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Abstract: Engineering coatings with precise physicochemical
properties allows for control over the interface of a material and its
interactions with the surrounding environment. However, assembling
coatings with well-defined properties on different material classes
remains a challenge. Herein, we report a co-assembly strategy to
precisely control the structure and properties (e.g., thickness,
adhesion, wettability, and surface potential) of coatings on various
materials (27 substrates examined) using quinone and polyamine
building blocks. By increasing the length of the amine building blocks
from small molecule diamines to branched amine polymers, we can
tune the properties of the films, including the thickness (from ~5 to
~50 nm), interfacial adhesion (0.05 to 5.54 nN), water contact angle
(130 to 40°), and surface potential (—42 to 28 mV). The films can be
post-functionalized through the in situ formation of diverse

nanostructures, including nanopatrticles, nanorods, and nanocrystals.

Our approach provides a platform for the rational design of
engineered, substrate-independent coatings for various applications.

INTRODUCTION

Engineering functional coatings is important for fundamental
investigations into interfacial phenomena,'-® as well as for
practical applications in areas including lithography,®®
superwettability,’®” separation,®° encapsulation,*” catalysis,*!
and bioimaging.*? A variety of methods have been developed to
coat specific substrates and endow them with desired properties,
including self-assembled monolayer (SAM) formation,*3l
electrochemical deposition,i*¥l and layer-by-layer assembly.[t5-17]
Alternatively, substrate-independent functional thin films such as
organic polydopamine (PDA) coatings*® and hybrid metal—
phenolic networks (MPNs),*¥ have attracted widespread interest
owing to their wide-ranging adhesion characteristics,?% high
antioxidation properties,?Y and high stability,?? which are all
imparted by the catechol-containing building blocks in the
coatings. Although current substrate-independent films show
potential for biomedicine,®! separation processes,” and

catalysis,?® it is still challenging to predictably engineer a broad
range of properties (e.g., charge, thickness, wettability, adhesion,
transparency) of coatings. 2!

Herein, we present a co-assembly strategy for tuning the
structures and properties of coatings on diverse substrates using
a library of quinones and polyamines. This approach leverages
the ability of both quinones and amines to disrupt the hydration
layer around different substrates (e.g., polymer, metal, and
mineral), thereby ensuring adhesion of the resulting coatings. By
varying the type of the quinone and polyamine building blocks,
the interfacial adhesion, film structure, wettability, surface
potential, and transparency can all be tailored. Furthermore, the
resulting coatings can mediate different secondary reactions,
including the liquid-phase epitaxy of crystals, to synthesize
various nanomaterials with controllable size and density on the
surface of the coatings.

The challenges associated with engineering substrate-
independent coatings derive primarily from the solvents used for
synthesis, which can form tight solvation layers around the
substrates, thereby preventing the adhesion and cross-linking of
the coating building blocks on the surface.?”?% In nature, to
achieve adhesion in aqueous environments, animals (e.g.,
mussels, barnacles, and spiders) can produce proteins with
positively charged residues that displace the interfacial hydration
layer from wet surfaces,?-32 followed by anchoring of the
proteins both to the substrate (through catechol residues) and to
other proteins (via catechol-amine cross-linking). Inspired by
these properties, we envision that a two-component system
comprising polyamines and quinones that can displace the
hydration layer around a substrate to achieve adhesion, followed
by extensive cross-linking to form substrate-independent, robust
coatings (Figure 1a). Specifically, the positively charged amino
groups in the polyamines facilitate the rapid removal of hydration
layers surrounding mineral surfaces, while the quinones display
noncovalent interactions (e.g., T—1 stacking) and metal
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Figure 1. HNQ-PEI formation on surfaces. a) Proposed mechanism for AQN formation that integrates the displacement of interfacial water by amino groups for
adhesion of quinone and polyamine and their subsequent cross-linking via covalent reactions. b,c) Molecular structures of HNQ (b) and polyamine (PEI) (c). d—f)
Photographs of PS particles in solution (d) and SEM images of a PS particle before (e) and after (f) coating. g,h) AFM image (g) showing HNQ-PEI coating on a
Si/SiO2 surface and the corresponding thickness profile (h). i,j) TEM image of HNQ-PEI capsules (i) and photograph of a free-standing film (j). k,I) Thickness growth
of a HNQ-PEI film as a function of time (k) and concentration of HNQ (x-axis is not drawn to scale) (I) measured by ellipsometry. m) Water contact angles of different

planar substrates before and after HNQ-PEI coating.

coordination on polymer and metal oxide surfaces. Compared
with catechols, quinones exhibit a lower degree of adhesion to
the substrates,® thus allowing for a higher degree of control
over the coating deposition kinetics and therefore the amount
deposited; consequently, the coating/film properties can be
readily tuned. Following adhesion, the quinones and polyamines
extensively cross-link to form stable amino-quinone networks
(AQNSs) within a few minutes. The present study expands the
toolbox of substrate-independent coatings while providing new
insight into their structure—property relationships.

