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The adsorption of thiacyanine dye molecules on citrate-stabilized silver nanoparticle clusters drop-cast
onto freshly cleaved mica or highly oriented pyrolytic graphite surfaces is examined using colocalized
surface-enhanced Raman spectroscopy and atomic force microscopy. The incidence of dye Raman sig-
natures in photoluminescence hotspots identified around nanoparticle clusters is considered for both

citrate- and borate-capped silver nanoparticles and found to be substantially lower in the former case,
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suggesting that the citrate anions impede the efficient dye adsorption. Rigorous numerical simulations
of light scattering on random nanoparticle clusters are used for estimating the electromagnetic enhance-
ment and elucidating the hotspot formation mechanism. The majority of the enhanced Raman signal,
estimated to be more than 90%, is found to originate from the nanogaps between adjacent nanoparticles
in the cluster, regardless of the cluster size and geometry.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Dye coated metallic nanoparticles (NPs) exhibit interesting opti-
cal properties provided by the interaction between the metal core
and dye shell. Depending on the interaction mechanism between
the two, the optical properties of dye molecules and NPs can be
changed separately or jointly within the adsorbate-NP complex [1].
For example, the NP surface plasmon frequency can be changed
by the presence of adsorbate while the dye fluorescence can be
quenched or enhanced by the NP [2,3]. Ultimately, under special
conditions, these complexes can exhibit unique characteristics dif-
ferent than those of either isolated dye molecules or NPs. Owing to
the variety of mechanisms by which dyes can interact with met-
alic NPs, dye-NP complexes can lead to applications ranging from
nanoscale sensing [4] to advanced composite materials for novel
active and nonlinear optical devices [5].

Many of the recent studies have been focused on dyes which
are able to self-assemble in highly oriented structures called J-
aggregates on the surface of the NPs [6-14]. J-aggregates have a
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strong and narrow excitonic absorption band that is red-shifted
withrespect to the monomer absorption band [15]. The special way
of molecular stacking, responsible for the formation of Frenkel exci-
tons, has been extensively studied [16-24] as these aggregates are
the most famous spectral sensitizers of silver halides for the photo-
graphicindustry [25]. On the other hand, it has been shown that the
combination of J-aggregates and silver or gold NPs provides a plat-
form for the fundamental studies of excitons and their interaction
with high electromagnetic fields, as well as a way to utilize optical
properties of such a hybrid system for nanoscale optical devices.
A necessary condition for the interaction to occur is that the
dye molecules are adsorbed on the surface of the NPs. Therefore,
the adsorption process plays one of the key roles in these systems.
The most common way in which the dye-NP hybrid systems are
prepared is by mixing the appropriate colloid and dye solutions and
letting the resulting mixture reach its metastabile or stabile state
in which the NPs have dye molecules adsorbed on their surface.
The dynamics of the adsorption process is quite complex as it the
depends on various factors including the target concentration of
the constituents, affinity of the dye molecules to bind to the NP
surface and the type of capping anions protecting the surface of the
NPs. For instance, the spectrophotometric studies of thiacyanine
(TC) dye coated silver nanoparticles (AgNPs) in Refs. [26,12-14]
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show that the capping anions can influence the mechanism of the
adsorption process and therefore its efficiency.

The influence of capping anions on the adsorption process can
be studied on a nanoscopic level by exploiting very strong localized
plasmonic fields at the NP surface and employing surface-enhanced
Raman scattering (SERS) [27,28]. SERS has already been used for
identification of TC J-aggregates and for studying their dynamics
on the surface NP clusters in solutions [29-36].

In view of the significance of the dye-to-NP adsorption mech-
anism, here the mechanism of TC dye adsorption on the surface
of AgNP clusters with citrate anion stabilization is investigated. In
order to probe the presence of TC dye molecules on the nanoscale
(i.e. onindividual AgNP clusters), Ag colloids are mixed with TC dye
solutions, and subsequently drop-cast onto freshly cleaved mica
or SiO, substrates and, after drying, investigated using colocalized
Raman microspectroscopy and atomic force microscopy (AFM). The
key mechanism used for the identification of a small amount of TC
dye molecules adsorbed on AgNP clusters is SERS [32]. The mea-
surements are complemented by rigorous numerical simulations of
plane wave scattering on AgNP clusters, showing that the electro-
magnetic enhancement of the Raman signal originates dominantly
from the nanogaps between adjacent AgNPs within the clusters.
The analysis of the SERS spectra acquired at the AgNP clusters on
mica substrate and the fact that the majority of the SERS signal
comes from the nanogaps indicate that the citrate anions impede
the efficient dye adsorption.

