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Keywords: Understanding driving forces for dissipative, i.e., out of equilibrium, assembly of nanoparticles from colloidal
Electrohydrodynamic flow solution at liquid-solid interfaces provides the ability to design external cues for reconfigurable device response.
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Here electrohydrodynamic flow (EHD) at an electrode-liquid interface is investigated as a dissipative driving
force for tuning optical response. EHD results from an oscillatory electric field in a liquid cell between two
electrodes and drives assembly of gold nanoparticles (NP) into two-dimensional clusters on electrode surfaces.
Clusters are chemically crosslinked during assembly to freeze assemblies for electron microscopy characteriza-
tion in order to understand how to ‘nucleate’ cluster formation. Electron microscopy images show deposition
with a potential having an amplitude of 5 V and frequency of 100 Hz produces surfaces with isolated NP, which
can seed EHD flow. A second deposition step at 5 V and 500 Hz produces a high density of quadramers on
surfaces. When exciting near the local surface plasmon resonance of the Au NP clusters formed during assembly,
Au NPs serve as in situ nanoantenna reporters of assembly and disassembly. Surface enhanced Raman scattering
(SERS) measurements of Au NP capped with 4-mercaptobenzoic acid show order of magnitude signal
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indium tin oxide; IPA, isopropyl alcohol; DI, deionized water; DMSO, dimethyl sulfoxide; EDC, 1-Ethyl-3-(3-dimethyl aminopropyl) carbodiimide; s-NHS, N-
hydroxysulfosuccinimide; MES, 2-[N-morpholino] ethanesulfonic acid; APTES, 3-(aminopropyl) triethoxysilane; PMMA, poly methyl methacrylate; PS, poly styrene;
AC, alternating current.
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enhancements occur during cluster formation in the presence of an oscillatory field, which occurs on a time scale
of seconds. Confocal fluorescence spectroscopy is used to monitor the dissipative assembly of Au NP over
multiple cycles. Results provide insight on how electrical stimuli and seeding local perturbations affects for-
mation of NP clusters and resultant optical response provides insight on how to tune response of optically active

surfaces.

1. Introduction

Self-assembly of optically active materials from nanoparticle build-
ing blocks in colloidal solution relies on the ability of directing in-
teractions between nanoparticles (NP) using a wide parameter space.
Design of reconfigurable surfaces is available via electrostatic in-
teractions, chemical, and external electromagnetic forces [1-7]. For
example, optical forces in combination of electrostatic interactions have
initiated dissipative assembly of chains of NP along the polarization axis
of an optical beam [6] and light driven assembly of polymer colloidal
spheres resulted in dynamic assembly and disassembly of 2-dimensional
clusters [5] and spinning microgears [3]. While colloidal systems offer
the ability to mimic molecular assembly for imparting novel function-
ality [8], further understanding how electrical, osmotic, hydrodynamic
and phoretic driving forces to tune interactions to produce active col-
loids is needed [9]. In particular, understanding electric stimuli as a
driving force for dissipative assembly of NP with resonances at optical
frequencies can produce reconfigurable metasurfaces. Dynamic assem-
bly of plasmonic NP with resonances at optical frequencies has been
used to change absorbance and reflectance on surfaces using electro-
static forces [10,11]. Electrotunable systems using functionalized Au NP
can use small voltage pulses to tune between window and mirror states
[12]. Furthermore, rich 2D phase behavior with varying electric field
strength is observed when NP are confined between electrodes separated
by distances a few orders of magnitude larger than the nanoparticle’s
diameter [13]. Electrokinetic phenomenon including electro-
hydrodynamic (EHD) flow and AC-induced charge electroosmosis,
resulting from an applied oscillatory potential, can drive lateral as-
sembly of NP in response to an electric field gradient on an electrode-
liquid interface [1,2,14-17]. EHD flow is a dissipative driving force
[14,18,19], where assemblies may disassemble if the electrical stimuli is
not maintained. Dissipative assembly of micron scale particles using
EHD flow has been studied extensively [13,14,16,20], where fluid dy-
namics can be approximated with the Stokes equations [21]; whereas
EHD flow for assembly of NP remains relatively much less explored
[2,15,22], with few reports on dissipative assembly of NP using chem-
ical fuels rather than electrical stimuli studied here [23]. EHD driving
forces represent a path for large-scale manufacturing of low-cost opto-
electronic devices, including sensors and photovoltaics [24].

Driving forces for inducing EHD flow under an oscillatory potential
for assembly of Au NP confined in a liquid cell is investigated here. The
2-dimensional clusters of Au NP formed as a result of EHD flow are
chemically crosslinked for electron microscopy analysis to determine
the frequency regime to generate nucleation sites for EHD flow and
frequency regime for lateral assembly leading to cluster growth. As
colloidal NP are typically stabilized via electrostatic repulsion, chemical
crosslinking in solution will normally lead to uncontrolled aggregation.
EHD flow is confined to the working electrode surface and thus mitigates
aggregation in bulk solution. Dissipative assembly on surfaces with
isolated Au NP serving as nucleation seeds in aqueous solution is then
monitored using surface enhanced Raman scattering (SERS) and fluo-
rescence microscopy using the identified deposition parameters leading
to lateral assembly. The resultant electromagnetic field enhancement,
associated with excitation of the LSPR of plasmonic NP as they are
assembled into clusters, is used to monitor assembly in situ. SERS spectra
of Au NP functionalized with 4-mercaptobenzoic acid (4-MBA), as re-
porter molecules, show the SERS signal saturates on a time scale of 20 s.
Fluorescence microscopy probes dissipative assembly by monitoring
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emission intensity in the presence or absence of the oscillatory field. In
situ fluorescence studies show that increases and decreases in fluores-
cence intensity are correlated with turning on and off the external
electric stimuli and thus able to report dissipative assembly of Au NP.