RESULTS AND DISCUSSION

Assembly of AQN coatings

We first examined the formation of AQNs using 5-hydroxy-1,4-
naphthoquinone (HNQ) (Figure 1b) and poly(ethyleneimine) (PEI,
My, ~600 Da) (Figure 1c) as a model quinone/polyamine pair on
spherical (Figure 1d—f), columnar (Figure S1), and planar (Figure
1g,h) substrates. HNQ was chosen as a model quinone owing to
its relatively simple structure and its promising inherent anti-
tumor and anti-bacterial properties.3*3% HNQ is known to couple
covalently with amines via Michael addition and Schiff base
reactions,®® which was likewise observed herein from the
electrospray ionization—-mass spectrometry and UV-visible (UV—
vis) spectroscopy analyses of the HNQ-PEI solutions (Figure S2).
The proposed network structure is shown in Figure S3. Upon



coating of HNQ-PEI on polystyrene (PS) particles, the particle
surface turned red (Figure 1d). The formation of conformal HNQ-
PEI coatings on the different substrates examined (i.e., PS
particles, stainless steel mesh, and Si/SiO, substrates) was
confirmed by scanning electron microscopy (SEM) and atomic
force microscopy (AFM) measurements, which showed a film
with a thickness of ~40 nm and root-mean-square roughness of
~2 nm on Si/SiO; surface after coating for 4 h (Figure 1g,h). X-
ray photoelectron spectroscopy (XPS), Fourier transform
infrared spectroscopy (FTIR), and energy-dispersive X-ray
spectroscopy (EDS) analyses indicated the homogenous
distribution of HNQ and PEI on the coated surfaces (Figure S4).

To evaluate the applicability of the HNQ-PEI films to different
substrates, a HNQ/PEI mixture was used to coat a range of
substrates (27 substrates examined) with various shape and
composition, including polymers (polytetrafluoroethylene (PTFE),
poly(methyl methacrylate) (PMMA), polyetheretherketone
(PEEK), polyvinyl chloride (PVC), polycarbonate (PC),
polyamide (PA), PS, poly(lactic-co-glycolic acid), melamine
formaldehyde, and polydimethylsiloxane), a noble metal (Au),
metal plates with a native oxide surface (stainless steel (SS),
Cu/CuO, Zn/ZnO, Co/Co0, Fe/FeO, Al/Al,O3), minerals (Si/SiO,,
quartz, and mica), and ceramics (glass and calcium carbonate
(CaCOy3)), see Table S1. All studied substrates turned red
following coating (Figure S5). In addition, after coating, the
average water contact angles and zeta-potential values of almost
all studied substrates changed to around 55° and 28 mV,
respectively (Figure 1m, and Figures S6 and S7), indicating an
effective coating process irrespective of the substrate. The lower
water contact angle of Zn/ZnO was possibly due to the increase
in surface roughness by etching the substrates through the
coordination reaction between HNQ and Zn/ZnO in solution!S,
Furthermore, HNQ-PEI capsules (i.e., hollow free-standing
spherical films) (Figure 1i) and macroscopic free-standing
flexible films (Figure 1j) were obtained upon removal of the
template substrates; these free-standing films have potential
uses in, for example, advanced separation,®” drug delivery,38
and microreactions.'¥ These results demonstrate that the HNQ-
PEI films can be used to coat various substrates in aqueous
solutions and can be processed as separate (free-standing)
materials for specific applications.

