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Abstract

This paper establishes a strategy for chemical deposition of functionalized nanoparticles onto solid
substrates in a layer-by-layer process based on self-limiting surface chemical reactions leading to
complete monolayer formation within the multilayer system without any additional intermediate
layers — nanoparticle layer deposition (NPLD). This approach is fundamentally different from
previously established traditional layer-by-layer deposition techniques and is conceptually more
similar to well-known atomic and molecular — layer deposition processes. The NPLD approach
uses efficient chemical functionalization of the solid substrate material and complementary
functionalization of nanoparticles to produce a nearly 100% coverage of these nanoparticles with
the use of “click chemistry”. Following this initial deposition, a second complete monolayer of
nanoparticles is deposited using a copper-catalyzed “click reaction” with the azide-terminated
silica nanoparticles of a different size. This layer-by-layer growth is demonstrated to produce
stable covalently-bound multilayers of nearly perfect structure over macroscopic solid substrates.
The formation of stable covalent bonds is confirmed spectroscopically and the stability of the
multilayers produced is tested by sonication in a variety of common solvents. The 1-, 2- and 3-
layer structures are interrogated by electron microscopy and atomic force microscopy and the
thickness of the multilayers formed is fully consistent with that expected for highly efficient
monolayer formation with each cycle of growth. This approach can be extended to include a
variety of materials deposited in a predesigned sequence on different substrates with a highly
conformal filling.
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1. INTRODUCTION

Layered structures have been a target of intense research for many decades. For example,

the ability to produce exceptional conformal filling over the high aspect ratio features
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needed in microelectronics has been based on the formation of targeted strong chemical
bonds in the course of atomic layer deposition (ALD) (see reviews [1, 2] and multiple
references therein) and the need for high-level control at the slightly larger scale for
applications such as photoresist formation or metalorganic layer growth has been realized in
molecular layer deposition (MLD) [3-6] processes. Both approaches utilize surface-limited
reactions to form a layer of one atom to several atomic lengths thick that are perfectly
suitable for a wide variety of applications. The main advantage of both methods is in
atomic- and molecular level precision for the multilayers created. One of the main
disadvantages is that the growth rate and the size of the building elements are very limited.

At the same time, layered materials with structural fragments of nanometers to tens of
nanometers in size are needed for applications such as spintronics, specifically tunnel
magnetoresistance [7], heterogeneous catalysis [8], magnetic materials [9], solar energy
conversion with photoelectrochemical cells [10, 11] and many more. The formation of such
films and materials using lithography or ALD and MLD methods is a very complex and
expensive task.

Here we report the formation of multilayer systems based on nearly complete monolayers of
nanoparticles covalently bound to a solid support in a self-limited surface process that
utilizes “click chemistry” based on a reaction between azide and alkyne functionalities to
form a triazole ring according to a general scheme shown in Figure 1. It is appropriate to
term this approach as nanoparticle layer deposition (NPLD), in analogy to ALD and MLD.

Conceptually, similar approaches have been envisioned for a number of systems [12, 13],
including covalent [14] or guest-host interactions [15]; however, achievement of a
nanoparticle multilayer system in which each single layer is comprised of a complete
monolayer has so far remained elusive.

On the other hand, high coverage can sometimes indeed be achieved by more traditional and
well established approaches to layer-by-layer growth [16]. It should be emphasized that the
process described here is fundamentally different from what is commonly referred to as
layer-by-layer (LBL), where polymer layers [17, 18], polyelectrolytes [19], nanoparticle-
incorporated materials [20-22], and supramolecular thin films [23] are deposited based on a
continuous polymer film formed by a variety of deposition methods. Although useful in
various applications, these approaches often involve polymers or fibers as alternate layers,
which not only determine the properties of a resulting composite multilayer but also suggest
that conformal filling with such processes is very difficult.

The proposed NPLD strategy takes advantage of the traditional LBL techniques but employs
the approach that is rooted more in ALD and MLD. An excellent review of the recent
achievements in all of these methods [16] compares recent developments in LBL techniques
to advances in ALD or MLD.

The general approach described here can be utilized to form continuous layers consisting of
nanoparticles of nanometers to microns in size, made of a variety of materials, and
constructed in a variety of shapes. Most importantly, compared to other currently used
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techniques for construction of relatively thick layers, the proposed process should lead to a
conformal filling of intricate features, as well as flat surfaces.

In order to demonstrate the feasibility of such an approach, the complete monolayer-by-
complete monolayer formation was performed using silica particles of different sizes with
very narrow size distribution, so that the completion and quality of the layers could be
monitored straightforwardly with microscopic analytical techniques. The chemistry was
followed where appropriate with infrared spectroscopy and X-ray photoelectron
spectroscopy (XPS) to confirm covalent bonding.