2. Materials and methods
2.1. Chemicals

Silver nitrate (AgNO3), potassium chloride (KCl), and sodium
borohydride (NaBH,) trisodium citrate (Na3CgH50- x 3H,0) of the
highest purity were purchased from Sigma Aldrich and used as
received.

Thiacyanine dye (3,3-disulfopropyl-5,5-dichlorothiacyanine
sodium salt, TC) was purchased from Hayashibara Biochemical
Laboratories, Okayama, Japan.

2.2. Samples

Aqueous solutions of borate- and citrate-capped AgNPs
were synthesized by NaBH4 reduction of AgNOs3, as described
in Refs. [12,14]. For the synthesis of citrate-capped AgNPs,
Na3zCgH507 x 3H,0 was used as a stabilizing agent. The solution
of borate-capped AgNPs was prepared immediately before use as
the colloid is stable only up to a few hours. Oppositely, the solu-
tion of citrate-capped AgNPs is stable for a longer period of time,
measured in months, due to the protective citrate anion mantle.
The average diameter of both borate- and citrate-capped AgNPs is
around 10 nm (see Section S1 of the Supplementary information).
The nominal concentration of citrate-capped AgNPs in water solu-
tion is cag =16 nM (see Fig. S1 for the related absorption spectra).

Aqueous TC dye solution with nominal concentration
crc=50 M of TC and 1mM of KCl was prepared by dissolv-
ing the solid TC in water and by adding KCl afterwards. Water
purified with a Millipore Milli-Q water system was used in all
cases. The absorption spectra of the TC dye is given in Fig. S1 in the
Supplementary information.

The Ag colloid and the TC dye solution are mixed, and the
resulting mixture (see Fig. S1 in the Supplementary information
for the related absorption spectra) is drop-cast on a substrate.
The adsorption of TC molecules on the surface of borate-capped
AgNPs happens almost instantaneously [13,12], and the mixture
was therefore drop-cast on the substrate a few minutes after mix-

ing the two solutions. On the other hand, the adsorption of TC dye
on the surface of citrate-capped AgNPs is a much slower process
[26,14] and for that reason the mixture was left overnight and
afterwards drop-cast on a substrate.

For the investigation of TC/citrate-capped AgNP clusters, as well
as for initial characterization of pristine citrate-capped AgNP clus-
ters, mica was used as a substrate. Mica has an atomically flat,
hydrophilic surface on which the AgNPs are easily deposited, while
its contribution to the total Raman signal is small (see Section S2
of the Supplementary information). In addition to mica, highly ori-
ented pyrolytic graphite (HOPG) and SiO, substrates were used as
their surfaces are hydrophobic and, therefore, facilitate the forma-
tion of large, closely spaced AgNP clusters as well as more efficient
aggregation of the TC dye on their surface. In particular, HOPG is
used for Raman characterization of concentrated TC dye, since the
dye efficiently aggregates on its surface. The SiO, is used for the
control study of AgNPs having dye/borate anions conformed to their
surface, since the large closely spaced AgNP clusters are required for
fast Raman/SERS characterization of the initially unstable borate-
capped AgNPs. Raman spectra of the TC dye, Mica, Si and HOPG are
shown in Fig. S2 in the Supplementary information.

2.3. Methods

The AgNP clusters on a substrate are investigated using colo-
calized Raman microspectroscopy and AFM. The two techniques
are used simultaneously thus providing spatially resolved chemi-
cal information of the sample along with its surface topography at
the same place. In this way one is able to identify and assert the
size of the SERS active AgNP clusters while obtaining the chemi-
cal identity of the analyte adsorbed on the surface of AgNPs. The
AFM is operated in tapping mode in order to minimize the lateral
force between the tip and the sample induced by lateral move-
ments of the tip across the sample. The cantilever-tip system is
oscillated at the characteristic first order resonance which is usually
in the 90-230 kHz range. For Raman spectroscopy and SERS mea-
surements a linearly polarized semiconductor laser operating at a
wavelength of 532 nmis used. The laser power was varied from 2 to
0.2 mW within the ~0.3 x 0.3 wm sized focus. The experiments are
performed using commercial NTegra Spectra system from NT-MDT.

