Downloaded viaBILKENT UNIV on February 12, 2021 at 11:14:13 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

ANANO

Chemical Funneling of Colloidal Gold
Nanoparticles on Printed Arrays of End-
Grafted Polymers for Plasmonic Applications

Sami Pekdemir, llker Torun, Menekse Sakir, Mahmut Ruzi, Johr AanddgeiSerdar Onses

Cite This:ACS Nan®020, 14, 82768286 I:I Read Online

ACCESS [l Metrics & More | Article Recommendations ‘ *  Supporting Information

Spatially dened assembly of colloidal metallic i
nanoparticles is necessary for fabrication of plasmonic devicea FAS
In this study, we demonstrate high-resolution additive jet H

printing of end-functional polymers to serve as templates foy
directed self-assembly of nanoparticles into architectures withl iy v il

substantial plasmonic activity. The intriguing aspect of this
work is the ability to form patterns of end-grafted poly(ethylene
glycol) through printing on a hydrophobic layer that consists of | /

uoroalkylsilanes. The simultaneous dewetting of the under- _
lying hydrophobic layer together with grafting of the printed
polymer during thermal annealing enables fabrication of
spatially dened binding sites for assembly of nanoparticles.
The employment of electrohydrodynamic jet printing and
aqueous inks together with reduction of the feature size during thermal annealing are critically important in achieving
chemical contrast patterns as small &50 nm. Gold nanospheres of varying diameters selectively bind and assemble
nanostructures with reduced interparticle distances on the hydrophilic patterns of poly(ethylene glycol) surrounded v
hydrophobic background. The resulting plasmonic arrays exhibit intense and patterresgigoals in surface-enhanced
Raman scattering (SERS) spectroscopy. The localized seed-mediated growth of metallic hanostructures over the p
gold nanospheres presents further routes for expanding the composition of the plasmonic arrays. A representative apy.
in SERS-based surface encoding is demonstrated through large-area patterning of plasmonic structures and n
deposition of taggant molecules, all enabled by printing.

colloidal nanopatrticles, plasmonics, self-assembly, printing, surface-enhanced Raman scattering, polyn

olloidal metallic nanoparticles provide importantencoded surfaces that may be used to protect products ag

molecular engineering pathways for a set otounterfeiting® For SERS and other applications, there is

technologically critical applications in sehs&f®@w-  urgent need for assembling colloidal metallic nanoparticles
able energ%/,authenticatioﬁ,Catalysi§,and metamaterials. Spatia”y dened arrays with h|gh p|asm0nic activity_
These and other applications require assembly of colloidalpatterning of colloids into spatiallyrdal assemblies has
building blocks into spatially ded architectures. At the core peen a topic of immense interest. Lithography technig
of this requirement is to couple individual plasmons Oﬁrovide precise control over the size and geometry of
nanoparticles in a way to enhance and tailor their collecti tterns at a perfection inherited from the semicondu
propertieS. Reducing the interparticle distances of metalli%f;ustry_ Topographic patterns can trap the nanoparticle:

0

nanoparticles, for example, allows for focusing of light inC ilarl® and electrophoretft forces, whereas chemica
plasmonic hot spots, which consist of locally enhanced™ P ’

electromagneticelds’® These hot spots are of sigaint

interest for sensing and other applications, since they caf March 6, 2020
signicantly increase scattering of light andrescence. June 22, 2020
Surface-enhanced Raman scattering (SERS), in particular, is'a June 22, 2020

powerful approach for obtaining molecular information at
extremely low concentratioffs-> In addition to capabilities
in sensing, SERS provides advanced routes for preparation of
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Figure 1. Self-assembly of plasmonic arrays enabled by chemical funneling of colloidal gold NSs on patterns of end-grafted PEG layers
printed on the hydrophobic substrate. (a) Schematic illustration of the nuadiion of the substrate with a layer of FAS. The cleaned silicon
substrate was coated with a layer of FAS, which makes the substrate hydrophobic (CA # 485uld be emphasized that not all surface

silanol groups are consumed by FAS, as depicted in the schematic. (b) An aqueous PEG solution is e-jet printed on the hydrophobic
substrate, followed by annealing and washing, which results in end-grafted polymer layers. The drop-casting of colloidal gold NSs followed
by washing results in plasmonic arrays. (c) Optical microscope image of a large-area array of printed dots. (d) AFM image of an array of end-
grafted PEG layers following printing, annealing, and washing on the hydrophobic substrate. (e) Large-area view SEM image of an array of
gold NSs. (f) SEM images of gold NSs assembled on PEG patterns of varying size. The assembly of gold NSs was performed by sequential
deposition of the particles with a diameter of 60 and 20 nm, each for 1 h.

