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Abstract

The use of SERS methods for the quantitative determination of different molecular species is not
trivial as many parameters seriously affect the outcome of any experiment. In this work, we use as
a case study the quantitative analysis of ionic organics dyes. We report on the role of different
molecular properties to the modulation of the SERS signal, the useful dynamic range for the
determination, the dynamics of the molecule-nanoparticle interaction process and the time
dependency of the signal. The consequences on the quantitative determination on dye mixtures,

often found in the analysis of artworks, are discussed.
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Introduction

Since early times, the capabilities of SERS (Surface Enhanced Raman Scattering) for the identification
of organic molecules in low concentration in solution have been assessed. Different reports have
shown the possibility to detect signals originating from a single molecule absorbed on the surface
of a metal (Ag or Au, typically) cluster of nanometric dimensions (NP).[*-31 Towards this goal, the
relevance of many features both of the metal nanoparticles and the analyte have been highlighted
and discussed.B*! The possible application of SERS methods for the identification of organic dyes
present in works of art, textile fibers and other materials has been presented and reviewed.[10-13]
More critical is the possibility to obtain a quantitative determination of the analyte by SERS
techniques because many parameters strongly affect the measured signal and the need of standard

solution for calibration.4

SERS experiments provide a much higher sensitivity than the conventional Raman ones due to a
number of factors. The Raman effect is classically described as the generation of new frequencies
in the radiation scattered by a molecular system when it is excited by monochromatic radiation. This
process is related to the polarizability of the molecule (or, more precisely, to its variation with
molecular vibrations in case of vibrational Raman scattering experiments) and the intensity of the
field interacting with the molecule. If a molecule is adsorbed on the surface of a metal particle of
nanometric dimensions (NP), it can be subject to a Raman scattering process with peculiar
properties.[!>16] The electrons in the Fermi levels on the surface of the metal NP can be driven in a
true collective oscillatory motion (the “surface plasmon”) by an external EM field. The plasmon
resonance frequency is controlled both by the nature of the metal involved and by the NP physical
dimensions. A molecule absorbed on the NP surface that is excited in its plasmonic resonance can
experience a very strong local field, which can lead to an anomalously strong Raman scattering

process. Classical electrodynamics calculation can show that if two metal NPs are very close, when
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they are excited in the plasmonic resonance, the electric field in the gap between them is extremely
high.l'”l Then, if a molecule is placed in this gap an extremely strong Raman signal can be
obtained.[*%! Similar local conditions are referred as “hot spots” in SERS experiments. Furthermore,
chemical processes can modulate the vibrational contributions to polarizability of the molecule that
are responsible of the Raman scattering process. The formation of a chemical bond between the
absorbed molecule and the nanoparticle represents a major modification of the local polarizability
of the system. In a SERS experiment the vibrational bands more directly related to local vibrations
involving the atoms bonded to the cluster are most affected by the signal enhancement. Therefore,
both chemical and physical effects are relevant for the SERS process.[*7°] Other experimental factors
can be relevant, as well. Very important is the closeness of the molecular electronic transitions to
the excitation frequency, exactly as it is occurring in case of the ordinary Resonance Raman
experiments. However, more subtle effects can occur in case of SERS, such as the possible
occurrence of charge-transfer (CT) molecule<=>cluster electronic transitions. These processes gain
efficiency in SERS with both their closeness to resonance (with respect to the excitation frequency)

and cross-section.

SERS has been used for the identification of organic dyes present in different materials.[*3-2% |ts use
was extremely valuable for applications in the field of cultural heritage studies and
conservation.[1013.1821-23] |t offers the possibility to identify these materials without detriment of
these unique samples, with no need of destructive sampling or complex analytical methods. Recent
developments have shown the possibility of local micro-extraction of the dyes on inert substrates
(solvent assisted), followed by addition of metal nanoparticles to the substrate and then SERS
analysis.[11:24-26] The identification of the dye present in the sample is possible thanks to the high

molecular specificity of the SERS signal. A possible problem arises when dealing with samples tinted

