Histograms of nanoparticle (NP) diameters obtained from TEM
micrographs (see Fig. 4) using Cell 1 (left-hand side) and Cell 2 (right-
hand side) while increasing ¢, to 1 (A and B), 5 (C and D), and 10 mM (E
and F); red curves are Gaussian fittings. (G) Trend in the average nano-
cluster diameter at pH 2 (®) and 5.5—6 (W) with increasing c,,; error bars
are based on 3 standard deviations.
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Next, Au nanocluster/poly-bis(DTF)pyrene films were simi-
larly prepared and deposited onto glass substrates, then
imaged using SEM. A low and high magnification SEM micro-
graph of the film obtained using Cell 1 with [KAuCl,] = 5 mM,
¢m = 10 mM, with an aqueous pH = 2, and after performing 25
CV cycles is shown in Fig. 6A and B, respectively. The spherical
particles dispersed evenly across the films surface are larger
Au NPs. Fig. 6C shows a histogram of the Au NP diameter with
a median value of 50 nm. Since the droplet was ejected from
the micropipette, the upward facing side of the Au NP/poly-bis
(DTF)pyrene film would be towards the aqueous solution
phase. These data are similar to our recent Au NP/poly-TT
nanocomposite films;’ whereby, the NP electrogeneration/elec-
tropolymerization process was proposed to occur in stages.
Initially, the Au salt and monomer interact directly across the
ITIES and the oxidized monomer can act as a capping agent.
However, as the polymer film occludes the interface and the
film thickness increases, the oxidized monomer no longer has
access to the forming NPs. Nevertheless, the polymer is con-
ductive and can mediate electron transfer between the organic
and aqueous phases. Thus, Au NPs continue to be generated
on the aqueous side; however, since diffusive access of the
monomer/capping agent is likely limited by the growing film,
these particles are larger on the aqueous side than on the
organic one.

When deposited on the glass substrate the film was ~1 mm
in diameter and circular. This is several orders of magnitude
larger than the ITIES (25 um in diameter). During electroge-

S50 um

S um

Counts

30 40 50 60 70
diameter /nm

Fig. 6 (A) SEM image of hanocomposite thin film deposited on a glass
slide. Film was electrosynthesized using 25 CV cycles at a micro-ITIES
using Cell 1 with 5 mM KAuCl, (aq) and 10 mM 1 (DCE). (B) Magnified
section from (A) with, inset, a further increase in the order of magnifi-
cation. (C) Histogram of Au NP diameters measured from the images
shown in panels A and B; red trace is the product of Gaussian curve
fitting.
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neration, the ITIES was monitored continuously using a CCD
camera attached to a magnifying lens assembly and a black
film was observed to grow into the aqueous side, up the micro-
channel. Based on these observations, it is likely that the film
folds as it grows and has projections into the water side of the
interface. This may be owing to the low solubility of the
polymer in the aqueous phase and relatively higher solubility
in the DCE phase.

Subsequently, films were deposited on conductive Au sub-
strates and analyzed using atomic force microscopy (AFM) as
well as in the Kelvin probe force microscopy configuration
(KPFM) to measure the topography and surface potential/local
work function of the films. In dual-pass, amplitude modu-
lation KPFM mode, the electrostatic force (F.s) between the
AFM tip and the substrate is related to the externally applied
or direct voltage (Vpc) and the alternating voltage (Vac(w,t) =
V, sin(wt)) by the following relation,**™*

10C(z .
Fes(2,t) = —5%[(‘/@13 + Voc) + Vosin(wt)]” ()
in which w is the alternating voltage angular frequency, V, is
the amplitude of the alternating voltage wavefunction, ¢ is
time, and 0C(z)/dz is the capacitance gradient between the tip
and sample surface.”>™* V¢pp, is the contact potential differ-

ence as defined by,

¢tip - ¢samp1e

Verp = (5)
whereby, ¢, and @sample are the work functions of the tip and
sample, while e, is the elementary electronic charge (1.601 x
107" C). eqn (4) can be separated into 3 components,****

_0C(z) 1 2
Fpc = — pe |:E(VDC + Veep) ] (6)
Fw = —ag—i@(VDc i VCPD)VO sin(wt) (7)
Fop = agiz)ivg [cos(2mt) — 1] (8)

F, is the relationship employed to measure Vgpp in which
Vbc and Vjc are controlled to nullify the effects of the mechani-
cal AFM tip or electrical force oscillations, such that F,, is a
function of only Vepp and Vyg; thus, the surface potential or
work function values can be extracted.

Fig. 7 shows KPFM images for Au NP/poly-bis(DTF)pyrene
films deposited on Au substrates with work functions varying
between 5.03 to 5.34 eV. Average bulk, metallic Au has a work
function of ~5.2 eV,*® while most thiophene incorporated con-
ductive polymer films, e.g., PEDOT:PSS, are in the 4.8-5.6 eV
range, which has been shown to be highly dependent on water
content and polymer annealing.*” Khoa et al*® recently
showed a size dependence of Au NPs towards their work func-
tion; Au NPs deposited on graphene oxide demonstrated a
decrease in work function from 5.73 to 5.35 eV when transi-
tioning from 40 to 5 nm in size. Thus, the low work function
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Fig. 7 Kelvin Probe Force Microscopy (KPFM) images obtained from
films developed at a micro-ITIES after 25 CV scans and deposited on a
gold substrate using Cells 1 (A—C) and 2 (D—F) with ¢, = 1, 5, and 10 mM
in DCE for the top, middle, and bottom rows, respectively. Scale bars are
ineV.

regions within the KPFM images in Fig. 7, likely correspond to
areas dense in Au nanoclusters.