binding site's can selectively adsorb these nanoscale buildirand sizes that are typlgalarger than 20 nm. Soft
blocks. Other than transformation of resist patterns inttithograph§® is yet another attractive route from direct
topographic and chemical templates, colloidal nanomaterigl$nting of nanoparticles to generation of binding sites for
can be engineered to serve as resists in photolithGtaaphy assembly of colloiti§>° Despite the quietexible nature of
electron beat lithography systems. The need for cleanroonthis approach, the need for masters is a barrier toward rapid
infrastructure and multistep, mostly subtractive, processa®totyping of desired strucé. Room-temperature on-
together with challenges in terms of the planarity of thédemand inkjet printing ers a cost-ective, additive path
substrate has motivated researchers for other patternifay rapid assembly of colloidal nanomatéfi&ighe smallest
approaches. Self-assembly of block copdfymeds DNA feature sizes on the order of 19 is a limiting factor for
nanostructuré$ present interesting opportunities, with the fabricating spatially deed assemblies of colloidal nanoma-
lack of long-range order. Scanning probe-based lithograpkyials using piezoelectric inkjet printers.

approaches together with nanoscaleneoment of block Electrohydrodynamic jet (e-jet) printing is an additive
copolymer inks provide ways iforsitusynthesis of single technology capable of direct patterning of a rangeeoérdi
nanoparticle arrays of small nanoparticBERS and some materials with nanoscale resolution. In e-jet printing, droplets
other plasmonic applications require close placement of desired materials are ejected from the metal-coated tip of a
multiple nanoscale building blocks witlergint geometries nozzle by applying a voltage between the nozzle and
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Figure 2. AFM analysis of the grafting process on the hydrophilic and hydrophobic substrates. AFM images of a single printed PEG feature
after (a, e) printing, (b, f) annealing, and (c, g) washing steps on the hydrophilic (top row) and hydrophobic (bottom row) substrates. The
cross-sectional height prtes for (d) bare hydrophilic and (h) hydrophobic substrates.

substraté®3!* The ease-of usage, costetiveness, and uoroalkylsilane (FAS). The intriguing ability of PEG chains to
versatility of the technique have galvanized scientists atuhnel through the existing hydrophobic layer during thermal
engineers, who have employed the technique to fabricaignealing enables fabrication of high-resolution and chemical
patterned quantum ddfsperovskite nanocrystaisnetallic contrast patterns of end-grafted polymers at grafting densities
nanostructuréé,and biomoleculés®® Important advantages signi cantly higher than homogeneous substrates. The hydro-
of e-jet printing over other nanofabrication approatiies phobic background also enablestive funneling of colloidal
include room-temperature additive operation and access gold nanoparticles into the patterns at binding densities that
nonperiodic geometries. In comparison with other types @re substantially higher than the unpatterned and printed
inkjet printing techniques, e-jet printersrdiigher levels of patterns on the bare hydrophilic substrates. The selective
resolutiof* that can approach a length scale on the order aissembly of colloidal gold nanoparticles efedit diameters

the size of plasmonic nanoparticles. Additionally, e-jet printifigfo patterned plasmonic architectures enables region-speci
o ers the possibility of processing inks with a broad range afd signicantly high SERS intensities.