3



with natural dyes. Natural products, such as those obtained by the madder (Rubia Tinctorum) roots
are a mixture of hydroxyanthraquinonic dyes, such as 1,2-dihydroxyanthraquinone (alizarin), 1,3-
dihydroxyanthraquinone (purpuroxanthin), 1,4-dihydroxyanthraquinone (quinizarin) and 1,2,4-
trihydroxyanthraquinone (purpurin). Carminic acid, another natural dye obtained from insects,
contains the same anthraquinonic chromophore. The identification and quantification of the
different components can be useful for understanding both the preparation of the sample and its
geographical origin.[?”] At present, chromatographic methods are used for this kind of determination
but a tedious preparation of the sample is needed and the analysis is destructive.[?-2°) Most
recently, a few publications have introduced the possibility of SERS use for this purpose and
properties of binary or more complex dye mixtures have been investigated.3%32] Despite the very
similar Raman cross sections of the different dyes (in non-resonant conditions), they have much
different enhancement of signals in SERS. This represents a possible limitation for the general

applicability of this method.

This work aims to highlight a few fundamental points relevant for the determination of dyes content
by SERS spectroscopic methods. We will focus on the nature of the molecule-substrate interaction,
and on the problems possibly arising for the quantification of dyes absorbed on metal nanoparticles.
We have experimentally studied the SERS signals obtained preparing colloidal dispersions of silver
nanoparticles (AgNPs) with different concentration of ordinary organic dyes. We have selected two
anthraquinonic dyes, alizarin (Az) and carminic acid (CA), which in water can exist in different neutral
or ionic forms (corresponding to different colors).33-3%1 We investigated two cationic dyes as well:
Rhodamine 6G (R6G) and Safranin (SA). R6G is one of the most used dyes for fundamental SERS
studies and its Raman spectrum is well known.[3¢-38 SA is a cationic dye, related to aniline, widely

used as a biological stain. In the early times of cinematography, it was used for toning of black and



white films. SA vibrational properties have been extensively studied.[3%4% A sketch of the different

molecular structures is shown in Fig. 1.

Figure 1. The structure of the dyes used in this study. The arrows point to the hydroxyl group in
involved in Az anion and CA di-anion formation.

Experimental

The colloidal dispersion of silver nanoparticles was prepared according to the traditional Lee-Meisel
procedurel®l, by reduction of silver nitrate with trisodium citrate dihydrate. In particular, after a
reduction time of 60 min, the flask containing the colloidal solution was placed in anice bath to cool.
This prompt cooling process of the colloidal dispersion has been adopted in order to obtain a narrow

distribution of nanoparticle sizes having an average diameter of about 40 nm.

The temporal stability of the AgNPs was checked by the measure of their visible extinction spectrum

and the determination of the frequency, intensity and spectral width of the plasmonic band.



Alizarin and carminic acid were studied in water solution at pH 8 where the dominant species are
their monoanion (AzA) and di-anion (CA), respectively.[3>4144 The cationic dyes exist in a single ionic
form: it was then possible to work in water or native colloidal dispersions. All the different dyes
under study exhibit strong HOMO-LUMO transition in the spectral region 500-550 nm, in the

selected pH ranges.

The samples were prepared by adding 0.5 ml of water (or 102 M phosphate buffer at pH=8.0) to 0.5
ml of the colloidal dispersion in a 1 cm optical path-length quartz cuvette, continuously stirred with
a small magnetic bar. Then, a small volume of the 103 or 10 M dye solution was added in order to
reach dye analytical concentration from 10 to 10”7 M and the sample let to equilibrate for 20
minutes, unless differently specified. This time delay between the sample preparation and the
measure of the SERS spectrum was chosen, after a few initial tests, in order to have good signals
and reproducible conditions. Each measurement for the different datasets was carried out with
AgNPs from the same batch of synthesis. Repeated measurements with AgNPs from different batch

of synthesis were providing the same kind of results for the different datasets.

