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Monolayer film structures based on branched gold nanoparticles (Au NPs) with
(80+20) nm average NPs size were synthesized using template synthesis on functionalized
glass substrates. The obtained materials have a high distribution uniformity of isolated Au
NPs in a monolayer. The study of the surface profile of monolayer ensembles showed that
NPs have a three-dimensional shape, the average roughness of the films surface is 20—
30 nm, which corresponds to the length of the sharp NP branches (25£5 nm). The optical
properties of Au NPs monolayer ensembles were studied.
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MeTomOoM TEMILIATHOTO CHHTE3a Ha (DYHKIMOHAIUSMPOBAHHBIX CTEKJSHHBIX IIOJJIOMKAX
MOJIyueHbl CTAOHJIBHBIE MOHOCJONHBIE IIJIEHOYHBIE CTPYKTYPHI HA OCHOBE pPA3BETBJICHHBIX
HAHOYACTHUILL 30JI0Ta €O cpeaHuM pasmepom Hanouactull (80+£20) um. Iloryuennsie maTepua-
JBbI 00J1aIAI0T BBICOKOHN OJHOPOIHOCTBIO PACIIPeeNeHnsT N30JNPOBAHHBIX HAHOUYACTHUI] 30JI0TA
B MoHoOcJoe. HMayuenme mnpoduiis HOBEPXHOCTHM MOHOCJOWHBIX aHcam0bJjell IOKasajgo, YTO
HAHOYACTUILLI UMET O0BeMHYI0 (DOPMYy, CPefHsAs MIePOXOBATOCTh ILIEHOK cocrapiser 20—
30 HM, UTO COOTBETCTBYET SHAUEHUIO JJIHWHBLI OCTPBIX OTBETBJEeHHU HaHouacTur ((25t5) mm).
HcenemoBaHbl ONTHYECKNE CBOMCTBA MOHOCIOMHLIX aHcamMO0Jeil HAHOYACTHIL 30JI0TA.

OTpuMaHHsI MOHOIIAPOBUX AHCAMOJIB PO3rajyKeHNX HAHOYACTHHOK 30JI0TA.
T.I'.Beitnux, H.A.Mameeescvra, [J.JO.Kocvanos, AA.Bopuoscvkux, B.I'.Rypsasuii,C.B.dyxa-
pos, C.I. [Tempywenko

MeTogoM TEMILIATHOTO CHHTe3y Ha (PYHKI[IOHAJII30BAHMX CKJIASHMX HigKJAaIKaX OTPUMAHI
cTabisbHi MOHOIIIAPOBL ILIIBKOBI CTPYKTYPH HA OCHOBI POSrally:KeHHX HAHOUYACTHUHOK 30JI0TAa
3 cepegaim posmipom HamouacTuHOK (80120) mHm. Orpumanmi marepianu MamTh BHUCOKY
OJHOPIAHICTL POBIOAINY iBOJHLOBAHMX HAHOUACTUHOK 30J0Ta B MoHomiapi. Buuennsa mpodi-
JIT0 TIOBEPXHI MOHOIIIAPOBUX aHCcaMOJiB MOKAa3ajo, 110 HAHOUACTUHKM MAalTh 00’eMHYy (opmy,
cepeHsA MIOPCTKicTh maiBok cramoBuTh 20—30 HM, 110 BiANOBifac sHAUEHHIO AOBKHUHU TOC-
TPUX BiArany:xkeHb HamouacTuHOK ((2515) mm). HocaigikeHO ONTUYHI BIACTUBOCTI MOHOIIA-
POoBMX aHCcaMOJIiB HAHOYACTUHOK 30JI0TA.
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1. Introduction

In recent decades branched Au NPs have
been increasingly used in many fields, in-
cluding catalysis [1, 2], Raman spectroscopy
and analytical chemistry [2-4], etc. due to the
presence of NPs sharp branches where signifi-
cant electric field strength increase is observed
caused by the excitation of delocalized electrons
of Au NPs by the electromagnetic wave [5].