viscosities, allowmg for patterning materialsenedi forms,

such as nanberd® and three-dimensional structdifea RESULTS AND DISCUSSION

practical diculty for fabricating plasmonic arrays usingFigure lpresents the key steps and results on fabrication of
colloidal inks involves the use of particle-containing inks thptinted patterns composed of end-grafted PEG layers for
can easily clog thene nozzles. Even in the case of guided assembly of colloidal gold nanospheres (NSs). First, a
conventional piezoelectric printers, it is challenging tSi substrate is cleaned and UV-ozone treated to increase the
formulate inks for colloidal nanoparticles of varying size amimber of silanol groupS$iSOH) on the surface, resulting
geometry. This challenge becomes morecsighin printing  in a hydrophilic surface with a water contact angle of <10
of plasmonic nanoparticles with relatively large diareegers ( The hydrophobic derivatization is achieved by vapor-phase
>20 nm) into close proximity to facilitate formation of deposition of FAS onto the hydrophilic silicon sub$tiate.
plasmonic hot spots. The use of dilute inks and large nozzige surface modiation, we used tridecmro-1,1,2,2-
precludes fabrication of plasmonic hot spots and patterns widtrahydrooctyltrichlorosilane, whicst goes through hydrol-
small critical dimensions, respectively. ysis reaction with residual water on the substrate and in air,
In the following, we present a chemical patterning approa¢bilowed by condensation reaction with the surface silanol
using e-jet printing for assembling colloidal gold nanoparticlggoups. Vapor-phase deposition in an air environment is
into plasmonic arrays. The essential advantages of tligtically important in depositing a hydrophobic layer
approach are the use of particle-free inks and the ability ¢onsisting of self-polymerized oligomers, which do not block
assemble colloidal plasmonic nanoparticles into hot spall silanol groups on the surface of the subskiated &).
containing architectures. For this purpose, we engineBPepending on the vapor-phase deposition time, initisity a
aqueous inks that are composed of poly(ethylene glycadf FAS with a thickness up to 20 nm is deposited on the
(PEG). The inherent hydroxyl groups that are present at thsubstrate (seBupporting Information Figure 8t details).
ends of the polymer provide versatile grafting on the silicobhe removal of excess material by repeated washing under
oxide terminated surfaces through a swift heat treatment.s@nication in water and ethanol reducediéhickness to a
challenge in e-jet printing assisted patterning of PEG ®uple of nanometers, implying the removal of unreacted FAS
signi cant spreading of the hydrophilic polymer during thermdhyers Figure S)L Despite the reducedm thickness, the
annealing, resulting in patterns with dimensionscsigthy deposition of FAS imparts hydrophob|C|ty with a water contact
larger than the printed ones and reducing the chemicahgle of 105 An aqueous ink of PEG is then directly e-jet
contrast, both of which are critical for selective assembly pfinted on the moded substrate Ffigure b). This ink
nanoparticles into plasmonically active architectures. Tormulation allows for printing PEG over large surfaces areas
circumvent these challenges, we modify the surface of tff@gure t). A brief {.€, 5 min at 120C) thermal annealing
substrate through chemical vapor deposition using a hydmttows for swift grafting of the PEG chaathe condensation
phobic layer that consists of a polysiloxane composed m@action between the end hydroxyl groups and surface silanols
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that are present under the hydrophobic FAS layer. The excessnparison with the hydrophilic substrate. The height of PEG
and unreacted PEG is washed away through sonication features after washing and drying was 9.1 and 19.3 nm on the
water. This washing results in patterned features with a heidiydrophilic and hydrophobic substrates, respectively. The
that approaches to 20 nnirigure @; see Supporting calculation (se&upporting Informatiofor details) of the
Information Figure Sfor additional AFM images) with a grafting density of the patterned PEG layers from these height
diameter that depends on the size of the printed spots. Thalues results in 0.17 chainfron the hydrophilic substrate
self-assembly of plasmonic structures is achieved by drapd 0.36 chain/nfnon the hydrophobic substrate. The
casting colloidal gold NSs on the patterned substrate surfatereased height and grafting density of the patterned PEG
followed by washing anbounded and excess particles. Thislayers on the hydrophobic substrate can be attributed to higher
approach allows for preparation of plasmonic arrays &svels of repulsion between polymer chains and strong osmotic
demonstrated by assembly of gold NSgule &). The pressure within the patterned feature, leading to extremely
assembly can be coed into areas deed at the printing step  stretched PEG chains. The quantitative argument further
with a size as small as 250 igre f). In all cases, gold con rms these observations and indicates that the polymers are
NSs can be assembled at high densities with low levelsiofthe brush regime. For a grafting density of 0.36 chin/nm