Raman spectra were measured with a Raman spectrometer based on an Acton SP150
monochromator, equipped with 600 or 1200 lines/mm holographic gratings, and a Princeton
Instruments Pixis CCD detector thermoelectrically cooled. Different lasers were aligned to the
spectrometer (785 nm diode laser, 632.8nm He-Ne laser, and 514.5 nm Ar laser) and holographic
notch filters (OD 4-6) were used for rejection of the elastically scattered radiation. We used the 785
nm laser line and the full 200-3000 cm™ spectrum was measured in a single acquisition on the CCD
camera with the 600 lines/mm grating. The spectral resolution (FWHM of narrow bands) was around
10 cm, corresponding to 3 pixels in the CCD camera. Typical laser power on the sample was 5 mW,

to avoid strong laser induced effects, and the laser beam was blocked when measurements were



not running. Typical acquisition times were 10-30 s. All the spectra we compare as a function of

different parameters are normalized by laser power and integration time.

The selected excitation wavelength (785 nm) allows us to work in pre-resonant conditions
equivalent for the different dyes, as we excite the molecules more than 0.5eV far from their HOMO-

LUMO resonance.

Results and Discussion

We operate in two steps to demonstrate the dependency of the SERS signal to the dye
concentration. At first, we measured the SERS signal as a function of the analytical concentration of
the dye in the samples. Then, we measured the Raman spectrum of the same dye in a solution of
suitable concentration and we calculated the SERS analytical enhancement factor® according to the

formula

IsgRrs MRraman

SERS analytical enhancement factor =
NsERs IRaman

where the observed SERS and Raman intensities (I) are divided by the analytical dye concentration

in the corresponding samples (n).

To work with anthraquinonic dyes in pH 8 solution we used a phosphate buffer to set and stabilize
the pH value and we added to the colloidal dispersion in use an equal volume of buffered solution
before the addition of the dye (already dissolved in the buffered solution). The properties of the
colloidal dispersion are possibly affected by the changes in pH and solution ionic strength. In the
Supplementary Information (Figure S1) we report the extinction spectrum of the colloidal dispersion

in the different experimental conditions and its stability over time.



In Figure 2 we show typical AzA SERS spectra measured in pH 8 buffered solutions. The two peaks
around 1000 cm?, due to the presence of phosphate anions,!**! are clearly observed in the blank
(colloidal dispersion + phosphate buffer) and in the more diluted AzA samples. In the left panel the
extended spectrum is shown, including the broad band above 3000 cm™, due to the OH stretching
modes of water. The uniform intensities in the different spectra of these bands associated to water

is a demonstration of the effectiveness of our data normalization process.
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Figure 2. The AzA SERS spectra (background subtracted and normalized to the overall maximum signal) of
solutions with different dye analytical concentration. Left panel: AzA concentration 0.1, 0.3 and 0.75 uM
(solid, dash and dot lines, respectively). Right panel: AzA concentration 10, 40, 80 uM (solid, dash and dot
lines, respectively). The insets show in details the phosphate bands (marked) and selected AzA bands.

The different bands in the AzA SERS spectrum change uniformly as a function of the analytical dye
concentration. As an example, we report in Figure 3 results obtained for the 1322 cm™ band: the
set of peak intensities (from spectra already normalized for laser power and integration time)
obtained on the different samples is further arranged in a relative scale to the maximum observed
signal. This 1322 cm™ band is one of the strongest in the AzA SERS spectrum: it is assigned to a
combination of CC stretching and CCH bending modes of the anthraquinonic system.3%! The change
of this signal with dye concentration is rather complex, revealing different regimes for the SERS

mechanism. Further insight on the nature of the process can be gained by looking at the
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enhancement factor. The SERS analytical enhancement factor is determined as described above,
taking as the reference Raman spectrum obtained on the 102 M dye solution. The determined
values of the AzA SERS enhancement factors as a function of the dye concentration are shown in
Figure 3 on the right panel. It is quite evident that for the lowest values of concentration (below 1
uM) the enhancement factor is extremely high and it is falling down very rapidly (by more than one
order of magnitude) for larger dye concentration. The enhancement factor is higher than 5*10° at

concentration 100 nM and it is around 5*10* for concentration 10 uM.
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Figure 3. The AzA SERS signal (normalized for laser power and integration time, left panel) and the
corresponding analytical enhancement factor (right panel) are plotted as a function of the dye concentration
in solution. The inset in the left panel shows the detail of the plot for low dye concentration.