The interlayer bonding described here is based on the application of a copper-catalyzed
“click reaction” between azide and alkyne functional groups to form the triazole ring in a
cycloaddition process. Although a number of coupling processes are available for similar
strategies, this high-yield “click reaction” is extremely selective [24, 25]. Furthermore, the
triazole ring formed is highly stable against subsequent interactions [24]. Thus, this reaction
has been applied in a variety of different fields, for example in drug delivery [24, 26, 27],
polymer, and material science [28-31], making it universally acceptable for a wide range of
applications. In fact, in an approach similar to MLD, Such et al. has employed this “click
reaction” to create a layered film of covalently-bound polymers [25].

From a perspective of designing 3-dimensional materials with predesigned properties in a
controlled fashion, continued efforts have been reported for the synthesis and
characterization of cluster-assembled materials which can be tailored to exhibit collective
properties unlike those of their individual components [32, 33]. Functionalized nanoparticles
can be assembled together to form composite materials including the assemblies of
inorganic nonmagnetic nanoparticles [13, 31, 34, 35] and magnetic nanoparticles that were
recently explored [36—39]. For monolayer formation, Toulemon et al. reported that magnetic
iron oxide nanoparticles could be assembled on solid substrates through “click chemistry” to
form a single layer [39] and Kinge et al. has demonstrated the use of this “click reaction” to
attach a layer of magnetic nanoparticles to a surface in pre-determined patterns through
microcontact printing [37]. Upadhyay et al. has used this reaction to build layers of
functionalized metallic nanoparticles starting with an alkyne-terminated solid substrate and
demonstrated the possibility of multilayer formation and general applicability of this
approach to a set of substrates and nanoparticles [13]. This last publication targeted the use
of multilayer systems for electrocatalytic applications and proposed a well-conceived
roadmap for building such multilayers. The synthesized structures performed well in the
processes; however, only limited coverages were achieved most of the time both for
monolayers and for multilayers, with parts of the surface covered with nearly close-packed
monolayers and at the same time some empty or low-coverage areas. In addition, controlling
the completion of a monolayer without depositing additional layers seems to be difficult. To
overcome these issues, a modified surface preparation procedure based on a sonication-
assisted reaction rather than self-assembly followed by chemical modification, is offered in
this work. Carefully selected chemical pathways for modification of the nanoparticle
surfaces, the use of nanoparticles of different sizes to confirm the formation of complete
monolayers within the multilayer system and to rule out simultaneous deposition of multiple
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layers in a single step, and spectroscopic confirmation of the covalent bonding of the
nanoparticles are presented.

It should be pointed out that the properties of multilayered materials and individual layers
can be altered by ALD-like reactions between pre-assembled nanoparticles and small
chemical compounds during the deposition process [40]. This observation and previous
experience in surface modification of solid substrates with buckyballs [41], biomolecules
[42, 43], and nanoparticles [42] can be expanded for surface functionalization of silica
nanoparticles and their deposition on a gold-coated substrate in a layer-by-layer manner.
Again, it should be emphasized that this is not a process of self-assembly but rather a
chemically-driven self-limiting process. Thus, the formation of the first stable layer with
high coverage is the first task. Then, this very high-coverage layer is used as a platform for
nanoparticle layer deposition of silica nanoparticles of different sizes in a second complete
monolayer to form a continuous stable layered film. Thus, the proposed NPLD process relies
on a chemical property of a single nanoparticle as a building block for producing
multilayered structures based on completion of each monolayer within them.

2. EXPERIMENTAL DETAILS

2.1. Sample Preparation

Prefabricated gold substrates (1000 A gold thickness on silicon wafer support with titanium
adhesion layer, Sigma Aldrich) were cleaned by immersing the substrate into piranha
solution (1:3 (by volume) hydrogen peroxide (30%, Fisher Scientific):concentrated sulfuric
acid (98%, Fisher Scientific)) for 5 min followed by immersion in ultrapure water (18
MQ-cm, Quantum EX, EMD Millipore) for 5 min. The substrate was then washed with HCI
(37%, Fisher Scientific), water, ethanol (200 proof, Decon Laboratories, Inc.) and then dried
under a flow of nitrogen gas. The clean Au substrate was immersed in a 1 mM solution of
11-azido-undecanethiol (96%, Krackeler Scientific, Inc. or synthesized following a
previously established procedure) [44] in ethanol for 24-36 hours in the dark to produce the
azide-terminated monolayer on Au substrate. The surface was then washed with ethanol,
methylene chloride (99.9%, Fisher Scientific), and water, and dried under a flow of nitrogen
gas. A titration experiment to react surface azide was performed by immersing the gold
substrate into 4:1 methanol:water (by volume) with ~15 mM 5-hexynoic acid (97%, Sigma-
Aldrich) in methanol (99.9%, Fisher Scientific). Catalytic amounts of copper sulfate
pentahydrate (>99%, Fisher Scientific) and sodium ascorbate (>99%, Fisher Scientific) were
added to the solution and the mixture was sonicated for 24 hours, followed by washing with
ethanol, methylene chloride, water, and ethanol.