2. Materials and methods
2.1. Electrode Materials

The working electrode is composed of P-type, boron doped, (100)
silicon wafers (University Wafer, USA) with resistivity of 0.001-0.005
ohm-cm. Silicon wafers are cleaned for 5 min by 20% v/v hydrofluoric
acid (HF, Fisher Scientific, USA) in deionized (DI) water with resistivity
of 18.2 MQ cm™?, obtained from a Milli-Q Millipore System and then
immersed in DI water to regrow a thin silicon dioxide layer. The potential
of HF to cause severe injury mandates extreme caution during usage. In order
to form chemically patterned templates, solutions of 1 wt% random
copolymer Poly(styrene-co-methyl methacrylate)-a-Hydroxyl-o-Tempo
moiety (PS-r-PMMA) (M, = 7400, M,, = 11800, M,,/M,, = 1.60, Poly-
styrene content: 59.6 mol%, Polymer Source, Inc., Canada) in toluene
(Fisher Scientific, USA) are spin coated on Si wafers at 3000 rpm for 45 s,
annealed under vacuum at 170 °C for 48 hr, and then rinsed with toluene
to leave a brush layer. Diblock copolymer poly(styrene-b-methyl meth-
acrylate) (PS-b-PMMA) (Mn S-b-MMA 170000-b-145000 g mol ™)
(Polymer Source, Inc., Canada) is spin coated at 5000 rpm for 45 s and
then annealed for 72 hr at 170 °C.

In the case of fluorescence imaging, Si wafers are functionalized with
3-(aminopropyl) triethoxysilane (APTES) to avoid fluorescence back-
ground from the polymer. Si wafers are first immersed in 3:1 HySO4:
H20; (piranha solution) at room temperature for 30 s in order to hy-
droxylate the surface, and functionalized with amine group by soaking
in a solution of 2% APTES in toluene and baked on a hotplate at 110 °C
for 30 min. The potential of piranha solution to cause severe injury mandates
extreme caution during usage. ITO coated glass slides, with sheet resis-
tance of 70-100 ohm cm ™! (Delta Technologies, USA), are used as the
counter electrode. ITO slides are cleaned by rinsing with ethanol, iso-
propyl alcohol (IPA), and DI water and then dried by N». Indium wire
(Chip Quik, Canada) is used for electrical contact by soldering to sur-
faces. APTES, DMSO, ethanol, and IPA were purchased from Sigma
Aldrich (USA).

2.2. Experimental setup

A schematic of the experimental setup for in situ monitoring of EHD
driven dissipative assembly of Au NP is shown in Scheme 1. A Si sub-
strate, serving as a working electrode, and an optically transparent in-
dium tin oxide (ITO) coated glass slide, serving as a counter electrode,
are assembled in a liquid cell using a 90 um spacer layer (9816L, 3M,
USA). Before assembly, PMMA domains on PS-b-PMMA/Si are immersed
in dimethyl sulfoxide (DMSO) for 5 min and then 5 vol% ethylenedi-
amine in DMSO for 5 min in order to functionalize the PMMA regions
with amine groups for coupling to Au NP [2]. Our previous work shows
lipoic acid functionalized Au NP will preferentially deposit on the
PMMA domains [25]. Au NP, functionalized with lipoic acid, with a
diameter of 40 nm, are purchased from Nanocomposix (USA). After
concentrating the NP solution and dispersing it in deionized water, the
zeta potential was measured to be —53 mV using a Zetasizer Nano ZS
Instrument (Malvern Panalytical, U.K.). In the liquid cell, 2 uL of 20 mM
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Scheme 1. Schematic of liquid cell for assembly of Au NP in oscillatory electric
field: An oscillatory potential between a Si substrate (top) and ITO coated glass
slide (bottom) is applied to drive EHD flow of Au NP. The transparent ITO al-
lows for in situ fluorescence imaging and SERS vibrational spectroscopy.

N-hydroxysulfosuccinimide (s-NHS) in 0.1 M 2-[N-morpholino] etha-
nesulfonic acid (MES) buffer (pH of 4.7) is added to 0.25 mL of a solution
of 1.3 nM lipoic acid functionalized Au NP. This is followed by adding 2
uL of 8 mM 1-Ethyl-3-(3-dimethyl aminopropyl) carbodiimide (EDC) in
0.1 M MES buffer to the s-NHS/NP solution. All solutions are freshly
prepared before assembly of the liquid cell and the pH of the final so-
lution was measured to be 5.3. Ag NP, functionalized with lipoic acid,
with a diameter of 50 nm, are purchased from Nanocomposix (USA). Ag
NP are dispersed in deionized water to achieve a concentration of 1.3
nM. In the liquid cell, s-NHS and EDC in MES buffer solutions are added
following the same order and volume ratio as for Au NP.