These data, together with simple chemical modeling, suggest a rather simple description of the
system. Recent work has shown that alizarin anion binds directly to the AgNPs surface with its
oxygen atoms that are evidenced by the arrow in Fig. 1.[42%3] A reasonable estimation of the
nanoparticles concentration in the colloidal solutions can be obtained by the measurement of the
sample extinction spectrum.!®! The position of the extinction maximum we observe in the native
colloidal dispersion is 415nm, corresponding to a most probable NPs diameter of 45 nm. Similar

particles have a typical extinction factor € = 3*10° L mol~* cm™ thus, for a measured absorbance



A=2.0 on an optical path-length of 2mm, the AgNPs concentration is approximately 2.5* 1071° M.
The area of a single AZ molecule, in the reported interaction geometry!*?, is 710! nm?, according
to simple molecular modeling. Then, the coverage with a continuous monolayer should be obtained
with an analytical dye concentration of 1.5%10° M. Figure 3 shows that AzA has the strongest SERS
enhancement factor at concentration below 10® M. This value is consistent with the maximum
number of AzA needed for the monolayer formation on the surface of the AgNPs, as calculated with
our very simple model. The strong enhancement factor for molecules absorbed in the first
monolayer can be interpreted as the consequence of their chemical interaction with the NPs and
exposition to the strongest electric field due to the plasmonic excitation on the metal surface, too.
At higher AzA nominal concentration probably the molecules are adsorbed in external layers and
the corresponding Raman enhancement factor is decreasing progressively.® We did not try to
model the system with other methods, either computational or experimental, but our hypothesis is
supported also by a careful examination of the SERS spectra for different AzA concentrations.
Phosphate ions are known to chemically interact with Ag NPs and to form a monolayer
coverage.[*>471 Also, they give rise to weak SERS bands around 950 and 1080 cm™.14%! For instance,
methods have been devised to sensitively detect phosphates in SERS “turn-off” experiments by
looking on a sensor at the quenching of the SERS signal of a reporting molecule.*”! The two
phosphate bands, even if weak, are present in the Raman spectrum of the buffered colloidal solution
and their intensity decreases with the increase in AzA content. Their decrease is quite strong for low
dye concentration and continues, at lower rate, for high dye concentrations. This suggests that AzA
is able to interact strongly with the AgNPs surface and to replace the phosphate ions initially bound.
Figure 2 shows the relative change of the phosphate and AzA bands in SERS spectra at different dye

analytical concentrations.
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SERS spectra of the CA in solution, either as single dye or as a component of a binary dye mixture
are well known.3344481 Also, it was reported a much lower sensitivity for its detection by SERS with
respect to alizarin. CA is an acid much stronger than Az.3% The carboxylic function ionizes already
around pH 3. In solution at pH 8 CA forms a di-anion by deprotonation of the same hydroxyl function
involved in the Az first deprotonation step.[*244 SERS spectra at different concentration in the pH=8
phosphate buffered solution reveal that even at high CA concentration the phosphate bands are still
evident, in contrast to the AzA case (see Figure 4). These evidences suggest that CA is not efficiently
interacting with the AgNPs in our experimental conditions. A CA SERS spectrum in solution with
reasonable S/N ratio is obtained only for analytical dye concentration well above 100 uM, almost

two orders of magnitude above in the AzA case.

Raman Intensity

1
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Figure 4. The SERS spectra of CA dianion in pH 8 buffered solution (2x10* M and 103 M datasets are plotted
as dashed and continuous lines, respectively; baseline subtracted only, marks indicate the phosphate ions
bands).