AFM was used to measure the thickness of films deposited
on glass slides. A roughly 1 um x 1 pm area was excavated by
the AFM tip to reveal the glass substrate and the area sur-
rounding it scanned. Fig. 8B shows an example AFM image of
a nanocomposite film electrogenerated at the micropipette
interface after 25 CV scans and using Cell 2 with [KAuCl,] =
5 mM and [1] 1 mM; whereby, the area labelled ‘Well’ corres-
ponds to the section physically removed by the AFM tip.
Fig. 8A shows a single line scan moving along the x-direction

1 1.5nm

JA well
<>

0 0.8 1.6 24 32 4
X /um X (pm)

1.0 20 3.0 4.0

Fig. 8 (A) Cross-section of AFM topography obtain at a Au NP/poly-bis
(DTF)pyrene film electrogenerated at a micro-ITIES after 25 CV cycles
using Cell 2 with x and y equal to 5 and 1 mM and deposited on a glass
substrate. (B) 2-Dimensional image of the film in which the blue line
corresponds to the line trace from A. The area marked ‘Well' was a
section of the film excavated by the AFM tip to determine its thickness.
The cross-section in A has been baseline corrected to the bottom of the
‘Well' for emphasis.
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and corresponding to the blue trace in Fig. 8B. Root-mean-
square (RMS) analysis of the noise reveals a sensitivity of
+0.9 nm assuming three standard deviations, while the
average distance from the top to the bottom of the Well was
considered to be the film thickness. At moderate pH, films
were well formed and averaged 3.0 nm thick. However, at pH 2
they were not and only two were successfully sampled. Using
Cell 1 with [KAuCl,] = 5 mM and [1] = 1 or 5 mM films were
measured to be 139.4 and 1.6 nm, respectively. For the former,
it is likely the film was folded in on itself complicating the
analysis. The deposition of films onto other substrates, includ-
ing metal and glassy-carbon electrodes, is ongoing, as well as
their spread-ability/wet-ability on different materials; however,
this is the focus of future work. Nevertheless, these results are
compelling and indicate that extremely thin films with highly
accessible nanoclusters are possible with this approach.

These results also point to two other phenomena. First, the
large area and extremely thin characteristics of the final Au
NP/poly-bis(DTF)pyrene film suggest that the film folds into
the aqueous side owing to geometric confinement within the
microchannel at the pipette tip. Visual observations made
using the 12X zoom lens and CCD camera support this in that
a dark area extending 25-50 um up the microchannel was
observed. Secondly, since the film is readily broken apart by
ejection from the pipette, the inner glass walls of the micro-
channel likely act as nucleation sites with the nanocomposite
film growing on the walls of the microchannel and along the
ITIES, ie., the film is attached to the glass walls. Thus, this
lowers the thermodynamic driving force needed to initiate Au
NP generation/electropolymerization, hence the lower observed
A ¢prr versus the calculated value. Herein, we refer to this as
the ‘frozen pond’ mechanism.

To measure the conductivity of the film, a Pt UME with a
radius of 12.5 pm fixed above a 3-axis piezo-motor controlled

FTYFTTTTTTI ITTITITI ITTTTOTI FITTI IT1 ITIT)

20 -16 -12 -08 -04 0.0
E/N

Fig. 9 i-V response curves for a 25 pm diameter Pt UME in contact
with an unmodified Au coated silicon slide (A) and a slide modified with
the Au nanocluster/poly-bis(DTF)pyrene film generated using Cell 2 (see
Scheme 1) with 5 mM KAuCl(aq) and 5 mM 1 (DCE) (B).
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stage, was brought into contact with Au coated slide with and
without film deposited on the surface; Fig. 9A and B show the
respective -V curves recorded. The film was generated using
Cell 2 with 5 mM of KCI and KAuCl, in the aqueous phase and
5 mM of 1 in DCE. The CV curve in Fig. 9A shows a typical
response for a highly conductive material like Au with an
ohmic response at roughly —0.9 V, ie., V = iR. Inverting the
axes and using a linear fit of the current between the two
plateau regions, one obtains a resistance of ~6 Q. Next, the Au
substrate coated with the Au nanocluster/poly-bis(DTF)pyrene
composite shows a different i~V response which demonstrates
negative resistance that resembles organic tunnel diodes as
shown recently for organic semiconductors.**>* Nevertheless,
performing the ohmic linear curve fitting one obtains a resis-
tance of ~72 Q. Based on this initial i~V profile, the film is
likely an organic semiconductor; however, more work beyond
the scope presented here needs to be done to characterize this

property.

Conclusions

Herein, simultaneous, electrochemically controlled Au nano-
cluster electrogeneration and polymerization of a dithiafulve-
nyl-substituted pyrene molecule at a micro liquid|liquid inter-
face has been demonstrated. Miniaturization of the ITIES
facilitates external electrolytic control of the nanocluster-
embedded film that would otherwise proceed via a spon-
taneous homogeneous reaction in the bulk organic phase.
Moreover, the combination of the specialized bis(DTF)pyrene
molecule with the micro-ITIES platform permits electrodeless
generation of extremely small (<1.7 nm) Au clusters. Altering
the pH of the aqueous phase resulted in relatively poor film
formation at low pH, while improved film at moderate pH,
which agrees with thermodynamic calculations of AY ¢r.

Based on AFM and visual observations the film experiences
nucleation at the glass surface along the inner walls of the
micropipette and grows across the ITIES surface, similar to ice
freezing on a pond. Additionally, the film likely continues to
grow even after covering the ITIES, folding up and into the
aqueous phase.

The as-prepared films offer a facile strategy for generating
low dispersity Au nanocluster embedded conductive polymer
films that can be used to modify a variety of substrates for
surface enhanced Raman spectroscopy (SERS) or electrocataly-
sis, as well as a variety of other applications.
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