The absorbance spectrum of the colloid has a maximum value at 523
nm, as provided by the manufacturer. Our previous work has shown the
localized surface plasmon resonance (LSPR) will red shift when forming
clusters with the degree of the redshift being dependent on the gap
spacing between clusters [1]. Au NP with a diameter of 40 nm were
chosen, as our previous work has shown that deposition of NP with
smaller diameter are more heavily influenced by Brownian motion than
EHD flow at room temperature [2]. EDC, ethylenediamine, s-NHS and
MES buffer were purchased from Sigma Aldrich (USA).

After assembling the liquid cell, EHD assembly is conducted using an
oscillatory electric field with varying frequency. For single deposition, a
potential with an amplitude of 5 V is applied across electrodes for 2 min
and the frequency is varied as follows: 100 Hz, 500 Hz, 1000 Hz and
1500 Hz. In the case of two-step deposition, an oscillatory potential with
amplitude of 5 V and frequency of 100 Hz is applied for 2 min. This is
followed by a second deposition step that is conducted with the same
oscillatory potential with the frequency varied between 500 and 1500
Hz for another 2 min. After depositions, the liquid cell is dismantled and
the silicon surface is thoroughly rinsed with deionized water and IPA
and then dried with N for further characterization.

2.3. Characterization

Electron microscopy images on the samples were acquired by a FEI
Magellan (Thermo Fisher Scientific, USA) scanning electron microscope
(SEM). SEM images with secondary electrons were acquired using a
voltage of 25 kV, a current of 25 pA, a dwell time of 30 ps, and a 4 mm
working distance. Images acquired with a retractable concentric back-
scatter detector (CBS) used a voltage of 10 kV, a current of 100 pA, a
dwell time of 30 ps, and 8 mm working distance, without a stage bias.
For confocal fluorescence microscopy, Au NP functionalized with lipoic
acid ligands were deposited on Si functionalized with APTES to elimi-
nate fluorescence background from the diblock copolymer. An oscilla-
tory potential with amplitude of 5 V and frequency of 100 Hz for 2 min
with EDC and s-NHS, is used; the same conditions as on the PS-b-PMMA
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surface. The Si electrode and Au NP seeds were coated with amorphous
carbon with a thickness of approximately 5 nm using an EM ACE 600
high vacuum sputter coater (Leica Microsystems, Germany). Then the Si
and ITO electrodes were assembled into liquid cells in a capacitor ar-
chitecture using a 25 um adhesive spacer layer (3M, USA). Confocal
fluorescence microscopy is performed using a Zeiss LSM 780 confocal
microscope (Zeiss, Germany) at laser excitation wavelength of 561 nm
and with LD C-Apochromat 63x/1.15W Korr M27 lens, which has a free
working distance of 600 um. In the microfluidic channel, the solution
was composed of 8 pL of an aqueous solution of 0.5 mM nile red (Acros
Organics, USA) fluorophore and 150 uL of 1.3 nM Au NP. Dynamic
imaging was performed with an applied oscillatory potential with
amplitude of 5 V and a frequency of 500 Hz was held on for 20 s and off
for 20 s for 12 cycles in total, while exciting the sample through the ITO
coated slide with a 561 nm laser continuously.

In situ SERS spectral imaging is performed by an i-Raman Plus
Portable Raman Spectrometer (BWTEK, USA) at an excitation wave-
length of 785 nm, power of 34 mW, spectral resolution of 4.5 cm ™}, 0.22
Nj, and 1 s integration time. The laser spot size is 80 um at the focal
plane on the Si electrode. Assembly of NP clusters is monitored between
lipoic acid functionalized Au NP seeds, deposited using an oscillatory
potential amplitude of 5 V and a frequency of 100 Hz for 1 min with EDC
and s-NHS as described above, and 4-mercaptobenzoic acid (4-MBA)
functionalized Au NP assembled using an oscillatory potential amplitude
of 5V and a frequency of 500 Hz in the second deposition step. Func-
tionalization of citrate stabilized Au NP (Nanocomposix, USA) with 4-
MBA (Sigma Aldrich, USA) is performed by mixing 12 mL of 0.13 nM
citrate stabilized Au NP with 16 uL of 0.1 M K,CO3 and centrifuging for
30 min at 1.7 RCF. The solution is resuspended in a basic solution of
NaOH diluted in DI water to have a pH of 11.7 and 12 pL of 10 mM 4-
MBA in ethanol is added to the Au NP solution. The solution is contin-
uously stirred overnight and then centrifuged for 30 min at 1.7 RCF to
remove excess of 4-MBA before dispersing in DI water. In the second
deposition step, the liquid cell is reassembled and filled with a 1.3 nM
solution of 4-MBA functionalized Au NP with a 90 pm spacer layer,
separating an ITO electrode on the bottom and the PS-b-PMMA coated Si
electrode with Au NP seeds on the top. SERS spectra was acquired during
the second deposition every 5 s and was processed using an asymmetric
least square correction for baseline correction, and a Savitzky-Golay
filter for data smoothing. All spectra were normalized by setting the
vibrational band at 520 cm™! from the Si substrate to a value of 1.