The influence of deposition conditions on film thickness and
morphology was also examined. Ellipsometry and AFM
measurements showed that the HNQ-PEI film thickness varied
as a function of film growth time and reached ~100 nm after 24
h (Figure 1k and Figure S8). In addition, HNQ-PEI film formation
successfully occurred in an anaerobic environment, saline
solutions with high ionic strength (e.g., 1 M NacCl), agueous
solutions of pH 4-12, and various organic solvents (Figure S9),
including ethanol (EtOH), methanol, acetonitrile (ACN),
tetrahydrofuran_ (THF), and dimethylformamide (DMF).
Furthermore, film growth was concentration-dependent (the
building block weight ratio was kept at 1:1, Figure 1l). For
instance, the thickness reached ~300 nm when the
concentration of both HNQ and PEI was 10 mg/mL at pH 10
(Figure 1l, Figure S10). These results collectively demonstrate
the high controllability of the film growth.

Formation mechanism of AQN coatings
When wet, minerals such as Si/SiO,, mica, and quartz are
difficult to coat with organic materials owing to considerably
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stronger hydration barriers?”] present than under dry conditions.
Therefore, the formation of the HNQ-PEI coatings was
investigated on a wet surface using silicon that had been
exposed to ambient air (Si/SiO,) as a model substrate. Coating
of the mineral surfaces, i.e., Si/SiOa, quartz, glass, and mica was
unsuccessful when solely using HNQ, which confirmed the
unfavorable interactions between HNQ and the studied minerals
(Figures S11 and S12). However, adding a small amount of PEI
(1 x 10™ mg/mL, 160 nM) enabled the formation of HNQ-PEI
films with a thickness of ~12 nm on Si/SiO; surfaces (Figure S13),
indicating the importance of PEI for film formation. We note that
HNQ by itself could form particles (possible due to the self-
polymerization of HNQ as previously reported®) and adhere to
polymer, noble metal, and metal oxide surfaces, without the need
of PEI, owing to the hydrophobic and chelation interactions of
HNQ (see the discussion in Figures S14-S16).

To understand the role of PEIl in enabling coating on wet surfaces,
colloidal-probe AFM was used to measure the forces that the
quinone and polyamine building blocks generate toward SiO,. An
approach—retraction loop”® provided information about the
interactions upon approach and retraction of a SiO, particle from
a HNQ-coated PS surface. During approach (Figure 2a),
repulsion was observed, and the attraction between the HNQ
coating and silica surface was negligible when they were
separated (retraction). In contrast, with the addition of PEI (~107*
mg/mL) to the water, the HNQ coating was rapidly (<5 min)
attracted to the silica particle (Figure 2b) with a high adhesion
energy (Eag) of 6.6 x 1072 mJ/m?, which was evaluated using the
Johnson-Kendall-Roberts model:*!

Fad
Faa =T51r

where F4qis the adhesion force between the colloidal particle and
the substrate surface, and R is the radius of the colloidal probe.
The high adhesion energy obtained confirmed the essential role
of PEI in the formation of HNQ-PEI coatings, which is consistent
with a previous study that showed that amino groups can
displace hydration layers on wet surfaces to promote
adhesion. 2728

To confirm the role of the amino groups in film formation, a free-
standing HNQ-PEI film was prepared using an etchable silica
substrate (Figure S17). XPS analysis demonstrates that the
bottom of the HNQ-PEI film (the side attached to the substrate)
featured a higher N/O ratio (i.e., 0.49) than the top of the film
(N/O ratio = 0.38) (Figure 2c), suggesting a higher amount of PEI
and a lower amount of HNQ closer to the substrate. In the
absence of HNQ, PEI only formed an adsorption layer with a
thickness of less than 2 nm even after film growth for 24 h and
no free-standing films were obtained. These results support the
ability of quinones and polyamines to interact with different
substrates, as well as the synergetic cross-linking to generate
thick (>10 nm) films (see the discussion in Figure S18).

The strong adhesion to substrates at the nanoscale endows the
HNQ-PEI coatings with excellent mechanical stability at the
macroscopic scale. The HNQ-PEI coatings withstood peeling by
Scotch™ tape, sonication, and washing, with negligible changes
in the water contact angle and optical transmittance (Figure S19).
Furthermore, the HNQ-PEI coatings were chemically stable in
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Figure 2. Analysis of adhesion force, building block distribution, and film formation. a,b) Schematic and representative force—distance curves of a SiOz-attached
AFM probe approaching a PS substrate with a HNQ coating in water before (a) and after (b) the addition of PEI. ¢) Schematic and XPS analysis of the elemental
distribution on the top and bottom sides of a HNQ-PEI film prepared on a Si/SiO: substrate. d) Schematic of the formation of HNQ-PEI coating on a substrate. e—g)