Since using colloidal solutions of branched
Au NPs is limited with their aggregative in-
stability, more attention is paid to the crea-
tion of stable materials based on gold
nanoparticles in the form of films. The main
requirements for film structures are: mono-
dispersity of NPs with the ability of control-
ling their size and morphology; homogeneity
of NP distribution over the substrate surface;
NP isolation, absence of aggregated fraction;
film insensitivity to the environment.

The most common methods of forming
film structures are the self-assembly
method (SAM) [6, 7], layer-by-layer assem-
bly (1-b-1 method) [8-10], and also the tem-
plate method [11, 12]. There is also a num-
ber of the films formation methods based on
the destruction of the crystal lattice of me-
tallic gold under high-voltage current action
[5], the vacuum deposition method [6]. The
main disadvantage of this method is the
size and shape NPs distribution in the film
structure, which leads to the film surface
inhomogeneity. Therefore, to obtain mono-
disperse NPs of given morphology, conden-
sation (chemical) methods are often used.
The SAM [7, 8] and 1-b-1 method [9-11] are
based on the adsorption of NPs, formed in a
colloidal solution, onto the surface of funec-
tionalized substrate. The substrate immer-
sion into colloidal solution can lead to NPs
coagulation and, as a result, to the forma-
tion of an inhomogeneous film with the
fraction of aggregated NPs.

Previously, we obtained film structures
based on branched Au NPs by SAM [7] and
I-b-1 method [9]. The prepared films have
framework (arched) structure, large number
of pores, fraction of aggregated NPs, which
narrows their application field a lot. Con-
cerning this, it becomes necessary to de-
velop method of films formation that would
ensure NPs monodispersity, isolation and
homogeneous distribution in the ensemble
formed on the substrate surface. As opposed
to SAM and 1-b-l1 method, the template
method assumes the realization of a control-
led nucleation process and the subsequent
growth of NPs directly on the surface of
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the functionalized substrate (template),
which avoids substrate immersing into the
colloidal solution, ensures high NPs size ho-
mogeneity and allows controlling the filling
density of the substrate surface [13].

For today, the problem of obtaining mono-
layer films based on metal NPs using tem-
plate synthesis method is little studied, the
aspects of material science of the Au NPs
ensembles formation are insufficiently stud-
ied, thus the aim of this work was to obtain
stable homogeneous branched Au NPs mono-
layer ensembles with preservation of NPs in-
dividual properties, as well as to study the
optical properties of the obtained materials.

2. Experimental

Commercial chloroauric acid
HAUCI;-3H,O  (299.9 %); silver nitrate
AgNO3; (299.8 %); ascorbic acid CgHgOg
(299.0 %); (8-aminopropyl)triethoxysilane
(APTES) C9H23NO3S| (~98.0 0/0), sulfuric
acid H,SO, (-98.0 %); hydrogen peroxide
H,O, (~38.0 %), ethyl alecohol C,yHgO
(~96 %) were used as received without fur-
ther purification.

Monolayer ensembles of branched Au NPs
were formed by the method of template syn-
thesis. The formation of ensembles was car-
ried out on a surface of 1x1 cm? glass slides.

At the first stage, the surface of glass
substrates was modified by APTES mole-
cules, which interact with the silanol
groups of the glass and due to the presence
of positively charged amino groups, form
the active layer, which ensures Au precursor
adsorption from the solution [11]. Glass
slides were cleaned by piranha solution
(30 % Hy0,:98 % HySO, =1:10, v:v) at
25°C for 8 hours to remove the adsorbed
impurities, then the slides were sonicated in
bidistilled water several times. (Caution: pi-
ranha solution is a powerful oxidizing agent).
Modification of glass surface was carried out
using APTES. The slides were immersed into
5 % (v/v) APTES solution in ethanol, the
solution was heated and Dboiled during
90 minutes keeping the solution volume sta-
ble. Modified glass slides were sonicated in
ethanol and bidistilled water several times.