3. Results and discussion
3.1. Dependence of cluster size on oscillatory field frequency

An oscillatory electric field is applied across the liquid cell containing
1.3 nM aqueous solution of lipoic acid functionalized Au NP between Si
and ITO electrodes, previously shown in Scheme 1. The Si working
electrode is coated with a PS-b-PMMA thin film (Scheme 2). The pres-
ence of amine-functionalized PMMA lamellar domains with approxi-
mate width of 40 nm on the diblock copolymer template, shown in the
atomic force microscopy image Fig. S1, aids in dispersing Au NP across
the surface. Au NP selectively attach to functionalized PMMA domains
using carbodiimide crosslinking chemistry as demonstrated in our pre-
vious work [1,2,25]. When applying an oscillatory potential, forces on
NP that direct their motion with respect to electrode surfaces include
electrophoresis, dielectrophoresis and EHD flow [15,22]. In the case of
electrophoresis, Au NP will experience force along the applied electric
field, normal to the electrode surface, illustrated in Scheme 2a. In
Scheme 2b, EHD flow can result from the local perturbation of free
charge distribution at the liquid electrode interface caused by the
deposition of a Au nanoparticle on a PMMA domain [16,26-27] leading
to lateral assembly of Au NP from solution.

Crosslinking chemistry on PMMA domains on Si electrode surfaces
[1,25] and between Au NP [2] also serves as a means to ‘freeze’ clusters,
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Si

Scheme 2. Schematic of driving forces during deposition of Au NP in colloidal solution on a PS-b-PMMA coated silicon substrate in an oscillatory electric field: Au NP
deposition when the oscillatory electric field is in the frequency regime where a) electrophoretic forces or b) EHD flow dominate assembly. PMMA domains are
functionalized with ethylenediamine to allow for chemical crosslinking with EDC/s-NHS-activated lipoic acid-functionalized AuNPs. The surface coverage of PMMA

is approximately 26% as determined from atomic force microscopy images.

i.e., avoid disassembly when the oscillatory potential is removed and
when rinsing the sample before further characterization. Scanning
electron microscopy (SEM) images were acquired on the Si working
electrode after NP deposition with an oscillatory potential having an
amplitude of 5 V and with the frequency varied between 100 and 1500
Hz in order to investigate how the frequency of the oscillatory field af-
fects the influence of electrophoresis versus EHD flow on assembly.
Fig. 1la-d shows representative SEM images when the deposition is
performed with frequencies of 100 Hz, 500 Hz, 1000 Hz and 1500 Hz,
respectively. Examination of the images shows that the average cluster
size increases as the frequency of the oscillatory potential increases.
Statistical analysis of SEM images, using a minimum of five images with
surface area of 30.4 pmz, was performed for each frequency to determine
how frequency affects the number of Au NP in a cluster. The number of
clusters (N;,) with a specific number (n) of NP on surfaces is determined
via image analysis using Wolfram Mathematica(™). Different clusters
are differentiated from one another when the NP are separated by a
distance greater than 4 nm (Fig. S2). The percent areal coverage of a
particular cluster size for different frequencies, shown in Fig. le-h, is
calculated as N;, x nnrz/A, where A is the total surface area examined, as
the structures most abundant on the surface in the optical beam will
have the greatest influence on the measurement.

Deposition at a frequency of 100 Hz leads to primarily isolated NP
(referred to as monomers), as observed in Fig. 1a; the percent areal
coverage of monomers is nearly twice as large as any other cluster size,

shown in Fig. le. Thus, the data indicates that electrophoresis is the
main driving force for assembly at low frequencies consistent with prior
observations [22]. When deposition is performed at 500 Hz, the pre-
dominant cluster size is a trimer (Fig. 1f). As the deposition frequency is
increased to 1000 Hz and 1500 Hz, the statistical analysis, shown in
Figs. 1g and 3h, respectively, shows that the dominant cluster size is a
pentamer and larger clusters, size greater than 10, begin to form at more
appreciable levels. While a pentamer is most frequently observed at
1500 Hz, there is a large standard deviation (1c). The average cluster
size is calculated to be 1.49 + 0.15, 3.19 + 0.77, 4.45 + 0.52, and 5.30
+ 2.09 for 100 Hz, 500 Hz, 1000 Hz, and 1500 Hz, respectively. Overall,
at 1000 Hz and 1500 Hz, EHD flow appears to be the dominate driving
force during assembly; it appears that once a Au NP seed is anchored on
a PMMA domain, causing a local perturbation of the working electrode
potential, when further NP assembly proceeds via EHD flow it will lead
to the growth of clusters. It is interesting to note that though the mean
cluster size increases with higher frequency the surface area density of
NP remains approximately the same, except for the case of deposition at
500 Hz. The number of NP per square micron is calculated as 28.0 + 2.6,
41.4 £8.4,31.2+ 3.1, and 28.1 + 8.2 for 100 Hz, 500 Hz, 1000 Hz, and
1500 Hz, respectively. When deposition is performed at 500 Hz, the
smaller observed cluster size and increase in NP overall coverage one
can infer there are contributions from both electrophoresis, leading to
deposition of isolated Au NP serving as nucleation sites, and EHD flow,
leading to lateral assembly.
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Fig. 1. Representative SEM images of surfaces with a field of view of 2 um x 2 um after deposition in the liquid cell for 2 min with an oscillatory potential having an
amplitude of 5 V and frequency of a) 100 Hz, b) 500 Hz, ¢) 1000 Hz, and d) 1500 Hz. e and f) The occurrence of a particular cluster size (N,) is represented as the

percent areal coverage of N, with respect to the total surface area.
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3.2. Designing nucleation sites for EHD flow