binding to the surrounding regions. the distance between grafting sites is 1.88 nm, which is smaller
The wetting property of the substrate has a cleetr @n than twice the radius of gyration of PEG £ 6.9 nm),
spreading and broadening of the size of PEG spots durisgn rming that end-grafted PEG layers are in the brush
printing, annealing, and washing skégsre 2resents AFM  regimé'® Note that the grafting density d.36 chain/nrh
images and cross-sectional heighlgsr@f a printed PEG  and height of 19.3 nm are sigantly high when compared
feature on the bare and hydrophobic substrate. On the bagth previously reported homogeneous PEG*fagepared
hydrophilic surfac&igure Zop row), printed droplets have a by spin-coating of similar materials.
base diameter of 1.ih (Figure 2), which extends to 2.& The grafted PEG patterns on the hydrophobic substrate
(Figure B) after annealing at 12@, while the height exhibit a particular topography, distinctivelgreint from
decreases to 150 nm from the initial height of 23 iguré patterned PEG layers grafted on the hydrophilic surface
2d). Thus, the necessary step of annealing to graft PEG onteigure 3. This di erence can be explained by examining the
the substrate leads to the unwanteecte of signicant surface modtation due to FAS deposition. The roughness of
spreading. The diameter of the printed feature increases i deposited FASIm shows a noticeable increase with
47% at an annealing temperature of°C2MNote that this  thermal annealingrigure a,b). This texture is the result of
spreading on the unmoelil substrate greatly exceeds those formation and growth of FAS islands during the annealing
for random copolymers of methyl methacrylate and styrefgocess, as observed in previous sfddiéShe oligomers of
grafted at a temperature of 2@0 The high mobility of PEG  FAS likely dewet during the thermal annealing process. The
chains T, < 0 °C) together with anity to the polar substrate implication here is that there are unreactS®Sigroups
likely drives such a spreading at a reduced grafting temperatgé@veen mounds of FAS molecules that are available for PEGs
of 120°C and duration of 5 min. On the hydrophobic surfaceto react with (see schematicsFigure 8 andFigure SB
(Figure 2bottom row), printed PEG features have the samehus, on the hydrophobic surface, the PEG molecules react
base diameter as the inner diameter of the capillary ndedle (with available silanol groups of the silicon substrate and form
m) used in the printing. Thest e ect of the hydrophobicity PEG bundles between the FAS islands. The comparison of
of the substrate is reduction in the size of printed patterns tieight prole of patterned PEG layers with that of unpatterned
comparison to the bare substrate. A striking contrast appeaggnple (silicon substrate treated with FAS) clearly supports
following thermal annealing, on the hydrophobic substratghe aforementioned mechanisigire &). Here, PEG chains
there is no spreading, and both the height and width of theyrm bundles with a maximum height of 19.3 nm intervened by
printed features do not change sagmitly Figure 2Table 4.6 nm tall mounds={gure 8). To further understand the
1). After washing oexcess and weakly bounded PEGs, theyrigin of this texture, we investigated tleeteof the annealing
temperature on the morphology of the FAS and end-grafted
Table 1. Height and Width of the Patterns PEG layerFigure Sdpresents AFM images of the FAS
deposited substrate following annealing at temperatures of 80
e e and 100°C. The topography becomes sicamt at 120C
IO s eight — wi (Figure B), suggesting that lower temperatures are not
SUbStréFe (m —(m om)  (m o (m) o (m) su cient to induce dewetting of FAS oligomers. Within the
hydrophilic —231.3 ~ 1.802  150.6 2723 9.1 235 same range of grafting temperatures, the height of the end-
hydrophobic  323.2 1164 307.3 1313 193 0700 yratt6q PEG patterns exhibited a signt reduction with
decreasing grafting temperatiitigure Sp The grafting is
base diameters of the grafted PEG features decreaseto 2.3likely to be hampered at low temperatures due to the
and 700 nm on the bare and hydrophobic surfacesdiminished ability of PEG chains to reach and react with the
respectively figure & and h). Overall, the grafted PEG silanol groups of the underlying substrate. The mobility of
feature size on the hydrophobic surface is almost three timieEG chains, kinetics of the grafting reaction, and dewetting of
smaller than on the hydrophilic surface, thus demonstrating tR&S oligomers to reveal grafting sites should all depend on the
capabilities of surface madition coupled with e-jet printing temperature and contribute to these observations.
for the fabrication of highly resolved submicroscopic patterns.The ability to fabricate printed patterns of end-grafted PEG
The molecular weight and grafting density of the polymdayers surrounded by a hydrophobic layer enables assembly of
determine the height of the patterns following removal afolloidal gold NSs into clusters with close interparticle
unreacted materials. The height of the patterned PEG layealistances resulting in high SERS activity. Showiguire 4
was signcantly higher on the hydrophobic substrate inare Raman mapping images of a probe molecule, rhodamine