Adsorption of the tetrachloroaurate (III)
ions on glass occurs due to the electrostatic
interaction between negatively charged
AuCl,~ ions and positively charged NHs3*
groups of the modified substrate surface.
Modificated glass slides were subsequently
immersed into 21074 M HAuUCl, solution
(20 mL), 0.008 mL of 0.05 M AgNO; was
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Fig. 1. SEM images of monolayer films surface with L. = 100 nm thickness at different magnification, insert

1 — NPs size distribution in the monolayer, insert 2 — Au NP electron microdiffraction in the ensemble.

added under stirring, the solution was vig-
orously stirred for 10 minutes, then 0.8 mL
of 0.01 M ascorbic acid was added. The so-
lution was stirred for 1 hour, then sub-
strates were kept in Au NPs colloidal solu-
tion for 1, 2, 8 and 5 hours, then washed
with water several times to remove Au NPs
adsorbed from the solution. To further fill
the substrates surface, the 2%d and the 3rd
cycles were performed similarly.

The formation of nonspherical Au NPs
occurs due to the realization of the under-
potential deposition of silver atoms on the
Au NPs surface [2, 14-17]. At the first
stage of nonspherical Au NPs growth on the
modified substrate surface AuCl,~ ions are
reduced by ascorbic acid, since AuCl,~/Au®
reduction potential is higher than Ag*/AgC
potential. After the formation of Au NPs on
the substrate surface, which are the centers
of nucleation, Ag* ions are reduced by
ascorbic acid on the Au NPs crystal faces
surface at a potential value less than the
Ag*/Ag® standard reduction potential [14].
In the result, silver atoms are adsorbed on
the Au seed surface facets with the highest
surface energy, forms monolayers, selec-
tively stabilizes {110}, {310}, {720} Au facets
[2, 15-17]. Anisotropic Au NP growth leads
to the formation of lateral branches, which
are grown on other facets with lower sur-
face energy. After stabilization {110} facets
Au adsorbs on {111} facets, which leads to
Au branches formation [17].

Morphology and structure of the films
based on Au NPs were studied by means of
ultra-high resolution scanning electron mi-
croscopy (UHR FE-SEM) (Hitachi S-5500,
Hitachi High-Technologies Corp., Japan),
and scanning probe microscopy (SPM)
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(SPM-9600, Shimadzu Corp., Japan) in the
non-contact mode at a frequency of 0.2 Hz
using cantilever PPP-NCHR. The film
thickness was determined using the “step
method” based on measuring the difference
between the artificially formed groove and
the film. The roughness analysis was car-
ried out along a horizontal line along the
center of the SPM image with an area of
10x10 um?2. The size distribution of NPs in
films was obtained by the linear intercept
method. The room temperature absorption
spectra were measured over a range from
0.4 to 1.1 um with a Lambda-35 spectro-
photometer (Perkin-Elmer, USA).

3. Results and discussion

Monolayer ensembles of branched Au NPs
were obtained directly on the substrate sur-
face by the template method. A study of the
morphology of the film surface showed that
the average NP size determined from SEM
images (Fig. 1) is (80%£20) nm, the average
number of branches is (912), and their
length is (25£5) nm, NPs are evenly distrib-
uted over the substrate surface without sig-
nificant aggregation. The represented histo-
gram (Fig. 1, insert 1) indicates to monomo-
dal dist ribution of NPs size in the
ensemble. Au NPs in ensemble are crystal-
line, the diffraction rings in electron dif-
fraction pattern corresponding to the {111},
{200}, {220}, {311} facets can be indexed to
the face centered cubic unit cell structure
of Au NPs (Fig. 1, insert 2).