SEM images showing the morphology of HNQ-PEI coating during film growth.

various organic solvents (e.g., DMF, ACN, EtOH, isopropanol,
acetone, THF, ethyl acetate, toluene, and n-hexane), as
indicated from the relatively constant water contact angles of the
coated surfaces following incubation in the solvents for 12 h
(Figure S20). The HNQ-PEI coatings were also stable in
aqueous solutions of pH between 1 and 12 (Figure S20).
However, a reduction (~60%) in the film thickness on a PS
surface was noted following incubation in aqueous solution at pH
14, which may be due to the hydrolysis of the imine bond in HNQ-
PEL[?2 Unlike catechol-based coatings whose formation and
stability are readily influenced by oxidants, pH, and ionic
strength,*Y the versatile deposition conditions and high stability

of AQNs provide an attractive toolbox for engineering robust and
durable underwater adhesives, water-resistant materials, and
substrate-independent coatings in harsh environments.

In addition to the adhesion driving forces, we investigated the
coating formation process by monitoring the assemblies at
different time points in solution (i.e., in the absence of a
substrate) and on a substrate (Figure 2d). TEM analysis revealed
that HNQ and PEI react to form nanoaggregates in solution
(Figure S21). These nanoaggregates then adsorb onto the
substrate and grow into larger aggregates, subsequently fusing
into a complete film (Figure 2e—qg).
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Figure 3. Engineering the properties of AQNs by varying the polyamine building block at constant concentrations of HNQ (12 mM) and polyamine (2 mM). a)
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c) Thickness of different AQN films. d) Zeta potential values of SiO2 particles before and after coating with different AQNs. e) Water contact angles of PP membranes

before and after coating with different AQNSs.

Engineering the properties of AQNs

As amines are one of the most abundant functional groups in
synthetic and natural molecules,? their structural diversity
allows the engineering of AQNs with tunable properties.
Accordingly, a variety of AQNs were prepared using different
amine-based building blocks (i.e., ethylenediamine (EN),
diethylenetriamine (DETA), triethylenetetramine (TETA), and
tetraethylenepentamine (TEPA)) and their properties were
examined. Increasing the number of amino groups per molecule
(the final concentrations of HNQ and the polyamine were 12 and
2 mM, respectively) (Figure 3a) led to an increase in the
adhesion force from 0.05 nN for HNQ-EN (the smallest

polyamine studied) to 5.54 nN for HNQ-PEI (the largest
polyamine studied) (Figure 3b and Figure S22). The film
thickness (Figure 3c) and optical transmittance (Figure S23) also
changed markedly because of the different adhesion and
molecular structures. In addition, owing to the positive charge
and hydrophilicity of the amine groups, the zeta-potential values
of silica particles increased and the water contact angles on
polypropylene (PP) membranes decreased with an increase in
the number of amine groups (Figure 3d,e). Such precise control
of surface properties by simply varying the building blocks is
valuable in itself and allows for the use of the corresponding
coatings as a platform to tune various surface-confined reactions.
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images of water droplets on the corresponding surfaces.

Applications of AQNs

To demonstrate that the AQN coatings can be used to tune
surface-confined reactions, we first explore the effect of surface
properties on the formation of nanocrystals. Porous organic
cages, a new family of shape-persistent porous crystals, have
attracted widespread interest owing to their well-defined pore
structures,  high  crystallinity, and diverse potential
applications.*3 Such molecular cages are typically synthesized
through imine condensation between specific aldehydes and
amines. As the amino groups in AQNs can react with aldehydes,
they can mediate the crystallization (e.g. nucleation and growth)
of porous organic cages on surfaces.*4 Specifically, a typical (1S,
2S)-1,2-cyclohexane diamine cage (CC3) was synthesized on
AQN surfaces by liquid-phase epitaxy. By increasing the number
of amino groups (two and four per molecule of EN and TETA,