Next, a modified deposition process was performed to further
investigate the ability to nucleate assembly of 2-dimensional clusters via
EHD flow using isolated Au NP (monomers) as nuclei for Au NP cluster
growth on the Si electrode surface. Based on the above analysis, the
investigated frequency where electrophoresis is the primary driving
force, leading to mainly monomers on the surface, is 100 Hz at a po-
tential amplitude of 5 V. Thus, these conditions were used for NP
deposition for 2 min on a Si working electrode with a PS-b-PMMA thin
film and ITO as the counter electrode. After the first deposition, the
liquid cell is dismantled and a freshly prepared solution of Au NP with
EDC and s-NHS in MES buffer is added and the cell is reassembled. Then
an oscillatory potential of 5 V is applied with variable frequency;
representative SEM images are shown in Fig. 2a—c with frequency of 500
Hz, 1000 Hz, and 1500 Hz, respectively. The two-step deposition process
leads to similar surface coverage of NP in all cluster sizes as the single
deposition process when performed at the same frequency. The number
of NP per square micron after the second deposition is 41.08 + 11.20 for
500 Hz, 38.22 + 5.92 for 1000 Hz, and 33.32 + 3.85 for 1500 Hz. The
NP coverage is comparable to that obtained in our previous work when
depositing lipoic acid functionalized Au NP using carbodiimide cross-
linking chemistry on PS-b-PMMA surfaces in the absence of an external
field for 40 min [1]. Atall investigated frequencies there are more NP on
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the surface, with respect to a single deposition at 100 Hz, after the
second deposition step. Statistical analysis of the percent areal coverage
of cluster size under the different deposition conditions was also per-
formed and is shown in Fig. 2d—f. The average cluster size is 3.90 + 0.97
for 500 Hz, 3.15 + 0.75 for 1000 Hz, and 6.20 + 0.78 for 1500 Hz,
respectively. The average cluster size also exhibits statistically insig-
nificant changes from the single deposition process when performed at
the same frequency.

There are distinct differences that are observed in the two-step
deposition with respect to the single deposition process by examining
the surface coverage of different cluster sizes shown in Figs. 1 and 2 and
the mean number of clusters (N,) having n NP observed in SEM images
with a field of view of 30.4 pm? shown in Table S1 in Supplemental
Materials. For a single deposition process, the number of monomers
observed in Table S1 decreases with increasing AC frequency. The two-
step deposition has a different trend; when compared with a single
deposition, less monomers are observed at a frequency of 500 Hz and
more monomers at frequencies of 1000 Hz and 1500 Hz. For the latter
two frequencies, the number of clusters in the size range of dimers to
pentamers increases significantly in this comparison. The data in Figs. 1
and 2 and Table S1 shows that the total surface coverage of monomers at
500 Hz is decreased to half the value and there is an appreciable increase
in the number of clusters of size greater than a hexamer, with respect to
the single deposition process. Thus, we can infer that the rate of
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Fig. 2. Representative SEM images of surfaces with a field of view of 2 um x 2 um after EHD assembly for 2 min with an oscillatory potential having amplitude of 5V
and frequency of 100 Hz, followed by a second deposition for 2 min at a) 500 Hz, b) 1000 Hz, and ¢) 1500 Hz with corresponding statistical analysis of percent areal

coverage of different cluster sizes is shown in d, e, f, respectively.
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deposition of monomers to growth of clusters changes in the two-step
versus single step deposition processes.

It is not surprising that the surface coverage increases in the second
deposition step as compared to the first as the total deposition time in-
creases. Thus, we performed single step depositions at the oscillatory
potential amplitude of 5 V at frequencies of 500 Hz and 1500 Hz for 4
min to compare coverage for the same total deposition time. Fig. S4 in
Supplementary Materials includes representative SEM images of sur-
faces with a field of view of 2 um x 2 um and statistical analysis of the
percent coverage of the different cluster sizes on the surface. It is
interesting to note that at 500 Hz, the number of monomers is nearly
unchanged with the longer deposition time for a single step deposition
whereas the two-step process at the same frequency has half the number
of monomers. One can infer that monomers are forming clusters at a rate
faster than new monomers are deposited on the surface in the second
deposition step. Examining data from single depositions at the frequency
of 1500 Hz for both 2 min and 4 min, one observes a similar trend in
surface coverage having nearly an equal distribution (within standard
deviation) of clusters up to size 9. From Fig. S4 and Table S1, there are
significantly more dimers, trimers, quadramers, and pentamers
observed in the two-step deposition process versus single depositions at
4 min. There are also statistically less monomers on the surface after
single depositions at 4 min than two-step deposition with the second
step at 1500 Hz. In this case, one can infer that, as the second deposition
progresses, NP have a preference to grow clusters over forming new
clusters.