2.2. Alkyne-Terminated Nanoparticle Preparation

Surface functionalization of 80 nm silica nanoparticles (dried, NanoComposix) to prepare
alkyne functional groups was based on a previously published procedure [45]. 218 pL of
tetramethyl orthosilicate (98%, Sigma-Aldrich) and 218 L of 4-pentyn-1-ol (97%, Sigma-
Aldrich) were dissolved in 10 mL of toluene (<99%, Fisher Scientific). The resulting
solution was stirred at room temperature for 24 hours. The 80 nm silica nanoparticles were
dispersed into 2 mL of toluene and added to the solution. The mixture was stirred at 80°C for
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24 hours to form the alkyne-terminated silica nanoparticles. The resulting nanoparticles
were washed in methanol five times followed by dispersion into methanol for further use.

2.3. Azide-Terminated Nanoparticle Preparation

The 50 nm silica nanoparticles (10 mg/mL, dispersed in water, NanoComposix) exchanged
solvents by dispersion in a series of ethanol/water mixtures (1:1, 3:2, 1:0 and 1:0) [46], so
that the solvent could be changed from water to ethanol. The solvent was then exchanged to
toluene by a series of toluene/ethanol solvents (1:1, 3:2, 1:0 and 1:0) to produce 50 nm silica
nanoparticles dispersed in toluene. The azide-termination was performed similarly to that for
alkyne-terminated silica nanoparticles. 218 uL of tetramethyl orthosilicate and 36 uL of 2-
azidoethanol (95%, MolPort) were dissolved into 10 mL of toluene. The resulting solution
was stirred at 80°C for 24 hours and used without further purification. The 50 nm silica
nanoparticles were dispersed into 2 mL of toluene and added to the solution. The mixture
was then stirred and refluxed for 24 hours to form the azide-terminated silica nanoparticles.
The resulting nanoparticles were then washed in methanol five times followed by dispersion
into methanol for further use.

2.4. First Nanoparticle Layer Deposition via “Click Chemistry”

The gold substrate was immersed into 4:1 methanol:water (by volume) with ~3 mg/mL 80
nm alkyne-terminated silica nanoparticles. Catalytic amounts of copper sulfate pentahydrate
and sodium ascorbate were added to the system. The mixture was then sonicated for 24
hours, followed by washing with ethanol, methylene chloride, water, and ethanol, and
further sonicated for 30 min in ethanol to remove physically adsorbed nanoparticles and
remaining catalyst. A titration experiment to react remaining azide was performed by
immersing the first-layer sample into 4:1 methanol:water (by volume) with ~15 mM 5-
hexynoic acid in methanol. Catalytic amounts of copper sulfate pentahydrate and sodium
ascorbate were added to the solution and the mixture was sonicated for 24 hours, followed
by washing with ethanol, methylene chloride, water, and ethanol to remove physically
adsorbed particles and remaining copper-containing species.

2.5. Second Nanoparticle Layer Deposition via “Click Chemistry”

The gold substrate modified with the first layer of 80 nm silica nanoparticles with alkyne
functional group was incubated with a drop of azide-terminated 50 nm silica nanoparticles in
4:1 methanol:water (by volume) solvent until dry. The sample was then rinsed with ethanol,
methylene chloride, water, ethanol and further sonicated for 30 min in ethanol to remove the
physically adsorbed nanoparticles.

2.6. Third Nanoparticle Layer Deposition via “Click Chemistry”

The prepared double layer of nanoparticles on the gold wafer was covered with a drop of
alkyne-terminated 80 nm silica nanoparticles in 4:1 methanol:water (by volume) with trace
amount of copper sulfate pentahydrate and sodium ascorbate catalysts until dry. The sample
was then rinsed with ethanol, methylene chloride, water, and ethanol and sonicated for 30
min in ethanol to remove the physically adsorbed nanoparticles.
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2.7. Characterization Methods

Single point attenuated total reflectance Fourier transform infrared (ATR FT-IR)
spectroscopy measurements were performed on a Bruker Optics (Billerica, MA) Vertex 70
FT-IR with a Bruker Hyperion 2000 Microscope attachment and liquid nitrogen cooled
MCT detector. The Hyperion microscope is equipped with a dedicated single-point ATR
attachment for surface analysis. Each spectrum was produced from 256 scans at a resolution
of 4 cm™1, and at a spectral range from 4000 cm™1 to 600 cm~2. The functionalized surfaces
and nanoparticle deposited surfaces were referenced against a gold surface sonically cleaned
in ethanol.