To numerically solve the classical Maxwell equations we have
used the finite element method implemented within the Comsol
Multiphysics software package [37]. We consider clusters of AgNPs
having a diameter of 10 nm on a substrate under plane wave illu-
mination. The Ag dielectric constant is taken from Rakic et al. [38].
The substrate is assumed to be semi-infinite and isotropic with
a dielectric constant of 2.25, which roughly corresponds to the
dielectric constants of both mica and SiO, at visible frequencies.
The surrounding medium is vacuum and its dielectric constant is 1.
For purposes of efficient meshing, AgNPs are assumed to lie 1 nm
above the substrate. The clusters are formed in the plane which is
parallel to the substrate by allowing AgNPs to have random posi-
tion but enforcing the following conditions: (i) there is a certain
minimal allowed distance d between two AgNPs; two AgNPs sep-
arated by the minimal distance are said to be adjacent; (ii) each
AgNP must be adjacent to at least one other AgNP, thus ensuring
that each randomly generated cluster is connected. By imposing
these two conditions, we were able to randomly generate various
cluster geometries and mimic the lack of control over the clusters
morphology in the experiment.

The absorption o,()), scattering og(A) and extinction gext(A)
cross sections are calculated as a function of wavelength A,
according to their well-known definition [39]. The electric-field
enhancement f{r, 1) is defined as the squared ratio of magnitudes of
the local electric field E(r, A) and the incoming electric field Eg(A),
with r denoting the coordinate at which the former is evaluated.
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Following Kerker et al. [40], the SERS enhancement factor is defined
as F(r, Ajpe, A) =f(x, Ainc )A(x, L) with A and A denoting the laser and
Stokes wavelength, respectively. Since the measured PL/Raman sig-
nal being reported in this paper originates from large (relative to
a cluster), diffraction limited, spots of 300 nm approximate diame-
ter, it cannot be directly related to the spatially-resolved field and
SERS enhancement factors. Instead, we consider their integrals over
the cluster surface S and the corresponding cluster-averaged SERS
factor (F(Ainc, A)) defined as

1
(F()‘ino k)) = § /F(l‘, )"il’lcv k)ds (1)
S

3. Results and discussion

3.1. Surface-enhanced Raman spectroscopy of pristine
citrate-capped AgNPs

Fig. 1(a) shows an AFM topograph of pristine AgNP clusters
on mica surface. The corresponding PL/Raman map is shown in
Fig. 1(b). The intensity of every pixel in the PL/Raman map is
obtained by dividing the sum of PL/Raman intensities across the
entire spectral range (100-2000cm~!) with the number of spec-
tral points. The color bar in panel (b) thus enumerates the average
photon count. Bright areas in Fig. 1(b) represent the regions of
enhanced signal, henceforth referred to as hotspots. These regions
coincide with AgNP clusters consisting of a large number of AgNPs
(with diameters in the 10-50 nm range), as seen by comparing the
PL/Raman map with the AFM topography image. In fact, we find
that the hotspots are dominantly formed within larger AgNP clus-
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ters, such as those in Fig. 1(a), regardless of the substrate which is
used (mica, SiO, or HOPG).

Fig. 1(d) and (e) shows two sets of consecutively acquired spec-
tra with a 40 s time step taken at two hotspots from Fig. 1(b) using
532 nm laser with intensity of ~200 wW/wm?2. The spectra in panels
(c)and (d) are similar, but cannot be quantitatively compared. Both
sets feature a wide background which spreads over the entire spec-
tral range, and a pronounced band blinking in the 1000-1800 cm™!
range (shaded region) which hinders a quantitative analysis. Con-
sidering that citrate anions are used for stabilizing the AgNPs, our
hypothesis is that the blinking spectra is the SERS signal from the
citrate anion mantle, sensitive to local heating in hotspots due to
the small size of citrate anions, while the wide background is PL
coming from the AgNP clusters.