Completely different is the situation occurring for SERS experiments on cationic dyes. SERS spectra
of both SA and R6G were already characterized.3*#°1 We focus the following discussion on the
changes of the representative SERS peak for SA and R6G at 615 and 1365 cm™, respectively. The

results we obtained at first on SA reveal a peak for the SERS signal (Figure 5, left) and an analytical

enhancement factor of ~2.2*10° at 2.5 uM dye concentration, followed by a long tail of weaker
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signals at higher concentrations. This kind of behavior was quite surprising, at a first glance, so that
we repeat the measurement using R6G, one of the dyes most used for testing the SERS effect. The

results were very similar, with a SERS signal peak at 20 uM R6G analytical dye concentration (Figure

5, right).
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Figure 5. The SA (left) and R6G (right) SERS relative intensities (normalized for laser power and integration
time, left panel) as a function of the dye concentration in solution.

A complementary information that helps to understand the present results comes from the analysis
of the SERS signal time-dependency (delay between sample preparation and Raman measurement)
for different dye concentrations. This time-dependency is not always presenting the same trend for
our dye solutions. The most peculiar features are shown by the cationic dyes. In case of anionic dyes,
for different concentrations, the SERS signal is increasing with the delay time after sample
preparation, at least in the 30 minutes time window we investigated. The results we obtained for
AzA are reported in Figure 6 (left). Instead, cationic dyes show a complex dependency on both time-
delay and dye concentration (see results on SA in Figure 6, right). For low dye concentration the
signal raises up in the first 2-3 minutes and then keep growing at a much slower rate. For high

concentrations, the signal has a strong surge in the first 2 minutes and then it falls steadily.
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Figure 6. The SERS signals as a function of the delay between sample preparation and measurement for AzA
(left) and SA (right) solutions at different analytical concentration. AzA: squares, circles and triangles for 1,
20 and 80 uM dye concentration, respectively. SA: squares and circles for 1.5 and 3.0 uM dye concentration,
respectively (the maximum SERS efficiency occurs for dye concentration 2-2.5 uM).

These results can find a rational explanation taking into account the details of the
molecule/nanoparticle interaction. The AgNPs formed with the Lee-Meisel synthesis method are
stabilized by electrostatic interactions as the citrate anion, used for Ag* chemical reduction, is in
excess and it binds to the AgNPs surface.[*!] Then the phosphate ions, that are present in the buffer
solution we used to set a higher pH value, replace the citrate in the first monolayer and induce
AgNPs aggregation. AzA has a stronger affinity to the AgNPs surface and replaces the phosphate
ions, as can be deduced looking at the simultaneous change of the AzA and phosphate band in the
SERS spectra as a function of the Az concentration, as shown in Fig. 2. The time evolution of the
SERS signal depends only on the rate of this substitution process and it shows a common trend for

the different alizarin concentrations.

Quite different is the mechanism of interaction for the cationic dyes with the AgNPs. The cations do
not bind directly the metal surface but they can electrostatically interact with the negative citrate
ions present on the metal surface. This process reduces the repulsion between different AgNPs and

can promote NPs aggregation (and possibly flocculation).P% If the AgNPs aggregate they will become

13



much closer one to the other: the electric field resulting from surface plasmonic excitation is
strongly distorted. It is known that in the gap between close particles the field is higher by orders of
magnitude with respect to the one of around an isolated NP and the plasmonic resonance frequency
shifts to the red. In the field of SERS, similar arrangements are called “hot spots” to indicate that
these are singularities where the efficiency of the SERS effect is extremely high. If a similar
mechanism is acting in our systems, it would result in a strong, non-linear increase of the SERS signal
with the increase of the cationic dye concentration: the signal will raise both because of the increase
of the dye concentration and because of the hot-spot creation. At higher dye concentration, the
SERS signal should drop: the AgNPs continue to aggregate until flocculation occur and, then, these
large aggregates will separate from the solution, leaving the volume probed by the experiment. This
mechanism could explain also the time behavior observed in the experiments with cationic dyes
where, possibly, the signal changes with a time constant related to the diffusion of the AgNPs. At
low values of dye concentration, an increase in size of the metal clusters by aggregation results in a
larger signal. At higher values, flocculation is occurring due to the larger number of positively
charged particles: after a very rapid formation of small clusters, their excessive growth will make

them unstable and flocculation will remove sample from the experimental volume.