after printing after annealing after washing
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Figure 3. AFM analysis of the grafting process. AFM images of FAS deposited substrate (a) after washing and (b) after thermal annealing at
120 °C. (c) AFM image of a single PEG feature after annealing. (d) lllustration of PEGgoaation on the surface of FAS-modd
substrate. (e) AFM line prde of FAS (as in b) and PEG (as in c) after annealing.

Figure 4. Assembly of colloidal gold NSs on patterns of PEG printed on the hydrophilic (a, b) and hydrophobic (c, d) substrates. (a, c)
Mapping images generated using the Raman shift at a position of 1361(bnd) SEM images of isolated features following the assembly

of gold NSs. (e) The averaged (from 20 features) SERS intensity of R6G {A)0fcorded on gold NSs assembled on the homogeneous
PEG substrate (top red) and the printed patterns on the hydrophilic (center blue) and hydrophobic substrates (bottom green). The
assembly of gold NSs was performed by sequential deposition of the particles with a diameter of 60 and 20 nm.

6G (R6G), on arrays of gold NSs assembled on the patternsstfown inFigure € reveal that the SERS intensity of the probe
PEG on the hydrophilic and hydrophobic substrates. To bettenolecule on the hydrophobic substrate is two times stronger
see the impact of the hydrophobicity of the substrate, thihan the one on the hydrophilic substrate, which is itself
assembly of gold NSs was performed by sequential depositstronger than the SERS signal on the unpatterned surface. This
of particles with a diameter of 60 and 20 nm, respectively. Thesult clearly shows the impact of the background wetting
small particles bind at high densities #rid the interstitial properties for the assembly of colloidal gold nanoparticles and
regions left from the large particles, ensurimgtiee their SERS activity.

visualization of the patterns. In the case of hydrophobic The assembly and SERS response of the gold NSs are
substrates, the inelastic scattering of light is greatly enhanceddnperatively determined by the substrate wetting property
the patterned regions, as demonstrated by the strong contrastd grafting prde of PEG chains within the patterns. The

in the SERS intensity. The boundary of the patterns becomiesproved SERS activity of the plasmonic arrays prepared on
ambiguous with a reduction in the intensity on the barg¢he hydrophobic substrate in comparison with the hydrophilic
hydrophilic substrates. The examination of SEM imagesibstrate is likely a consequence of the close placement of the
presented irFigure B,d clearly establishes that the Ramangold NSs favoring formation of plasmonic hot $pute
mapping relates to the assembly behavior of gold NSs on tthénk that multiple interrelated factors contribute to this
printed arrays of end-grafted PEG layers on the hydrophilabservation. First, the height of end-grafted PEG layers is
and hydrophobic substrates. On the hydrophobic surface, thigni cantly high on the hydrophobic substrate, allowing for
patterned PEG features are sniafjufe d) and there is a  more polymer chains to interact with the gold NSs. To further
strong contrast between the background, whereas on therify this behavior, gold NSs were assembled on patterns of
hydrophilic surface the features are I&Fgrirg H) with PEG that were end-grafted at varying temperatures. SEM
ambiguous boundaries. SEM imaging clearly visualizes thmaging Figure Spclearly demonstrates that the number of