3.2. Numerical simulations of light scattering on random AgNP
clusters

In order gain an insight into hotspot formation and assess the
Raman enhancement factors, we employ a numerical model to
calculate the electromagnetic fields scattered on randomly gener-
ated AgNP clusters. The motivation for considering random AgNP
clusters is to get an idea on the variability of the electric field
enhancement upon changing the cluster geometry and to identify
any invariants which could be used to interpret SERS measure-
ments on clusters whose exact geometry is unknown. A typical
cluster consisting of 20 AgNPs is shown in Fig. 2(a). In this example
we set the minimal AgNP distance at d =0.8 nm while the adjacent
AgNPs are indicated by solid (red) lines Fig. 2(a). The extinction
cross-section of the AgNP cluster in panel (a) is plotted in Fig. 2(b),
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Fig. 1. (a) AFM topograph of pristine AgNP clusters drop-cast onto a freshly-cleaved mica substrate. (b) Corresponding PL/Raman map. (c), (d) Typical SERS spectra acquired
within two hot spots in panel (b). The spectra were measured consecutively with a 40s time step. The excitation laser wavelength is 532 nm.
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Fig. 2. (a) Sketch of a typical cluster geometry used in the numerical model. Normal incidence is assumed for the incoming wave while its electric field is polarized parallel
to the plane of the cluster and oriented as indicated by the arrow. The incident field intensity is set to 200 wW/wm?. (b) Extinction spectra of the cluster in panel (a). The
inset shows the electric field magnitude distribution at 532 nm. (c¢) Surface integrals of the intensity enhancement over the entire cluster surface (solid black line) and over
the entire gap area (dashed red line) plotted as the function of the wavelength. (d) Surface integrals of the total field enhancement (solid, black) and the ratio of the field
component perpendicular to the AgNP surface (dashed, red) both taken over the entire cluster surface. (For interpretation of the references to color in this legend, the reader

is referred to the web version of the article.)

as a function of the incident wavelength. For the considered cluster,
the scattering cross-section is negligible with respect to the absorp-
tion cross-section and therefore oex; ~ 0,. The two peaks observed
at 365 and 435 nm, represent the single particle and cluster surface
plasmon, respectively. Below we find that the wavelength of the
former is virtually independent on the presence of other AgNPs,
while the cluster plasmon wavelength redshifts with increasing
cluster size. Upon the excitation of a cluster plasmon, the electric
field is resonantly enhanced over the entire cluster. Although the
distribution of resonant fields is highly dependent on the details of
AgNP arrangement [41], the highest enhancement is known [42,43]
to be invariably reached within the gaps between adjacent AgNPs,
which is corroborated by our numerical simulations of many ran-
dom AgNP arrangements.

The inset of Fig. 2(b) shows the spatial distribution of the elec-
tric field magnitude in the plane containing the NP centers, excited
at 532 nm which is far from the cluster plasmon at 435 nm. This
hints that the highest field enhancements are reached in NP gaps
for any wavelength and not just for resonances. Fig. 2(c) shows the
surface integral of the field enhancement evaluated over: (i) the
entire cluster surface, consisting of the surfaces of all AgNPs and
(ii) over the entire gap area, consisting of the sum of gap areas of
individual AgNPs, defined as parts of the NP surface located very
close to the adjacent AgNP, as indicated by the (red) shading in
Fig. 2(c) inset. According to this definition, the surface over which
the (ii) integral is evaluated is a small fraction of the (i) integral.
However, the spectra in Fig. 2(c) show that these integrals have
virtually the same value away from surface plasmon resonances.
The difference around the cluster plasmon wavelength is also not
significant, being of the order of 10%. This shows that regardless of
the cluster geometry, the majority of the SERS signal of any species
adsorbed uniformly on AgNPs is likely to come from the gap region
(see also Fig. S3 in the Supplementary information).

Another important question regarding the fields on AgNP clus-
ters is their orientation with respect to the AgNP surface, as

it determines the SERS cross section of vibrational modes of
molecules adsorbed on the AgNP surface. To evaluate the extent
to which the electric field is perpendicular to the local surface, in
Fig. 2(d) we evaluate the surface integrals (taken over the entire
cluster) of (i) the square of the normalized total electric field mag-
nitude, which equals f(r, 1) by definition (solid, black), and (ii) the
square of the normalized magnitude of the electric field component
perpendicular to the AgNP surface (dashed, red). The comparison of
the two spectra in Fig. 2(d) shows that the contribution of the tan-
gential component of the local electric field is negligible, indicating
that in such clusters the perpendicular component of the electric
field is the principal source of the SERS signal.