Two scanning electron microscopes (SEM), JEOL JSM-7400F and Zeiss Auriga 60, were
utilized to investigate the morphology of the nanoparticles on the surface as well as a cross-
sectional view of the deposited nanoparticles. The control experimental images were taken
in the JEOL JSM-7400F, and the images were collected with accelerating energy of 15 keV
and a working distance of 8.0 mm. All experimental images were collected by secondary
electrons (in-lens detector) with an accelerating energy of 3 keV and a working distance of
5.0 mm. In order to investigate the nanoparticle layer thickness, a gallium focused ion beam
(FIB) was used to etch away nanoparticles. The gallium beam had an energy of 30 kV and a
current of 120 pA. The polished samples were then placed at a 65° angle (which is the limit
of the SEM/FIB stage), and images were recorded.

Tapping mode atomic force microscopy (AFM) was performed on a Veeco Multimode SPM
with a Nanoscope Dimension 3100 controller. BS-Tap 300Al tips (Budget Sensors) with a
force constant of 40 N/m and a drive frequency of 300 kHz were used to measure the
topography of the samples. The images were 512 by 512 pixels and were analyzed using
Gwyddion software [47].

The X-ray photoelectron spectroscopy studies were performed on a PHI 5600 X-ray
Photoelectron Spectrometer equipped with an Al Ka X-ray source (hv=1486.6 eV) at a 45°
take- off angle. The measurements were performed in a vacuum chamber with a base
pressure of 1.3 x 10 7 Pa. Before loading for XPS measurements, ethanol was used to clean
the surface. No additional cleaning procedures were used within the vacuum chamber.
Survey spectra were collected from 0 to 1000 eV binding energy. High-resolution spectra
were collected with a pass energy of 20 eV, an energy step size of 0.1 eV, and 15 passes per
cycle. The Au 4f7,» peak at 83.8 eV was used to calibrate the spectra. CasaXPS software
(Version 2.3.5) was used for data processing and peak fitting.

The Gaussian 09 Suite [48] of programs was used to perform density functional theory
(DFT) calculations using B3LYP functional and a 6-311 +G-(d,p) basis set. Geometry
optimization and prediction of the core level XPS spectra for the N 1s region were
performed. The azide-terminated self-assembled monolayer (SAM) was modeled using
optimized 11-azido-undecanethiol, the first layer reaction was modeled using the optimized
triazole-linked 4-pentyn-1-ol and 11-azido-undecanethiol, and the two layer sample was
modeled using the optimized triazole-linked 4-pentyn-1-ol and 2-azidoethanol. The
computationally predicted XPS spectra were calibrated with a correction factor of 8.76 eV
for the 6-311+G-(d,p) basis set, based on our previous work [49].
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3. RESULTS AND DISCUSSION

3.1. Formation of the First Layer of Nanoparticles

In order to image the surface and determine surface coverage, scanning electron microscopy
was performed to follow the physical adsorption process and chemical attachment of silica
nanoparticles to the gold substrate. The experiments with nanoparticles without
complimentary chemical functionalities lead to physisorption, where the physisorbed
particles could be easily removed by solvents or by sonication. To exclude the nonspecific
binding, a number of control experiments were performed for alkyne-terminated silica
nanoparticles sonicated in methanol solvent with Au substrate with and without washing
processes. Only the formation of strong chemical bonds through the triazole ring keeps the
layered system stable. In order to confirm this behavior, two control experiments were
performed: (1) to show the importance of the complimentary chemistry, and (2) to show the
stable nature of the triazole ring. These experiments, along with topography verification for
a single layer generated by a “click chemistry” reaction by atomic force microscopy, are
summarized in Figure 2.

For physical adsorption of silica nanoparticles, a small number of nanoparticles were
observed on the surface, as shown in Figure 2(a); however, after washing and sonication, a
pristine surface without any nanoparticles deposited is observed, as demonstrated in Figure
2(b). When compared to the “click chemistry” procedure in Figure 2(c), it is evident that
there is a chemical attachment through the “click reaction” leading to the formation of a
strongly bound monolayer. The nanoparticle monolayer and multilayers formed as
demonstrated below are very stable with respect to washing with standard solvents and
sonication. Two points are very important here: 1) the plan view shown in Figure 2(c)
corresponds to a monolayer; and 2) the formation of strong chemical bonds as a result of
“click reaction” should be confirmed independently via spectroscopy studies. The AFM
image in Figure 2(d) is recorded on a fringe of the monolayer, where a substantial amount of
empty space (free of nanoparticles) is observed. The image and inset confirm that only a
single monolayer is observed and that the distance between the centers of the nanoparticles
corresponds to a full size with no noticeable changes. Based on these images the coverage of
the first monolayer was determined, as described in detail below.