di erence in the assembly of colloidal gold NSs on thadsorbed gold NSs increased with the grafting temperature.
patterns. On the FAS deposited substrate, gold NSs assemflbd increasing number of the adsorbed particles within the
at high densities with a clear and sharp boundary that separgiatierns of similar dimensions favors close placement of the
the patterns from the surrounding regions. The Raman specparticles. In parallel with the number of adsorbed particles, the
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SERS activity was more profound at increasing graftinigat consist of bundles of PEG separated by FAS islands. These
densities. At grafting temperatures of 80 and°CQ0 binding characteristics of the immobilized gold NSs have a
particle-free regions within the pattern imply the presence signi cant eect on the SERS spectra of the probe molecule.
FAS layers. With the increase of the grafting temperature, riadr example, the SERS signal intensity of R6G at 1361 cm
only are more PEG chains end-tethered to the substrate, dtdm the 60 nm gold NSs is approximately three times that
also formation of FAS mounds spatiatiyieeZethe PEG, from 150 nm particles. Since the binding density of 60 nm
forcing them to extend out of plane. Therefore, the higlparticles is higher, the interparticle distance (gap) is smaller,
grafting density as well as the distinctivdepomnsisting of  which likely facilitates formation of plasmonic hot spots,
PEG bundles separated by FAS mounds should contributeit@reasing SERS sigfi&1é®® The SERS intensity from the
increased capture of gold NSs and SERS activity. Besidesaitays of assembled gold NSs is reasonably urkfgome (
impact on the processes of PEG grafting, the hydrophobicity $8.
the substrate should also play a role inneonent of large SERS can be used for sensor applications to detect small
concentrations of gold NSs over the hydrophilic patternamounts of the molecule of interest due to strong signal
during the deposition process. All these interrelated factosmhancement. To investigate the detection capability, we
enable esctive assembly of nanoparticles, collectively referr@atterned arrays of end-grafted PEG features (Siz@®®f
to as chemical funneling in this study. nm) on the hydrophobic substrates using e-jet printing and
To demonstrate the ability to assemble nanoscale buildirgsembled gold NSs with a diameter of 60 nm. The probe
blocks of varying sizes on the printed patterns, we immobilizetblecule R6G was then deposited on the patterned substrates
gold NSs of diameters ranging from 60 to 150-iguce a with concentrations that range fromML.to 100 pM.Figure
5b shows variation of the SERS signal intensity for varying
concentrations of R6G. The SERS intensity of R6G decreases
as the concentration varies fronMlito 100 pM Figure Sp
R6G of concentration as low as 100 pM can be detected with
the fabricated arrays of colloidal gold NSs. This detection limit
exceeds those observed for assembly of gold NSs of varying
sizes on end-grafted PEG la}feThis contrast likely relates
to the high-density grafting of PEG layers in the patterns that
were enclosed by the hydrophobic regions. The reached level
of detection limit is on par with state-of-the-art SERS
substrates prepared by inkjet priffimgf gold NSs with
more than 40 times reduction in the diameter of the patterned
features. The SERS activity across the patterned features is
uniform with a relative standard deviation of 7% and an
analytical enhancement factor of .06’ (for details see the
Supporting Informatipn The SERS performance of this
platform could be further improved with the &d
plasmonic coupling between neighboring patterns of gold
NSs. Such farld plasmonic coupling exts become
signi cant at pattern-to-pattern separation distances less than
1 m?2*3 The use of advanced stages and control systems
together with the materials presented in this work can enable
realization of such faeld plasmonic couplingeets.
gilg;rés 5. Assembly of nanoparticles of varying sizes and Fheirprl?:ntzb:%g:ﬁyZﬁ?ziaglee mgiLgfﬁdfO?r{gg:ﬁgmgg?gjmT}Ss
activity. (a) SERS spectra of the probe molecule on printed .
arrays of end-grafted PEG layers following assembly of gold NSsmc me_talllc nanostructures_,. Gold NSs can Serve as seeds for
with di erent diameters. The inset presents SEM images of S€lective growth of metallic structures with the proper choice
individual patterns. Scale bar is 200 nm. (b) SERS spectra of R6GOf the reducing agent. Hydroquinone (HQ) as a seed-selective
at various concentrations on the assembled gold NSs with areducing agent has recently gained interest for surface growth
diameter of 60 nm. of metallic structures of varying geometry and composition on
immobile seed$>°° As an example, we performed growth of
presents SERS spectra and SEM images of the individadver structures by reduction of metallic salt in the presence of
patterns. It is clear that smaller particles bind with high densityQ (Figure @). The SEM image presentedFigure 6
(Figure SY in good agreement with the literafiiré. The shows localized growth of silver structures in a highly selective
immobilized small gold particles trace the circular shape of the&nner. The presence of gold and silver within the patterned
printed PEG droplets. As the particle size increases, thegions is further veeid by EDX elemental mapping of the
binding density decreases, while the shape of the pattemgface Kigure 6; seeFigure S1dor the EDX spectrum).
deviates from a circl&igure %. Particularly, a substantial These results show great promise of the presented approach
transition in the binding density of particles and pattern edger expanding the menu of patternable nanostructures in terms
sharpness occurs when the size of gold NSs varies from 6@fothe composition and structure. Recently developed
80 nm. This observation may relate to a critical length scadg@proachéébased on block copolymer mediated growth of
associated with (i) the length of the PEG chain allowing closaiultimetallic structures present opportunities ieretfit
packed assembly of particles through a multidentate intepplication contexts. The localized growth of silver structures
actiot®* and (ii) the size of binding sites within the patternsgreatly improves the SERS performance of the arrays of gold
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Figure 6. Localized seed-mediated growth of metallic nanostructures over the patterned gold NSs. (a) Schematic illustration of the growth
process. HQ denotes hydroquinone. (b) SEM image and (¢) EDX mapping following growth of silver structures over the arrays of gold NSs
with a diameter of 60 nm. (d) Raman spectra for 100 R6G deposited on the patterned gold NSs (brown) and silver nanostructures
(blue) that were grown on gold NSs. (e) SERS intensity as a function of the concentration of R6G on the silver nanostructures that were
selectively grown on the array of gold NSs.

NSs assembled on end-grafted PEG layers that were fabricgtatierning ability of the e-jet printer can be well utilized to
by e-jet printingKigure @). This improvement in the SERS fabricate surfaces with high levels of encoding capacity.
performance allows for detection of the probe molecule with a
concentration as low as 1 pMgure €).