Having established that for an arbitrarily chosen AgNP cluster
the large majority of the SERS signal comes from gaps between
AgNPs and is associated with the perpendicular electric field com-
ponent, we now focus on the cluster-averaged SERS enhancement
factor (F(Ajnc, A)) and investigate how is it affected by the clus-
ter size and geometry. The typical case is illustrated in Fig. 3(a) in
which we consider a hierarchy of 3 NP clusters shown in the inset,
each having twice as many AgNPs as the previous one. The first one
represents a randomly chosen connected arrangement of 5 AgNPs
with d=0.8 nm. The second is obtained by adding 5 more AgNPs
so that each new AgNP is adjacent to one of the existing AgNPs.
Finally, the third and largest cluster is obtained by adding 10 more
AgNPs to the second one. The corresponding (F(Ai,c, A)) spectra in
Fig. 3(a) shows two main effects of the cluster size increase. First,
the enhancement peaks associated with the cluster plasmon under-
goes a gradual redshift. Second, the surface-average enhancement
(F(Ainc, A)) increases, meaning that the actual SERS signal enhance-
ment given by S x (F(Ajnc, A)) will increase even more rapidly with
adding new particles to the cluster. For example, a cluster having 5
AgNPs exhibits an average Raman enhancements of the order of 10
in the 532-600 nm range, whereas a cluster having 20 AgNPs yields
10 times higher values in the same range. In previous studies on
AuNP chains [44], the increase of particle number has been found



544

—
()
~

(F (Aes A)) 1107]
N

L8 >
o+
~l N E,
1 o
o=ne ‘,. =

RRELEy R
450

550
Wavelength [nm]

650

(c

)
@cﬁ&%f%%
£ £ P8 &
& g B P
o & B
£ v g

U. Ralevic et al. / Applied Surface Science 434 (2018) 540-548

—_

b)
12

(F (Aes A)) [107]

450 550
Wavelength [nm]

-
[=2]

-
N

D

Number of configurations
o

o

100 200 300 400 500 600
<F (Ainc’ A)>

Fig. 3. (a) The average Raman enhancement calculated as a function of the emission wavelength for clusters having 5 particles (dotted orange line), 10 particles (dashed
red line) and 20 particles (solid black line). (b) The average Raman enhancement calculated as a function of the emission wavelength for a cluster with 8 particles when the
minimal distance between the particles is varied. Particles connected by lines, in the inset, are at the minimal distance d from each other. Solid (black) line corresponds to
d=0.5nm, whereas dash-dotted (gray) line, dashed (orange) line and dotted (red) line correspond to d=1nm, d=2nm and d =5 nm, respectively. (c) The left panel shows
some of the 150 considered cluster variants and the electric field polarization direction. All the clusters have 8 particles, with the minimal distance d =0.8 nm. The right panel
shows a histogram of the average Raman enhancement calculated at the emission wavelength 550 nm for all 150 cluster variants. In all calculations normal incidence at a
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to either increase or decrease the average Raman enhancement,
depending on the relative position of the incident wavelength and
the cluster (chain) plasmon.

In Fig. 3(b) we consider the role of the spacing d between adja-
cent AgNPs. For a cluster comprising 8 AgNPs decreasing d from
5nm down to 0.5 nm is seen to result in drastic changes of (F(Ajsc,
A)). The cluster plasmon is rapidly blueshifted and approaches the
single-particle plasmon as the AgNPs are moved further apart (see
also panel (c) of Fig. S3 in the Supplementary information). Simi-
lar conclusions have been previously reported for the AuNP linear
chains embedded in a dielectric medium [42,45]. Meanwhile, the
peak values of (F(Aj,c, A)) are seen to decrease very rapidly since
the gap field enhancement becomes less effective with increasing
d. For example, the lowest considered minimal distance of 0.5 nm
yields SERS enhancements as high as 104 in the 532-600 nm range.

Lastly, by evaluating the average Raman enhancement at
the excitation and Stokes wavelengths of 532nm and 550 nm,
respectively, for a 150 randomly generated 8 AgNP clusters, we
evaluate how the cluster morphology affects the non-resonant SERS
enhancement value. The variety of clusters that have been consid-
ered in the 150 member ensemble, is represented by 25 typical
members sketched in the left panel of Fig. 3(c). The histogram
of (F(Ajpc, A)) values is shown in the right panel, where the col-
umn colors are selected so that they correspond to the color of the
associated cluster in the left panel. The distribution is quite wide,
spanning the range from 50 to 600. By comparing the two panels
of Fig. 3(c), we see that the highest enhancements are reached in
chain shaped clusters having the chain axis aligned with the inci-
dent electric field, such as the one illustrated in Fig. 3(c) by filled
circles. The effect of disorder of the linear AuNP chain on the Raman

enhancement was studied in Ref. [43], where increasing disorder
was found to diminish the Raman enhancement. In this case, the
highest Raman enhancements were found for AuNP chains, when
the incident electric field is oriented along the chain axis.