Surface investigations of Au NPs ensem-
bles by the SPM method showed that the
average film thickness (L) after the 15t
cycle (Fig. 1) is 100 nm, surface roughness
(Ra) at a base length [ =15 um is 20 nm

Functional materials, 25, 3, 2018
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Fig. 2 SPM images of films after the 15t (L = 100 nm), 2" (L = 120 nm) and 3" (L = 120 nm)

cycles (a-c) and surface profile of the monolayer ensembles (d-f).

(Fig. 2a). Since the average film thickness L is
close to the average NP size value, it can be
concluded that NPs monolayer is formed on the
substrate surface. Further filling of substrate
surface by Au NPs leads to increasing of the
films thickness L (Fig. 2b, c¢) and their rough-
ness Ra (Fig. 2e, f), the average roughness Ra
for L = 120 nm films thickness is 30 nm.

The fact that the surface profile of
monolayer ensembles deviates by 20-30 nm
within the basic length I = 15 um can indi-
cate that Au NPs have a three-dimensional
shape, rather than a planar, since the average
length of the sharp branches (Fig. 1) corre-
sponds to the surface roughness (Ra) value of
branched Au NPs monolayer ensembles.

The optical properties of the formed
monolayer ensembles of branched Au NPs
were investigated. In the absorption spectra
of monolayer ensembles two maxima are ob-
served, which correspond to the longitudi-
nal (900-1010 nm) and transverse (580—
620 nm) peaks of localized plasmon reso-
nance (LPR), (Fig. 3a). The LPR peak in the
region of 620 nm for films with L =
100 nm thickness can be associated with the
delocalized electrons (plasmons) excitation
of Au NP core, and its position depends on
the core size [14]. The maximum at 900—
1000 nm refers to the oscillations of elec-
trons on NPs sharp branches and its posi-
tion is determined by the number and
length of Au NPs sharp branches [1, 2, 14].
Both LPR bands are broadened, which is
due to the branched structure of NPs and
their size distribution. When film thickness
increases to L = 120 nm, the LPR maximum
shifts to the shortwave region of the spec-
trum (from 620 to 583 nm), which can be
related to the contacts of closely located
NPs in the monolayer [18].
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The presence of a maximum in the long-
wave region is a distinctive feature for NPs
with long and sharp branches. For example,
for branched Au NPs colloidal solutions
with a smaller length of NP branches
(branch length is (13.1+£5.0) nm, NPs size is
(60+24) nm, [19] there is one maximum in
the region of 600 nm, representing the super-
position of LPR of NP core and branches. It
should also be noted that the LPR maximum
position is affected by the shape of the
branches: the sharper and longer are NP
branches, the more LPR maximum is shifted
to the longwave region of the spectrum [2].

Varying the time, during which the sub-
strates are in a NPs colloidal solution, in
the range of 1 to 5 hours has shown that
the intensity of the lines in the absorption
spectra changes insignificantly (Fig. 8b).
This suggests that the monolayer films for-
mation occurs due to the realization of the
nucleation process and the further growth of
branched NPs directly on the substrate sur-
face, and not due to the adsorption of NPs
formed in the colloidal solution to the substrate
surface. The study of absorption spectra in
time has shown that the position and intensity
of the LPR maxima don‘t change for 4 months,
which indicates the stability of Au NPs mono-
layer ensembles to the environment.