The SEM investigation of the monolayer and multilayer formation will be addressed next,
and the spectroscopic confirmation of chemical reaction will follow.

3.2. Deposition of Sequential Layers of Complementarily-Functionalized Nanoparticles

Following the deposition of the first layer of 80 nm functionalized nanoparticles, the second
layer was chosen to be 50 nm azide-functionalized nanoparticles. A difference in size allows
for a simple verification of the deposition process and the completeness of the formation of
the second layer by SEM. Additional studies with a focused ion beam to etch out and polish
the samples were used to determine the thickness of the samples over a large area of uniform
nanoparticle coverage. The summary of the obtained results is given in Figure 3. In Figure
3(a), the plan view of the first layer of 80 nm alkyne-terminated nanoparticle is shown. From
the number of nanoparticles observed by SEM, the coverage of the first layer is calculated to
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be 84+8%, based on the assumption that 100% coverage refers to a full single layer of
particles in a hexagonal close-packed formation. This is excellent even compared to a single
cycle of ALD [50]. It has to be emphasized again that the silica hanoparticles were not
deposited through the self-assembly process; they were randomly reacting with the surface
to form covalent linkages, and the first layer was formed in a sonication-assisted process. To
confirm that self-assembly does not play a deciding role in the formation of a monolayer,
Figure 4 shows randomly-distributed covalently bound nanoparticles on the same substrate
at low coverage. Thus, the ultimate coverage achieved is extremely high and the reaction is
very efficient. Figure 3(b) shows the cross sectional view of the nanoparticle deposition.
Here, one can see (from bottom to top) the silicon substrate, a thin gold layer, and the single
layer of SiO, nanoparticles. The height of 80 nm is what is expected for a single layer,
consistent with the AFM image in Figure 2(d).

Following the deposition of the first layer of 80 nm alkyne functionalized nanoparticles, the
2-layer system with the second layer of azide-functionalized 50 nm nanoparticles is shown
in Figures 3(c—d). Such a difference in size allows for a simple verification of the deposition
process and the completeness of the formation of the second layer by SEM. As shown in
Figure 3(c), the nearly complete second layer of 50 nm silica nanoparticles is formed on a
top of the first layer, with a calculated coverage of 94% based on the absolute area of the
substrate (compared to the ideal computed close-packed layer), and the bilayer system is just
as stable as the first monolayer. The high coverage of the second layer is reproducible but
the exact per cent coverage in this case does not reflect the fact that this second layer is
deposited on top of the first and not onto a flat surface. In Figure 3(d), the thickness of the
bilayer shown in Figure 3(c) is 130 nm, which is fully consistent with depositing the second
layer of 50 nm nanoparticles on top of a layer of 80 nm nanoparticles. Since the sizes of the
nanoparticles within the first layer are larger than those of the second layer, and since the
attachment is driven by a chemical reaction rather than self-assembly, the deposition process
does not lead to any specific packing of the second layer.

The same approach was tested to produce the third layer with 80 nm alkyne-terminated
nanoparticles and leads to a high-coverage layer (approximately 94% coverage, similarly to
the coverage of the second layer) formation shown in Figure 3(e—f). Figure 3(e) shows a
surface (plan) view with high coverage and Figure 3(f) demonstrates that the thickness of
the 3-layer system reaches 210 nm, which is exactly what would be expected for a layer of
50 nm nanoparticles sandwiched between two layers of 80 nm nanoparticles. In all of these
studies, the nanoparticle monolayer and multilayers formed through “click chemistry” are
very stable. Washing with any combination of the standard solvents or sonication in
methanol did not remove any particles and did not affect the coverage of this first layer. The
size of the nanoparticles used, however, does appear to influence the coverage. In general,
smaller diameter nanoparticles seem to result in higher surface coverage when applied on
top of a first layer of larger diameter particles. This became evident when 200 nm
nanoparticles were tested in place of the 50 nm particles to form a second layer, producing
lower surface coverage and even suggesting damage to the first layer by the sonication-
assisted process.
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3.3. Spectroscopic Confirmation of “Click Chemistry” for NPLD