The brief numerical analysis of light scattering on random
AgNP clusters made in this section shows that the overall SERS
enhancement is highly dependent the cluster geometry and its ori-
entation relative to the electric field polarization. The sensitivity
of (F(Ajnc, A)) to fine details, such as the gap spacing, makes its
exact evaluation very difficult even when electron microscopy is
used for determining the AgNP arrangement with nanometer spa-
tial resolution [46]. In the present case, the possibility of resonant
enhancement cannot be excluded, since the cluster plasmon res-
onances are seen to redshift in elongated clusters with a larger
number of particles than the ones considered here [42,43]. How-
ever, beside the well elaborated enormous Raman enhancements
having a resonant origin [42], we have shown that in the non-
resonant case enhancement factors in the range of 102-103 are to
be expected.

3.3. Surface-enhanced Raman spectroscopy of TC coated AgNPs I:
influence of citrate capping anions on the TC dye adsorption

In the TC/AgNP mixture, the AgNPs may have the J-aggregates or
dye monomers or dimers adsorbed on their surface, or even remain
pristine. Therefore, it is expected that AgNP clusters drop-cast
from the mixture would have a variety of SERS spectra corre-
sponding to those of different dye conformations, citrate anions
and even their combinations. To make a clear distinction between
the non-aggregated and aggregated molecules one must have an
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Fig. 4. (a) AFM topograph of TC dye coated Ag NP clusters which are drop-cast on
mica. (b) Corresponding PL/Raman map. (c) and (d) Typical SERS spectra acquired
within the hot spots, by consecutive measurements with 40s time step. The exci-
tation laser wavelength is 532 nm. In the lower parts of panels (c) and (d) shown
are the SERS spectra obtained by summation of the corresponding consecutively
acquired spectra, and the Raman spectra of the drop-cast TC dye. (For interpretation
of the references to color in this legend, the reader is referred to the web version of
the article.)

excitation resonant with the absorption of either aggregated or
non-aggregated dye molecules [32,47]. Here we use a non-resonant
laser line at 532 nm which does not allow identification of differ-
ent dye conformations. However, AgNP clusters are very efficient
enhancers at this wavelength, as it is shown in Section 3.1 and thus
through the SERS effect alone we are able to determine if the TC
dye molecules are adsorbed on AgNPs or not.

Comparison of the AFM topograph and the corresponding
Raman map in Fig. 4(a) and (b) reveals that the hot spots are located
within the larger AgNP clusters, as in the case of pristine AgNPs
in Section 3.1. The SERS spectra acquired at these hot spots can
be unambiguously categorized in two groups: one featuring stable
Raman bands during successive measurements and the other hav-
ing blinking Raman bands. The wide background from the AgNP
clusters exists in this case as well. Fig. 4(c) and (d) shows the two
distinct spectra types. The recording time step is 40 s and the laser
intensity is ~200 pW/um?2.

The consecutively measured SERS spectra having stable Raman
bands are reminiscent of the drop-cast TC dye Raman spectrum.
The similarity between the two becomes even more convincing
after summation of ten consecutively measured spectra, six of
which are displayed in Fig. 4(c). By applying markers to the three
wave-number regions, I (300-1000cm~1), I1 (1050-1250cm~1), I1I
(1400-1600 cm~1), where the TC dye has its characteristic Raman
bands (see Fig. S2 in the Supplementary information), we find
that in region I around 600 cm~! the summed SERS spectrum has

two bands matching those of a drop-cast TC dye, which is plot-
ted again, for clarity, below the summed spectrum. The modes
around 400 cm~! and 900 cm~! are, however, absent in the related
TC dye SERS. In the remaining regions Il and III the two spectra
have, more or less, the same Raman bands and even similar back-
grounds. Hence, our experiments corroborate the fact that the dye
molecules are adsorbed on the surface of the AgNPs, and point out
another interesting possibility — the dye molecules drop-cast on the
surface of HOPG may be similarly organized as the dye molecules
on the surface of the AgNPs.