The obtained Au NPs monolayer ensem-
bles are promising as substrates for en-
hancement of fluorescence and Raman scat-
tering spectra [18] due to the excitation of
NP localized plasmons, as well as the for-
mation of so-called "hot zones”™ or "hot
spots”, which are a superposition of electro-
magnetic fields of closely located NPs. In
contrast to films based on planar gold struc-
tures, for example, flat nanoprisms [13], in
which "hot zones™ can be formed near inho-
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Fig. 8. (a) Absorption spectra of monolayer ensembles of branched Au NPs after (1) the 15t cycle and
aging during 1 hour, (2) the 15 cycle and aging during 5 hours, (3) the 2 cycle and aging during
1 hour, (4) the 3™ cycle and aging during 1 hour; (b) the dependence of the maximum intensity in
plasmon resonance spectra on the time of substrates aging in the colloidal solution.

mogeneities of NP surface (sharp ends of
nanoprisms), in the case of branched Au
NPs on the substrate surface formation of
"hot zone” near each sharp branch is possi-
ble, which is confirmed by theoretical calcu-
lations of the electromagnetic field distribu-
tion near the branched Au NP [19].

4. Conclusions

The possibility of obtaining monolayer
ensembles of branched Au NPs by the tem-
plate method with 80 nm average NPs size
on glass substrates is demonstrated. Pa-
rameters that allow to obtain ensembles of
isolated NPs directly on the substrate sur-
face and to avoid the NPs aggregated frac-
tion have been established. It is shown that
the formation of sharp branches occurs in
all growth directions. In the absorption
spectra (plasmon resonance) of monolayer
ensembles 2 maxima in the region of 580—
620 nm and 900-1000 nm are observed.

References

1. Q.Cuia, B.Xia, S.Mitzscherling et al., Colloids
Surf. A, 465, 20 (2015).

2. Ndokoye, X.Li, Q.Zhao et al., J. Colloid Inter-
face Sci., 462, 341 (2016).

3. L.Chen, J.Lv, A.Wang et al., Sens.Actuator
B, 222, 937 (2016).

4. M.Fan, G.F.S.Andrade, A.G.Brolo, Anal. Chim.
Acta, 693, 7 (2011).

538

5.

6.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

. T.G.Beynik,

L.A.Dykman, V.A.Bogatyrev, Russ.Chem.
Rev., 76, 181 (2007).

S.Fang, C.Hsu, T.Hsu et al., J.Electroanal.
Chem., 741, 127 (2015).

N.A.Matveevskaya, M.V.Do-
brotvorskaya et al., Nanosistemi, Nanomateri-
ali, Nanotehnologii, 15, 417 (2017).

. C.K.Klutse, A.Mayer, J.Wittkamper, B.M.Cul-

lum, J. Nanotechnology, 2012, 319038 (2012).

. V.0.Yukhymchuk, O.M.Hreshchuk, M.Ya.Valakh

et al., Semiconductor Physics, Quantum Elec-
tronics & Optoelectronics, 20, 41 (2017).
J.J.Richardson, M.Bjornmalm, F.Caruso, Sci-
ence, 348, 411 (2015).

N.A.Matveevskaya, Yu.V.Ermolaeva, Yu.l.Pa-
zyura et al., Nanosystemy, Nanomaterialy,
Nanotehnologii, 7, 517 (2009).
S.C.Street, A.Rar, N.Zhou et al.,
Mater., 13, 3669 (2001).

L.Cheng, J.Huang, H.M.Chen et al., J. Mater.
Chem., 22, 2244 (2012).

E.S.Kooij, W.Ahmed, C.Hellenthal et al., Col-
loid Surf. A, 413, 231 (2012).
S.A.Canonico-May, K.R.Beavers, M.J.Melvin,
J.Colloid Interface Sci., 463, 229 (2016).
M.Grzelezak, J.Perez-Juste, P.Mulvaney, L.M.Liz-
Marzan, Chem. Soc. Rev., 37, 1783 (2008).
T.I.Borodinova, V.G.Kravets, V.R.Romanyuk,
J. Nano-Electron. Phys., 4, 02039 (2012).
Plasmonics: Fundamental and Applications,
ed. by S.A.Mayer, Springer Science + Busi-
ness Media LLC (2007).

H.Yuan, C.G.Khoury, H.Hwang
Nanotechnology, 23, 075102 (2012).

Chem.

et al.,

Functional materials, 25, 3, 2018