Single point attenuated total reflectance Fourier transform infrared spectroscopy was used to
prove chemical attachment of nanoparticles to the azide-terminated gold surface. Figure 5
shows the informative infrared regions of these data. All spectra are referenced to an
ethanol-cleaned gold substrate. Figure 5(a) shows the azide-terminated gold surface. An
intense peak observed at 2096 cm™1 is fully consistent with the stretching of the azide
functional group for the 11-azido-undecanethiol on gold substrate [44]. At the same time,
symmetric and asymmetric CH, stretching peaks are observed at 2854 cm~1 and 2925 cm™2,
respectively. These peaks are indicative of a partially-ordered self-assembled alkyl overlayer
[51-53]. Some degree of disorder in the alkyl overlayer is expected because the ATR FT-IR
tip, which is orders of magnitude larger than the layer, comes into physical contact with the
surface, disrupting the overlayer. Figure 5(c) shows the infrared spectrum collected
following the deposition of the first layer of nanoparticles. Here, the intensity of the azide
peak is decreased substantially, since the terminating layer is now consisted of the alkyne-
terminated nanoparticles. At the same time, it is obvious that not all the azide groups would
react following the deposition of the first layer of nanoparticles. It has been recently
proposed [54] that the mechanism for the copper-catalyzed reaction involves the interaction
of two copper centers directly with the alkyne functionality, instead of one, as had been
suggested previously [55]. If this is the case, it is likely that the formation of the triazole ring
is hindered by the bulk of the copper-alkyne intermediate which would need to insert into
the ordered monolayer. This steric limitation would undoubtedly result in the presence of
unreacted azide. The symmetric and asymmetric CH, stretches are still present at 2854 cm™1
and 2927 cm™1, which are indicative of a slightly disordered system [51-53, 56] that now
combines the SAM on gold substrate and the alkyl groups of the functionalized
nanoparticles. This is expected since the alkyne-termination of functionalized nanoparticles
is no longer completely ordered. That is, the geometry of the nanoparticle (compared to a
flat substrate) makes its functionalization with a SAM result in a slightly disordered
molecular layer. Additionally, the disorder of the alkyl chains in the molecular
functionalized layers likely originates from a relatively short alkyl chain, although the
alkyne termination could further be used to react with azide-terminated silica nanoparticles.

In order to prove that the observed 2096 cm™1 peak corresponds to azide group, the titration
experiments with 5-hexynoic acid were performed on the azide-terminated SAM on gold
and on the sample covered with one monolayer of nanoparticles. In both cases the peak at
2096 cm™~1 disappeared completely, as shown in Figure 5(b) and (d), respectively. This peak
appears again for a system built by depositing two layers of complementarily functionalized
nanoparticles shown in Figure 5(e).

The presence of the =C-H vibration indicative of the alkyne-functionalized particles
attachment is proven by the presence of a weak peak at 3267 cm™! following 15t and 3"
layer deposition, consistent with the expected alkyne C-H vibrations [57] within an organic
monolayer. Thus, despite the complexity of the system under investigation, infrared
spectroscopy confirms the chemical reaction following deposition of each layer of
nanoparticles and the availability of the azide functional groups on the SAM-functionalized
gold surface, as well as on the even layers of nanoparticles.
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The X-ray photoelectron spectroscopy studies summarized in Figure 6 also show evidence
of the chemical attachment of the nanoparticles through “click chemistry”. All of the peaks
were calibrated to the Au 4f7/, peak at 83.8 eV as opposed to calibration against the C 1s
peak at 284.6 eV because the alkyne functionality is present in some samples and could
influence the C 1s peak position. Figures 6(a,e) show the azide-terminated gold surface for
the C 1sand N 1sregions, respectively. In the C 1sregion, there is a large peak at 284.6 eV
with two small peaks at 286.0 V and 288.5 eV. These peaks can be assigned to C-C bonds
[58, 59], C-N/C-O bonds [60], and C=0 bonds [60, 61], respectively. The oxidized species
are present since the samples were transported through the air and adventitious carbon
adsorbed onto the sample. In the N 1sregion, there are two features that can be
deconvoluted to three peaks present in the spectra. These three peaks correspond to the three
different types of nitrogen present in the sample. The three peaks located at 403.4 eV, 400.6
eV, and 400.0 eV correspond to the -N=N=N, -N=N=N, and -N=N=N (bolded and
italicized nitrogen), respectively. The spectrum also lines up very well with the previous
work on “click chemistry” with iron nanoparticles [36]. These two regions show that there is
azide present on the surface that is a perfect starting point with minimal oxidation.