The presented plasmonic arrays can act as a surface

encoding platform for applications in anticounterfeiting an anpoastcr:]gv?g b'LS]“ dpi:]esecht,ﬁgs fi?\ rtoth?asﬁgreﬂrgg:y :gti\fe()lfrlrdaals
authentication. For this demonstration, PEG ink was e-jgt P 9 P y Y

. . . on patterns of end-grafted polymers. The synergistic

gg;:ﬁ;g;?;ehédrxﬁgomz lseut?;tgritﬁ d“f}”%;gﬂgn; ' combination of high-resolution additive printing together
. . o with multiple self-assembly processes constitute the essential

The patterns b_ecam_e SERS active following sele<_:t|ve assergg ribution of this work. The localized grafting of polymer
of golq NSs with a diameter of 60 nm. To further 'mP“.—‘de th%hains through a hydrophobic layer enables selective assembly
decoding of such surfaces, we hedefrom the additive ot .5idal gold nanoparticles into submicroscopic patterned
nature of an e-jet printer and patterned twerelnt Raman-  ,rays The ability to graft PEG chains through a hydrophobic
active taggant molecules. R6G and methylene blue“ ('Y'B) W8Eyer stems from the self-dewetting of the hydrophobic layer to
sequentially e-jet printed on the lettéEs and “U”, generate binding sites during the thermal annealing that is
respectively. Mapping Raman scattering intensity of thecessary for the grafting. The density of end-grafted polymers
characteristic vibration band of the taggant results igs derived from AFM imaging greatly exceeds those achievable
visualization of the encoded patterns. Note that the printingp, homogeneous substrates. The resulting patterns of
_of the tgggant molecules was performed gsing a nozzle With@arophilic end-grafted PEG layers surrounded by a hydro-
inner diameter of 5m by covering the region that covers the phobic FAS background behave like a chemical funnel to direct
letter of interest rather than point by point deposition over théghe assembly of colloidal nanoparticles into patterns with small
individual dots. A brief UV-ozone treatment was applied ov@iterparticle distances. The intense and localized Raman
the plasmonic array prior to the printing of taggants tacattering from these plasmonic assemblies presents oppor-
facilitate spreading of the molecules. The deposition of thanities for sensing and authentication applications. A critical
taggant in the background regions is not an issue, artrength of our approach is generalizability éoediit material
negligible levels of Raman scattering appear in the absenceraf inkjet printing systems. This generalizability stems from
plasmonic nanostructures. Each letter becomes visible otig use of particle-free inks in patterning of colloidal plasmonic
when the Raman scattering intensity of the characteristianoparticles into hot spot containing architectures. The
vibration band is mapped over the surface. The multiplekrect, additive, and contamination-free patterning of PEG, a
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bounded FAS. The hydrophobized substrate was blow-dried with a
stream of nitrogen gas prior to use, resulting in a FAS thicknkss of
nm (ellipsometry) with a water contact angle df F#&S treatment
procedure was optimized with regard to deposition time and washing
by measuring the FABn thickness and water contact arfgigu¢e

S).
Electrohydrodynamic Jet Printing. The substrate wased
horizontally onto a motorizedSX stage (Parker MX80L), above
which a metal-coated glass capillary (World Precision Instruments,
inner nozzle diameted m) with a tip-to-substrate distance 85

m was positioned vertically. The syringe lembwith 2 mL of

agueous PEG solution (0.25 wt %), which can be brought to the tip of
the syringe needle by applying a pressure using a syringe pump. To
initiate printing, a voltage (30 V) pulse was applied between

the metal-coated syringe needle tip and the grounded substrate.
Patterns of droplets can be printed by adjusting the applied voltage
pulse (frequency of the onjoand the movement speed of ti&YX

stage, both of which were controllech PC.

Grafting of Patterned PEG Layers.The grafting of the PEG
within the printed droplets was achieved by thermal annealing of the
patterned substrate at the spmtitemperature for 5 min in a
glovebox lled with argon. Unless otherwise spdgithe grafting
temperature was 12Q. Ungrafted and weakly bonded PEGs were
removed by washing the substrate in water under sonication for 3
min. This washing step was repeated three times. The substrate with
the patterned and end-grafted PEG layer was blow-dried with
nitrogen gas before further processing.