Panel (d) in Fig. 4 displays SERS spectra characterized by a pro-
nounced band blinking in the 1000-1800 cm~! range, as indicated
by gray (orange) region. The resemblance of the spectra in Fig. 4(d)
and those of pristine AgNPs in Fig. 1(c) and (d) suggests that the TC
dye molecules are not adsorbed on the surface of the AgNPs. How-
ever, the sum of the consecutive recordings, shownin the lower part
of Fig. 4(d), reveals certain SERS bands in region Il and IIl which are
overlapping the drop-cast TC dye bands. Occasional emergence of
Raman bands which could belong to the TC dye bands in regions I,
Il and III, however, is a common event even for the SERS spectra of
pristine AgNPs. Having in mind that practically the entire enhanced
Raman signal originates form the analyte located in the nanogaps,
the blinking SERS signal can be interpreted as a consequence of
mixing of the pristine AgNPs blinking SERS and the TC dye SERS
which are collected at different nanogaps where the former has the
dominant contribution. Consequently, we are unable to conclude
whether the AgNP clusters exhibiting blinking SERS bands have the
dye molecules adsorbed on their surface or not. However, the exis-
tence of the two distinct SERS spectra clearly points out that the
AgNPs are partially covered by the TC dye molecules. This further
indicates that during the adsorption process, the TC dye molecules
are either competing with citrate anions in order to replace them on
the surface of AgNPs or that the TC dye molecules have a difficulty
conforming over the citrate anion mantle. Hence, we proceed fur-
ther by changing the concentration of TC dye in the mixture while
maintaining the concentration of AgNPs constant at cag =16 nM.

The blinking and TC dye SERS spectra observed for
0.01cc=0.5pM, 0.1crc=5pM, and 0.5crc=25pM of TC, are
shown in Fig. 5(a)-(c), respectively. By analyzing spectra at the
hotspots within various Raman maps, we find that the AgNP
clusters deposited from the solution with the lowest dye concen-
tration yield no clear dye SERS spectra, whereas the AgNP clusters
deposited from the solution with the two higher dye concentration
provide a number of distinct TC dye SERS spectra at the hotspots,
shown in Fig. 5. Comparison of the summed SERS spectra, in the
lower parts of panels (a), (b) and (c) in Fig. 5, and the concentrated
TC dye Raman spectra corroborates that the SERS spectra in panels
(b) and (c) correspond to the one of the TC dye. As expected,
using TC dye concentrations of 0.01crc=0.5 wM, 0.1crc=5 M in
the final solution yields either pristine or partially covered AgNP
clusters, a fact that concurs with the results in Ref. [14]. However,
observation of the blinking type SERS within the AgNP clusters
derived from the mixture with the highest TC dye concentration of
0.5crc =25 M, for which all of the AgNPs in the solution should be
covered by the dye molecules [ 14], further indicates that the citrate
anion mantle impedes the adsorption of the TC dye molecules.

3.4. Surface-enhanced Raman spectroscopy of TC coated AgNPs II:
influence of borate and citrate capping anions on the TC dye
adsorption

In order to examine if the citrate anions impede the TC dye
adsorption, we have performed an additional set of measurements
on a control sample — borate-capped AgNPs mixed with the TC dye
and deposited on the surface of 300 nm thick SiO,, which is ther-
mally grown on the Si wafer. Meanwhile, the borate-capped AgNPs
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Fig. 5. Blinking and TC dye SERS spectra (acquired by consecutive measurements with 40 s time step) at hotspots on the samples made by varying the TC concentration in
TC-Ag NP mixture: (a) 0.5 wM, (b) 5 wM and (c) 25 M. All shown spectra were taken under the same conditions using 532 nm laser with intensity of 200 pW/wm?.

are unstable with the average lifetimes of the order of couple of
hours in the colloid dispersion and are usually stabilized by sodium
citrate (or rather by the citrate anions which replace the borate
anions while conforming to the surface of the AgNPs), as explained
in Ref. [14]. The related lifetimes are much shorter upon deposition
of these AgNPs on a substrate. The SiO, surface is hydrophobic, and,
therefore, promotes formation of closely spaced clusters larger than
those observed on mica, since the droplet drop-cast of the former
dries over a certain area rather than spreading all over the surface.
Such an arrangement, along with the enhanced contrast between
the SiO, surface and the clusters, is absolutely necessary for fast
acquisition of the SERS signal from the unstable, dye/borate-capped
AgNP clusters.

Fig. 6(a)-(c) shows the three Raman maps corresponding to:
(i) AgNP clusters deposited on mica from a solution having
a (citrate-capped) AgNP to the TC dye concentration ratio of
22nM/17 pM~1.3 x 103, (ii) AgNP clusters deposited on mica
from a solution having a (citrate capped) AgNP to the TC dye con-
centration ratio of 16 nM/25 uM =~ 0.64 x 103, (iii) AgNP clusters
deposited on SiO, /Si from a solution having a (borate-capped) AgNP
to the TC dye concentration ratio of 10nM/16 pM=~0.63 x 103,
respectively. The (red) diamonds mark the spatial positions within
the hotspots where the blinking type of Raman spectra is observed,
whereas the (green) squares mark the pixels having the TC dye type
of Raman spectra. These maps share the color bar which is located
below them. Panels (d), (e) and (f) of Fig. 6 display examples of the
spectra collected at the hotspots within the corresponding maps
in panels (a), (b) and (c), respectively. For comparison, the concen-
trated TC dye Raman spectra is plotted in each panel, below all the
other spectra.