Figures 6(b,f) show the C 1sand N 1sspectral regions following the first layer deposition of
the 80-nm alkyne-terminated nanoparticles onto the azide-terminated surface, respectively.
Again there are peaks at 284.6 eV, 286.0 eV, and 288.5 eV within the C 1s spectral range,
which can be assigned the same way as for the starting surface. There is also an additional
peak at 284.0 eV, which likely corresponds to the C=C of the alkyne and could also be
indicative of the C=C bond in the triazole ring. A broad feature observed in the N 1sregion
in Figure 6f can be deconvoluted into three peaks at 401.5 eV, 400.4 eV, and 399.4 eV, and
are assigned to the —C-N-N-, -N-N=N-, and -N=N-C- (again, bolded and italicized) nitrogen
atoms, respectively. This assignment is based on the previous studies [36, 62, 63] of the
“click reaction” in similar systems and also on the computational prediction shown in color
immediately underneath this plot. There is a possibility that azide functionality may still be
present (with incomplete nanoparticle coverage), as shown above in the FT-IR studies.
Again, this is very similar to the iron nanoparticle “click chemistry” study where a nearly
identical broad feature following the “click reaction” was reported [36]. These spectra
confirm that there is high coverage of nanoparticles deposited by the “click reaction” onto a
functionalized substrate and that this first layer provides an acceptable starting point for the
next nanoparticle layer deposition.

Figures 6(c,g) show the C 1sand N 1sregions following deposition of the 50 nm azide-
terminated nanoparticles onto the first 80 nm alkyne-terminated nanoparticle layer,
respectively. The chemical identity of all the functionalities within this complex system is
nearly impossible; however, the peaks at 284.0 eV, 284.6 eV, 286.0 eV, and 288.5 eV in the
C 1sspectral region correspond to the same respective carbon-containing functional groups
as described above for the starting substrate and the same surface following chemical
deposition of the first layer of nanoparticles. The higher overall intensity of the N 1s spectral
region is consistent with the presence of the second layer of the nanoparticles terminated
with azide functionality. A possible fit combining the 6 peaks that are perfectly aligned with
the results in Figure 6(e—f) and an extra peak at 407.1 eV which likely corresponds to the
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oxidized nitrogen species [64] since the sample is transported to the XPS chamber in
ambient environment is provided immediately underneath the plot. This complex picture is
expected, since this layer should be a combination of all the layers and functionalities; that
is, this layer should have the terminated azide functionality (peaks at 403.4 eV, 400.6 eV,
and 400.0 eV) while containing the triazole ring obtained through the “click chemistry”
(peaks at 401.5 eV, 400.4 eV, and 399.4 eV). Finally, following the deposition of the third
layer of nanoparticles, the complexity of the features observed by XPS increases even
further as the system becomes more disordered as more layers are added and as nitrogen
species may become trapped between the particles; however, the intensities of the features
observed are consistent with the expected nearly-complete layer by layer chemical
deposition. It should be added that, when performed properly, the washing procedure was
shown to efficiently remove copper contamination from the surface following the “click
reaction”, as confirmed by XPS.

Thus, the XPS spectra confirm that the “click chemistry” results in chemically bound layers
of nanoparticles and can be used to deposit the nanoparticles layer by layer. The complexity
of the system prevents from exact identification of all the chemical species present in the
multilayer system by XPS because of multiple species involved, screening by the
nanoparticles deposited, and likelihood of oxidation of some of the nitrogen-containing
species during the sample transfer in ambient.

4. CONCLUSIONS AND PERSPECTIVES

This work showcases a modified deposition scheme for efficiently building multilayer
systems of nanoparticles on solid substrates based on sonication-assisted chemical reaction
leading to the formation of covalent linkages rather than based on a process of self-
assembly. It was proposed and tested as a nanoparticle layer deposition approach based on a
“click reaction” stimulated by sonication. A nearly complete high-coverage first layer was
formed by this approach using an azide-functionalized gold substrate and alkyne-terminated
silica nanoparticles. This deposition step leaves a sufficient number of alkyne groups to
react further with azide-terminated silica nanoparticles to form a high-coverage second
layer. The feasibility of continuing this process was tested for the third layer as well. This
process of growth is fundamentally different from current layer-by-layer growth methods
involving nanoparticles and is much more similar to the molecular and atomic growth by
MLD and ALD, respectively, making this approach a feasible method for growth of
controlled layered systems with minimal organic contamination and with potentially high
conformal filling. As the process is not driven by self-assembly but rather by surface
chemical reactions, this general approach opens up a number of opportunities for three-
dimensional design of architectures based on chemically driven attachment.