The full set of our data suggests that the presence of large substituents on the chromophore
skeleton of the dye limits the enhancement of the Raman signal in presence of metal nanoparticles.
In case of anionic dyes, we observe a much higher sensitivity for AzA than for CA detection, even if
the two molecules differ only for the presence of an OH group and a glycoside ring on the
anthraquinonic system. The difference in detection limit by SERS corresponds to the different
affinity of the dye to the metal surface, as shown by their different capability to displace the

phosphate ions from the metal surface. The problem needs further investigation, possibly by
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adequate theoretical modeling including the presence of both many adsorbed molecules and
solvent. However, the key factor seems to be the different affinity to the metal surface of the two
dyes and the steric interactions that limit the effective metal coverage by the larger dye. In case of
the cationic dyes Rh6G and SA, the positive charge is localized between the conjugated system and
its amino substituents>°1 and it is much less accessible in the case of R6G due to the presence of
flexible chains (see Figure 1). The lower R6G efficiency in NPs flocculation leads to higher nominal
dye concentration at which the maximum SERS signal is observed: 3 and 20 uM for SA and R6G,

respectively.

Conclusions

We have shown that different classes of dyes possibly give a strong SERS signal when interaction
with AgNPs in solution occurs. However, many details in the interaction mechanism possibly
modulate the efficiency of this process: that strongly limits the general application of SERS methods
as a simple experiment for high sensitivity quantification of these materials. The change of SERS
signal with dye nominal concentration in solution is strongly non-linear and, possibly, its trend in
not monotonous. In the case of anionic dyes, we recognize different conditions as a function of the
dye concentration and their molecular structures. In favorable cases, at lower concentrations (up to
~1uM) the dye binds to the metal surface to form a monolayer and the SERS enhancement process
is very effective. At intermediate concentrations, higher order coverage is possible and the SERS
efficiency decreases for these molecules not directly bound to the metal surface, up to a negligible
enhancement and an effective saturation of the SERS signal. A calibration of the signal is possible
and quantitative experiments can be performed up to the saturation regime. If the dye interaction
with the NPs is not strong, the SERS enhancement factor is much smaller and the useful regime of

response is correspondingly reduced. Therefore, the relative sensibility of the method changes
15



strongly for the different dyes according to their specific interaction mechanism with the metal
surface. In case of dye mixtures, in order to have a reliable quantitative measurements, experiments
must be done for dye concentrations below the threshold for monolayer formation, otherwise
competition in the binding process with the metal surface must be taken into account together with
the change in SERS efficiency with the different adsorption regime. The situation is much more
complex for cation dyes as a quantitative determination is possible only up to the nominal
concentration corresponding to the maximum SERS signal. The strong non-linear behavior of the

signal with the dye concentration reduce severely the useful measurable range of concentrations.
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Graphical Abstract - TOC

The different mechanisms involved in the molecule to SERS substrate interaction occurring even for
structurally similar molecules strongly limit the possible qualitative/quantitative analysis of simple

dye mixtures. Problems arising in SERS quantitative analysis of comparable anionic or cationic dyes

are discussed.
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Supplementary materials

In Figure S1 (left) we show the extinctions spectrum of the colloidal dispersion before and after the
mixing with pH 8 phosphate buffer solution. A strong aggregation of the AgNPs is suggested by the
drastic reduction (much larger than the simple dilution factor) of the 415 nm peak, and the
simultaneous increase of the optical extinction in the long wavelength region. In Figure S1 (right)
the temporal stability of the native AgNPs colloid is shown as determined by the measure of
different parameters of its extinction spectrum (wavelength and absorbance on the peak, and

FWHM of the plasmonic band).
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Figure S1. Properties of the AgNPs colloidal dispersion. Left: the extinctions spectrum (2 mm optical path)
before and after the mixing with phosphate buffer solution at pH 8. Right: its temporal stability as determined
through different parameters of the extinction spectrum (wavelength and absorbance on the peak, and
FWHM of the plasmonic band).
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