We further investigate how monomers can serve as nuclei for cluster
growth in the second deposition step. At the higher frequencies, 21000
Hz, it is interesting to note that the number of clusters with size greater
than a pentamer decreases more rapidly and there are relatively more
monomers on the surface with respect to a single deposition. In order to
monitor the preference of cluster formation/growth versus deposition of
Au monomers, Fig. 3 shows number of particles (n) in a cluster of a
particular size (N,) normalized to the number of monomers (isolated Au
NP) observed on the Si working electrode for both the single deposition
and two-step deposition, Fig. 3a and b, respectively. Dashed lines are
polynomial fits and are provided as a guide for the eye. Fig. 3a clearly
conveys that deposition at 100 Hz (solid circles) produces primarily
monomers; 500 Hz (open squares) produces mainly trimers; 1000 Hz
(inverted triangles) and 1500 Hz (triangles) have a broader distribution
of cluster size. After a two-step deposition process at 500 Hz, Fig. 3b,
there is a large increase in n/M with respect to the single deposition
process. This observation is consistent with monomers serving as nuclei
for EHD flow; the presence of Au monomers serving as seeds appears to
tip the balance toward deposition by EHD flow over electrophoresis at
this frequency. Depositions at 1000 and 1500 Hz, on the other hand,
have relatively less NP in larger clusters than monomers. From Fig. 2e
and f, the areal coverage of monomers is shown to approximately double
from the single to the two-step deposition process. Thus, the data in
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Fig. 3b shows that particularly at 1500 Hz, there appears to be a pref-
erence for clusters to grow larger versus consuming monomers.

In order to understand the frequency dependence, we examine the
origins of EHD flow. Charged colloidal particles, such as Au NP func-
tionalized with lipoic acid ligands used here, near an electrode in the
presence of an electric field can alter the body force distribution in the
electrode polarization layer, inducing EHD fluid flow. In this case, the
electric field near the electrode polarization layer is higher than the bulk
field strength and exhibits frequency dependent behavior [22,28]. Nu-
merical studies using the Navier-Stokes equation, in the case of low
Reynolds number, with an additional body force to account for free
charge in solution, to describe the fluid and particle motion has been
derived in detail in many studies [26,29-31]. Flow fields can extend
approximately distances 5 times the NP radius, near the surface [26]. At
low frequencies < 200 Hz, our observations are consistent with reports
that electrophoresis is the dominant driving force [22]. At intermediate
frequencies, e.g., 500 Hz, it has been reported that electrophoresis can
drive NPs to the surfaces, which results in EHD flow [22]. At higher
frequencies when EHD flows dominate assembly, numerical calculations
show that the rate of clustering is proportional to the square of the
applied field and scales as ~o2, with ® being the frequency, thus it is
expected less clustering will occur at higher frequencies [26]. The
cluster growth dynamics around Au seeds can be understood in terms of
the double layer formation and free charge distribution [15,29]. At the
high frequency regime (>1000 Hz), changes in field polarity are too fast
for counterions to uniformly redistribute around the particle surface
[15]. Indeed the highest coverage of NP on the surface under all depo-
sition conditions where EHD flow leads to clustering is observed at 500
Hz and the lowest coverage is observed at 1500 Hz.

The EHD flow velocity has also been reported to also be dependent
on the particle’s effective dipole orthogonal to the electrode surface
[29]. For example, simulations on colloids near a conductive electrode
have shown that the disturbance of the electric field potential and the
slip velocity on the electrode’s surface is greater around a dimer than a
monomer [32]. Thus, as a few clusters form in these non-equilibrium
conditions, there will be a stronger driving force for EHD flow around
clusters versus monomers. As a result, once a cluster is nucleated there
should be a tendency for growth into a larger cluster versus growth of a
new cluster around a monomer. When the deposition time in the second
step was increased to 4 min, the corresponding SEM images and statis-
tical analysis is shown in Fig. S3. 2-dimensional clusters grow larger at
the longer deposition time for all frequencies and there is still a high
surface coverage of monomers at 1500 Hz, further demonstrating the
preference for growth of larger clusters than consumption of monomers
at this frequency.

In order to investigate the origin of monomers after the second
deposition step, we performed depositions of Au seeds at oscillatory
potential of 5 V and frequency of 100 Hz and then a second deposition
step of Ag NP was performed at the same potential with frequencies of

24
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Fig. 3. Ratio of the number of particles in clusters of size n (N;,) to monomers (M) on the surface for a) single-step deposition and b) two-step deposition with the first
step performed at 100 Hz and second at designated frequency in legend: 100 Hz (closed circles), 500 Hz (open squares), 1000 Hz (inverted triangles), and 1500 Hz

(triangles). The oscillatory potential amplitude was 5 V in all cases.
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500 Hz or 1500 Hz. SEM images in Fig. 4 acquired with a concentric
backscattered detector (CBS) show compositional contrast where Au NP
appear brighter than Ag NP due to a higher atomic number. These im-
ages were analyzed to determine the number of Au and Ag monomers
remaining after the second deposition step and the number of clusters
formed around Au NP versus Ag NP. Results are shown in Table 1. The
data shows a nearly equal number of Au and Ag monomers on the sur-
face after the second deposition at a frequency of 500 Hz. There is a
slightly higher number of clusters nucleated from Au NP than from Ag
NP when the second deposition is performed at 500 Hz. Thus, both
electrophoresis and EHD flow appear to be driving forces for deposition
at this frequency. In contrast, when the second deposition is performed
at 1500 Hz, approximately 76% of the clusters formed during the second
deposition originated from Au seeds. At the same time, Au seeds account
for 85% of the remaining monomers. While some new monomers are
deposited at 1500 Hz, this data indicates there is a preference for growth
of existing clusters, once formed, versus a transition from monomer to
cluster at a frequency of 1500 Hz. Thus, EHD appears to be a stronger
driving force than electrophoresis for NP deposition at 1500 Hz.