Further mechanistic studies are under way for uncovering the reasoning behind the high-
coverage, high-precision monolayer formation based on the starting azide-terminated
surface as opposed to the alkyne-terminated substrates. The idea was tested previously but
not pursued for efficient multilayer formation based on complete monolayers [13]. However,
this starting point might be very important, since the interaction of copper catalyst with the
alkyne group is required for successful implementation of the “click chemistry” used here. It
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was recently proposed that this interaction requires the involvement of not one but two
copper (1) centers [54], making the resulting intermediate very bulky to form on an alkyne-
terminated flat surface. However, this intermediate could form much more easily on a less-
ordered surface of functionalized nanoparticles, thus leading to a more efficient reaction for
azide-terminated flat starting substrates with alkyne-terminated nanoparticles compared to
that for alkyne-terminated starting surface and azide-terminated nanoparticles.
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Highlights

e We investigate the formation of high-coverage monolayers of nanoparticles.

*  We use “click chemistry” to form these monolayers.
»  We form multiple layers based on the same strategy.

e We confirm the formation of covalent bonds spectroscopically for up to 3
layers.

»  We confirm that chemical attachment, not self-assembly, drives the process.
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Figure 1.
Basic scheme of nanoparticle layer deposition. After modifying the surface with azide

functionality, a layer of complementary alkyne functionalized nanoparticles is deposited on
the surface. This surface is now the basis for the second layer of nanoparticle deposition.
Each layer can be used as a starting point for the complementary functionalized layer.
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Figure 2.
Control experiments to show the importance of the complimentary chemistry and the stable

nature of the triazole ring. The figure shows (a) the procedure for the first layer nanoparticle
deposition as described in the text sans for azide termination of the gold substrate and
washing; (b) the same procedure for first layer nanoparticle deposition sans for azide
termination of the gold substrate (but washed and sonicated in methanol); and (c) the
procedure as written (for reference, with all steps included). Part (d) shows an AFM image
of a single layer of nanoparticles of 80 nm in diameter attached by “click chemistry” to the
same substrate.
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Figure 3.
SEM studies to determine the surface coverage and film thickness. The figure shows: (a) the

80 nm alkyne nanoparticle-deposited layer surface (plan view); (b) the cross sectional view
of the 80 nm alkyne nanoparticle layer; (c) the 50 nm azide nanoparticle-layer surface (plan
view) deposited on top of the first layer; (d) the cross sectional view of 50 nm azide
nanoparticles layer deposited on top of the first layer; (e) the second 80 nm alkyne
nanoparticle-deposited layer surface (third overall layer, plan view); and (f) the second cross
sectional view of the three-layer system.
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Figure 4.
SEM study of low (top) and higher (bottom) coverage 80 nm alkyne-functionalized SiO,

nanoparticles attached to the azide-terminated surface. The process of covalent attachment is
random, confirming that self-assembly is not the driving force behind the monolayer
formation.

Thin Solid Films. Author manuscript; available in PMC 2017 January 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Liuetal.

Page 21

N3 or C=C str.
| |
| |
(4D} I |
(@] 1 :
C 1 |
] o
] v | i
O 1 : 1
QO P §
- 1
o | 2096 !
© I !
()] I !
N I :
— 1
© S
£ : i
(@) |
Z M
0.01-- -
| | | | 1
3400 3200 3000 2800 2200 2000

Wavenumber (cm™)

Figure 5.
Infrared spectroscopy investigation of NPLD following deposition of each nanoparticle

layer. ATR FT-IR spectra of (a) 11-azido-undecanethiol modified Au substrate; (b) azide-
modified substrate (a) following reaction with 5-hexynoic acid; (c) 80-nm alkyne
functionalized nanoparticles deposited onto sample (a); (d) first-layer sample (c) following
reaction with 5-hexynoic acid; and (e) 50-nm azide functionalized nanoparticles deposited
on sample (c). The gray line shows the alkyne C-H stretch of spectrum (c) magnified 10
times.
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Figure 6.
XPS investigation of NPLD following deposition of each nanoparticle layer. On the left is

the C 1sregion, and the right panel shows the N 1sregion of: (a,e) the azide-terminated gold
surface; (b,f) the alkyne-terminated 80-nm nanoparticle deposited onto azide-terminated
gold surface; (c,g) the azide-terminated 50-nm nanoparticles deposited onto the first 80-nm
nanoparticle layer; and (d,h) the second 80-nm alkyne-terminated nanoparticle layer on the
50-nm azide nanoparticle layer. The solid lines in the N 1sregion below the experimental
spectra show the predicted energy shifts from DFT calculations. The colors of each bar
correspond to the colors of the nitrogen atoms in the model, and the lighter lines show the
azide information while the darker lines provide information for the triazole ring compound.
It is expected that a mixture of species is observed beyond the first layer.
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