Assembly of Gold NSs on Printed Arrays of End-Grafted
PEG LayersA suspension of gold NSs with a volume of 1@as

ydrop-casted on the substrate with an area ok1lcom and kept in

a humidied environment for 1 h, after which the substrate was
washed in water under sonication for 2 min to remove excess and
weakly bound particles. After the washing, the substrate was blow-
Yried with nitrogen gas. For the results presentédine land

Figure 4 the assembly of gold NSs was performed by sequential
deposition of the particles with a diameter of 60 and 20 nm, each for 1

Figure 7. Surface encoding with the plasmonic arrays fabricated b
e-jet printing. The plasmonic array was prepared by printing of
PEG dots in the geometry of lettetE” and“U”, followed by the
grafting and assembly of gold NSs with a diameter of 60 nm.
Raman-active taggant molecules were than sequentially e-je
printed on the plasmonic arrays using aqueous inks with a
concentration of 10 M. The schematic description of the
substrate and corresponding Raman mapping images are shown, incubation followed by 2 min washing.
The Raman intensity mapping images were obtained using  Growth of Silver Structures on Arrays of Gold Nano-
vibrations at a position of 1361 and 1624 Trfor R6G and  spheres. The growth solution contained 0.1 mM silver nitrate as a
MB, respectively. metal precursor and 0.2 mM hydroquinone as a reducing agent. The

substrate with the arrays of gold NSs assembled on printed layers of
polymer of signcant interest for biotechnold§y’ can  end-grafted PEG was immersed in the growth solution under stirring
enable an interesting set of scierdiudies and applications. for 2 h in the dark.

SERS MeasurementsRhodamine 6G was used as the probe
molecule. Ethanolic solutions with concentrations friid. 1 pM
Materials. Silicon wafers 100, N/Phos) were purchased from were prepared, and al2aliquot was spotted on the substrate. SERS

. easurements were performed after drying of the solvent. Unless
Wafer World Inc. FAS (purity >95%) was purchased from Gelest Ing . .
PEG (35.0 kg/mol, BioUltra), silver nitrate, hydroquinone, R6G, an thegbsde St".’}.tsdilltl:]setr(;?gcﬁﬁgaﬁg%gf eRnGeGit W%Sf’vltﬂgoﬁgaoougmzed
MB were purchased from Sigma-Aldrich. Ethanol was purchased fr Y- 9 y

Merck. Citrate-stabilized gold NP solutions (20, 60, 80, 100, and 1 per?é?%rgg V\%?Admgggﬁ] %arr#g(ljee g:]raaférgfs%smggsxevciﬁms were
nm in diameter) were obtained from Ted Pella Inc. - h Lo .
Characterization. The topography of the relevant surfaces wa? step size of 0.5n and an integration time of 0.05 s. To determine

analyzed with AFM (Veeco Multimode 8) in tapping mode. Thethe detection limit of the reporter molecule, a single spectrum with an

morphology of the substrate after immobilization of the gol ntegration time of 15 s was obtained at the center of a spot, and the

nanoparticles was analyzed by scanning electron microscopy (S ac%trg\?vf Sloei??l};v\\fég E\ézre?%idggrggrezvgé?;s'g2‘;';%?#'5% rr?ht'ec;'
Zeiss EVO LS10) imaging that was performed at 20 kV followin P pert 9

; e 3
deposition of a thin layer of gold. Water contact angle measureme alysis. Thﬁ ar(r)]man?(;_ St.tretCh EeakdoftRQG at 1361 bmasd for th
on the substrates were performed using an automatic opti«%osen as the ¢ arrécderls Ic peax, ar; hlsollntens.|ty ‘l’."a.s used for the
tensiometer (Attension Theta Lite). SERS measurement w, aman mapping and determination of the detection fimit.
performed on a WITec alpha M+ confocal Raman microscopy
system equipped with ¥06bjective and the 532 nm laser source (1 " . .

m spot size, 0.1 mW power). Supporting Information

Preparation of Hydrophobic Substrates. Silicon substrates The Supporting Information is available free of charge at
were cleaned with UV-ozone treatment (Bioforce, Procleaner) for 2Qtps://pubs.acs.org/doi/10.1021/acsnano.0cQ1987
min. The freshly cleaned substrate was coated with a layer of FAS by Thickness and contact angle as a function of the FAS

enclosing the substrate in a polystyrene Petri dish whose cover was . 2. .2 .
spotted with a small droplet (10) of FAS, as discussed in detail in deposition conditions, additional AFM and SEM images,

our previous publicati6h The FAS deposition was terminated by schematic description of the grafting process, density of
removing the substrate from the Petri dish, followed by washing in  the assembled gold nanospheres, histograms of SERS
ethanol for 2 min under sonication to remove excess and weakly intensity from arrays of gold nanospheres of varying
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