3.3. In situ optical imaging

SERS spectra is performed in situ to monitor the formation of clusters
in response to EHD flow around Au nuclei. Before SERS imaging, Au NP
functionalized with lipoic acid are assembled on a PS-b-PMMA coated Si
electrode using the conditions to deposit isolated NP on the surface, i.e.,
potential amplitude of 5 V and frequency of 100 Hz, in order to nucleate
EHD flow. After this first deposition step, a liquid cell is then formed
with a 1.3 nM solution of Au NP functionalized with 4-mercaptobenzoic
acid (4-MBA), a Raman reporter molecule, between the Si electrode with
Au nuclei and an ITO coated glass slide as the counter electrode. An AC
bias with an amplitude of 5 V and frequency of 500 Hz is applied to grow
NP clusters with 4-MBA functionalized Au NP. As Au monomers are
hypothesized to act as nucleation sites to generate EHD flow, one would
expect the SERS intensity associated with 4-MBA to increase when
plasmonic hotspots form in the nanogaps of clusters as they are formed.
Our previous work has shown that EHD flow can lead to carbodiimide
cross linking between carboxylic acid functional groups on NP ligands,
leading to high SERS signal enhancements [2]. The laser beam is focused
on the Si electrode and the SERS signal is monitored using an i-Raman
Plus Portable Spectrometer with an excitation wavelength of 785 nm to
measure cluster formation in situ as the potential is applied. As shown in
Fig. 2a and d, the majority of the surface is covered by quadrumers and
pentamers. Full-wave finite element simulations of 40 nm NP as a
function of cluster size show the extinction maxima varies from 686 nm
to 782 nm for dimers to octamers, respectively, for close packed clusters
produced using EHD flow [2]. Fig. 5 shows that initially the SERS signal
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Table 1

Statistical analysis of the fraction of Au or Ag monomers and clusters with Au
and Ag NP versus clusters with only Ag NP observed in SEM images after EHD
assembly of Au NP for 2 min with an oscillatory potential having an amplitude of
5V and a frequency of 100 Hz, followed by a second deposition of Ag NP for 2
min at 500 Hz or 1500 Hz. SEM-CBS images analyzed had a field of view of
approximately 30 um?>.

Frequency Monomers Clusters

Au Ag Fraction with Auseed  Fraction with Ag only
500 Hz 45%  55%  62% 38%
1500 Hz 85%  15%  76% 24%

of 4-MBA vibrational modes is not observable from Au NP in colloidal
solution. Two characteristic vibrational bands of 4-MBA, corresponding
to the v15 and vg, ring breathing modes at 1080 cm ™! and 1590 cm ™
[33], are observed after 10 s and the signal stabilizes after 20 s, indi-
cating an appreciable level of clusters have formed on the surface.
Dissipative assembly in response to EHD flow was measured using
confocal fluorescence spectroscopy in situ with the oscillatory potential
cycled on and off on the same timescale of measured increased SERS
intensity. The microfluidic channel, sandwiched between Si and ITO
electrodes, is filled with an aqueous solution of Au NP, 1.3 nM, and nile
red, 25 uM. Before fluorescence imaging, Au seeds functionalized with
lipoic acid are deposited on Si substrates under conditions to deposit
mainly monomers on the surface (Fig. 1a), except Si was coated with
APTES to adhere NP to the surface via carbodiimide crosslinking
chemistry using EDC/s-NHS. A thin carbon layer is then sputter coated
on the Si electrode to mitigate electrostatic interactions between the NP
in solution and the surface (Fig. S5). The laser beam, with a wavelength
of 561 nm, is focused with an objective through the ITO coated slide
onto the Si counter electrode. EHD flow is introduced by applying an
oscillatory potential with an amplitude of 5 V and frequency of 500 Hz
between the working and counter electrode, in on/off cycles of 20 s. Nile
red has an absorption maximum at 552 nm and emission maximum at
633 nm. Previous studies have reported that metal enhanced fluores-
cence is maximum when localized surface plasmon resonance (LSPR)
frequency of metal nanostructures is tuned to the emission spectra of the
fluorophore [34]. In the fluorescence experimental setup the inter-
nanoparticle spacing will be approximately 5 nm due to the carbon
layer on Au seeds. The LSPR of a Au NP quadrumer with a similar inter-
particle distance in aqueous solution was previously calculated to be
approximately 600 nm for this system [1] and will redshift for larger
clusters. The frequency of 500 Hz was selected for the second deposition
step as this resulted in a high coverage of quadrumers and pentamers on
the surface as observed in Figs. 2 and 3. Thus when nile red fluorophores
are in the vicinity of Au NP clusters, the fluorescence emission may be

Fig. 4. Representative SEM-CBS images of surface with a field of view of 2 pm x 2 pm after EHD assembly of Au NP for 2 min with an oscillatory potential having
amplitude of 5 V and frequency of 100 Hz, followed by a second deposition of Ag NP for 2 min at a) 500 Hz and b) 1500 Hz.
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Fig. 5. a) Schematic of plasmonic hotspot formation as clusters form during EHD driven deposition of 4-MBA functionalized Au NP on surfaces with lipoic acid
functionalized Au seeds on a PS-b-PMMA coated Si electrode. At t = 0 s, 4-MBA functionalized Au NP are suspended in solution and the Si surface has Au seeds. At t >
0 s an oscillatory potential with 5 V and 500 Hz is applied. b) SERS in situ spectral intensity at different deposition times. Stable signal intensity is observed at t > 20's.

enhanced by more than an order of magnitude [34].