respectively, and ~15 per PEI molecule) on the AQN surfaces,
the aldehydes reacted more rapidly and crystallization
proceeded more quickly, with a corresponding increase in the
CC3 cage size from 0.71 to 1.46 and 1.52 ym on HNQ-EN, HNQ-
TETA, and HNQ-PEI surfaces (Figure 4a—d and Figure S24),
respectively, after 10 h. The number of CC3 crystals on the films
increased from 1.7 x 10%/m? to 4.1 x 10'%m? and 2 x 10**/m? on
HNQ-EN, HNQ-TETA, and HNQ-PEI, respectively. This could be
attributed to the larger number of reaction sites (i.e., amino
groups) for nucleation.® The ease of tailorability of the size and
density of CC3 cages on surfaces by AQNs can potentially afford
modulation of the performance of host—guest systems, porous
materials, catenanes, and nanoconfined chemical reactions.®*
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Besides the liquid-phase epitaxy of organic cages, a range of
chemical reactions can occur on AQN coatings. For example,
owing to the metal-chelating ability of HNQ,*¥ HNQ-PEI coatings
can serve as a functional layer to chelate various metal ions (e.g.,
Fe', Cu", and zZn") (Figure 4e-h) to form metal-organic films.
Further incubation leads to the formation of FeOOH nanorods
(NRs) (Figure 4i,j) and Ag nanoparticles (NPs) (Figure 4k,l, and
Figure S25) on the AQN surfaces through mineralization and
metallization processes, respectively. In addition, HNQ-PEI
coatings enabled a variety of reactions with organic species to
create diverse SAMs (Figure 4m-p). For instance, thiol-
containing molecules (e.g., 1H,1H,2H,2H-perfluorodecanethiol
(PFDT)) formed SAMs through the thiol-adduct reaction with
quinones (Figure 4n).*1 Catechol-containing molecules (e.g.,
tannic acid) complexed with the coating to form a tannic acid
layer on the HNQ-PEI surface (Figure 40). N-hydoxysuccinimide
(NHS)-containing molecules (e.g., Alexa Fluor™ 488 NHS ester)
were conjugated to the coatings by reacting with the amino
groups,“® vyielding surfaces with green fluorescence under
confocal laser scanning microscopy (CLSM) observation (Figure

4p).

AQNSs can also be prepared using different quinone molecules.
For example, employing 5,8-dihydroxy-1,4-naphthoquinone or
1,5-dihydroxyanthraquinone both led to successful AQN
coatings on substrates (Figure S26). Considering the properties
(e.g., color, redox, and bioactivity) of quinones and polyamines,
and their ubiquitous presence in nature,**-51 AQN coatings have

the potential to be used for various applications, including
organic dye adsorption, oil-in-water separation, and in anti-
bacterial materials®®*3% and organic redox flow batteries.®? The
high zeta potential endowed by the positively charged PEI
enabled the use of the coated membrane for selective organic
dye adsorption. As shown in Figure 5a—c, the AQN-coated PP
membrane exhibited more than 100 times higher adsorption
capacity toward anionic dyes than cationic dyes, thereby
affording separation of amido black (an anionic dye) from
rhodamine (a cationic dye) (Figures S27 and S28). Furthermore,
the AQN-coated PP membrane showed underwater
superoleophobicity, with an oil (gasoline) contact angle of ~150°
(Figure S29), which afforded the separation of oil-in-water
emulsions (e.g., toluene-in-water emulsions of ~10 um in
diameter) from water (Figure 5d,e). Although the water flux
decreased with operation time owing to surface fouling by
toluene, it was easily recovered after rinsing with EtOH and water
(Figure 5f), demonstrating the excellent reusability of the AQN
coatings for the treatment of oil-in-water emulsions.

CONCLUSION

We have demonstrated a co-assembly methodology to prepare
thin films and coatings with controllable structures and properties
on a wide range of substrates. An attractive feature of the current
approach is that it enables the thickness, adhesion, wettability,
surface potential, and other properties of the coating to be finely



tuned by varying the type and concentration of the building
blocks used in the synthesis. The series of coatings prepared
herein were used to mediate various surface-confined reactions
to fabricate diverse nanostructures with controllable topology
and chemistry (e.g., nanoparticles, nanorods, nanocrystals,
metal-organic films). Mechanistic studies revealed that the
adhesion between the building blocks and substrates was the
main driving force for their assembly under water, while the Schiff
base/Michael addition led to covalently cross-linked networks
that were stable in a range of conditions studied (e.g., aerobic
and anaerobic environments, polar and nonpolar solvents, and
pH 1-12). We anticipate that the present study will open up
avenues for generating engineered films and coatings for various
applications.
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Coatings and thin films of amino-quinone networks are engineered on various materials by a co-assembly strategy using quinones and
polyamines. Employing different building blocks affords precise control over the structures and properties of the coatings, which can
also serve as multifunctional reaction platforms to synthesize diverse nanoparticles on surfaces.
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