The dye/borate-capped AgNPs deposited on the SiO,/Si, form a
higher number of larger clusters than the dye/citrate-capped AgNPs
on mica, as seen by comparing the Raman maps in panels (a), (b)

and (c), as expected. The SERS spectra acquired at these clusters is
exclusively of the TC dye type, as seen in panel (c). In fact, we find
this to be the case for every recorded Raman map. In contrast, the
dye/citrate-capped AgNP clusters exhibit both the blinking and the
TC dye SERS, even when the ratio of the citrate-capped AgNPs and
the TC dye concentrations in solution is approximately the same as
the one of the borate-capped AgNPs and the TC dye (compare panels
(b)and (c) in Fig. 6). The adsorption of the TC dye seems to be more
efficient if the AgNPs have borate anions initially conformed to their
surface and, therefore, we conjecture that the citrate anions indeed
interfere with the adsorption process of the TC dye molecules.

Our findings are in agreement with the previous spectrophoto-
metric study of J-aggregation of TC dye on the surface of AgNPs
[26,13,14,12], where is found that the capping anions (borate
or citrate), as well as added KCI, have an important role in the
adsorption and J-aggregation of the dye molecules. In case of
borate-capped AgNPs, the J-aggregation is found to be a fast pro-
cess (kapp =4.97 s~1) whose kinetics can be explained in terms of
autocatalysis. Differently, kinetics measurements of J-aggregation
on the surface of citrate-capped AgNPs has shown that the J-
aggregation occurs via a two-step slower process (adsorption and
aggregation, kapp1 =0.008 57! and kappz =0.11s71). Also, in the case
of citrate-capped AgNPs was found that the quantity of added KCl
has an important role in the adsorption of TC dye molecules.

This conclusion is further supported by the analysis of the DFT
calculated adsorption energies of the TC dye, borate and citrate
anions on the surface of Ag, reported in our previous work [26]
(see also Section S4 of the Supplementary information).

4. Summary

In summary, the analysis of SERS enhancement based on rigor-
ous simulations of Maxwell equations for the case of plane wave
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Fig. 6. Raman maps of (a) clusters deposited on mica from a solution having a (citrate capped) NP to the TC dye concentration ratio of 22 nM/17 pM~ 1.3 x 10-3, (b) clusters
deposited on mica from a solution having a (citrate capped) NP to the TC dye concentration ratio of 16 nM/25 uM ~0.64 x 10-3 (c) clusters deposited on SiO/Si from a
solution having a (borate capped) NP to the TC dye concentration ratio of 10nM/16 uM = 0.64 x 10-3. (d)-(f) Examples of the blinking and dye SERS spectra observed in the

Raman maps, displayed below the corresponding Raman maps.

scattering on random silver nanoparticle clusters on various sub-
strates has shown that, for the investigated nanoparticles and the
532 nm excitation laser, typical enhancement factors in the range
of 102-103 can be expected. The highest field enhancement factors
are reached at collective nanoparticle plasmon resonances, which
lie in the 400-500 nm range for medium sized clusters (around 20
nanoparticles), and become redshifted in elongated clusters with
an increasing number of particles. From an inspection of electro-
magnetic field distribution on nanoparticle surfaces, a conclusion is
reached that at least 90% of the SERS total enhancement originates
from nanogaps between adjacent nanoparticles, implying that the
experiments are sensitive only to adsorbates located in these gaps.

Combined AFM and PL mapping of citrate-capped AgNP clus-
ters with dye molecules adsorbed from solutions of variable TC
concentration have shown that, even at highest TC concentrations,
not all hotspots exhibit Raman signatures characteristic of TC dye
molecules, indicating that the clusters are only partially covered
by dye molecules. In contrast, the control experiment carried out
with borate-capped AgNP clusters, with similar nanoparticle and
dye concentrations, has shown a complete dye-coverage of AgNP
clusters.

These results are a direct demonstration that the citrate anions,
while useful for stabilizing the colloid, impede the efficient TC dye
adsorption.
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