The average intensity of fluorescence signal as a function of time is
shown in Fig. 6. The fluorescence signal increases and decreases in
response to the oscillatory potential cycling on and off, respectively. The
observed enhancements to the fluorescence signal when the AC field is
on are consistent with metal enhancement of emission spectra of dye
molecules; the resonance of clusters with NP nanogaps of distance of
approximately 5-10 nm will overlap with dye emission frequency [35].
It appears that EHD flow drives the formation of clusters and therefore
an increase in the average fluorescence intensity is observed when the
oscillatory potential is on. In Fig. S6, the dissipative assembly behavior
of NP via increases and decreases in fluorescence signal intensity is
shown over the whole experimental investigation period, 12 cycles.
Initially, there is a high background fluorescence signal but after the first
3 cycles the signal is reduced. This is attributed to fluorophores elec-
trostatically adhered to the Si surface initially; similar work has shown

4 5

Time (min)

3

an applied potential can reduce adhesion to the surface [36]. The fluo-
rescence background intensity increases after 4 min of cycling, which we
attribute to some NP irreversibly adhering to the electrode surface
observed in similar systems [22]. Images from temporal videos of fluo-
rescence intensity at specific time points by subtracting background
image pixel intensity from the image pixel intensity observed when the
oscillatory potential is on, and highlighted numerically in Fig. 6. The
background intensity is determined when the oscillatory potential is off
between the prior cycle and current cycle. Images are shown in Fig. 6
(i-iv); the full video is supplied in Supplementary Materials.

4. Conclusions
Colloidal NP deposited as isolated monomers on chemically

patterned diblock copolymer on Si surfaces at low frequencies can serve
as perturbations of electrode potential to nucleate EHD flow. As

Fig. 6. Fluorescence intensity response to oscillatory potential: the temporal response of nile red average intensity in Au NP solution when the oscillatory electric
field is cycled on and off in 20 s intervals. The laser is on for the duration of the experiment. The inset above is a schematic illustrating assembly and disassembly in
response to the external stimuli. The images (i-iv) on the right are snapshots of background-subtracted video frames at time points indicated on the graph. All scale

bars are 10 pm.
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observed in SEM images, varying the frequency of the oscillatory po-
tential can influence the assembly, where electrophoresis and EHD flow
may contribute to resultant NP assemblies. At the lowest frequency
investigated, 100 Hz, electrophoresis dominates deposition and single
NP are deposited on the Si working electrode. At 500 Hz, smaller clusters
with average size of trimers are formed and there appear to be contri-
butions of both EHD flow and electrophoresis. At 1000 Hz and 1500 Hz,
quadramers and pentamers, respectively, are observed most frequently.
Changes in the cluster size distribution in the presence of Au monomer
seeds associated with frequency provide further understanding of how
frequency and effective dipole strength of the perturbation affect the
rate of NP aggregation due to EHD flow. When using 100 Hz as the initial
seed step to deposit Au monomers, serving as nuclei for EHD flow, a
second deposition at an oscillatory frequency of 500 Hz was found to
produce surfaces with 50% less monomers than in the single deposition
while the average cluster size exhibited insignificant changes, 3.90 +
0.97 versus 3.19 + 0.77. Statistical analysis of SEM images of chemically
crosslinked systems showed the highest overall NP coverage and the
highest number of NP in clusters on surfaces was observed at 500 Hz. In
comparison, a second step at 1000 Hz and 1500 Hz led to the formation
of an increased number of dimers, trimers, and quadrumers while
leaving many monomers. The appearance of a larger number of clusters
of size four or smaller can be attributed to the presence of many per-
turbations (Au monomers) distributed across the surface at the begin-
ning of the second deposition step. Numerical calculations predict that
the EHD flow fields extend approximately 5 times the NP radius [26] on
surfaces and thus the presence of distributed monomer seeds can lead to
cluster assembly distributed across the surface. Furthermore, EHD ve-
locity on surfaces scales with effective dipole strength and inversely with
frequency [26]. Once clusters form, having a larger effective dipole than
a monomer, there is a larger driving force for EHD flow around clusters
versus monomer, explaining the large number of monomers remaining
at higher frequencies. These results elucidate paths for future research of
the parameter space affecting driving forces for assembly of NP on
electrodes from colloids. When using in situ SERS for monitoring the
assembly of 4-MBA functionalized Au NP, the resulting changes in
spectral peak intensity is observed in approximately 10 s. With under-
standing of temporal scales for assembly, Au NP are demonstrated to
serve as nanoantennas to report the occurrence of EHD flow driven
dissipative assembly. Metal enhanced fluorescence monitors dissipative
assembly where fluorescence intensity increases and decreases are
observed when the oscillatory electric field is cycled on and off,
respectively. The results show electrical driving forces can produce
optically tunable surfaces and provide insights on how to tune cluster
formation and resultant extinction frequency of dynamic surfaces.
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