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Abstract

This communication presents a new pathway for the more precise quantification of
surface-enhanced Raman scattering (SERS) enhancement factor via deducing resonance Raman
scattering (RRS) effect from surface-enhanced resonance Raman scattering (SERRS). To
achieve this, a self-assembled monolayer of 1,8,15,22-tetraaminophthalocyanatocobalt(ll)
(4a-Co""TAPc) is formed on plasmon inactive glassy carbon (GC) and plasmon active
GC/AuUNPs surface. The surfaces are subsequently used as common probes for electrochemical
and Raman (RRS and SERRS) studies. The most crucial parameters required for the
quantification of SERS substrate enhancement factor (SSEF) such as real surface area of
GC/AUNPs substarte and the number of 4a-Co'"TAPc molecules contributing to RRS (on GC)
and SERRS (on GC/AuNPs) are precisely estimated by cyclic voltammetry experiments. The
present approach of SSEF quantification can be applied to varieties of surfaces by choosing an

appropriate laser line and probe molecule for each surface.

Keywords: Surface-enhanced Raman scattering (SERS), electrochemistry and voltammetry,
nanoparticles, SERS substrate enhancement factor (SSEF), quantification of SERS enhancement

factor, 1,8,15,22-tetraaminophthalocyanatocobalt(l1)



1. Introduction

Nowadays surface-enhanced Raman spectroscopy (SERS) is becoming a popular
ultrasensitive analytical technique [1, 2]. Nevertheless, the most important issue regarding SERS
is the precise quantification of substrate enhancement factor (SSEF) i.e., the magnitude of the
enhancement. Although wide varieties of SERS substrates have been produced within the last
four decades, there is still no standard procedure to accurately quantify the SSEF. This causes the

SERS technigue not to be fully recognized as an accurate analytical tool.

Traditionally, the average substrate enhancement factor is quantified by the following

equation [3-5]:

SSEF = M (1)

RS’ NSurf
Where Ny is the average number of molecules in the scattering volume (V) for the Raman (hon-
SERS) measurement, and Ns is the average number of adsorbed molecules in the scattering

volume of the SERS experiments.

However, in the above equation, Ny and Nguf are estimated by some assumptions and
approximations and not via entire experimental measurements. In addition, the equation does not
address the Raman cross-section of the chromophore as it significantly varies between solution

and on SERS substrate because of solvent effect, aggregation effect and charge-transfer effect.

Recently, Le Ru and coworkers attempted to address some of the issues by proposing

modified version of equation 1 [6].

SSEF - Jsers ~(Crs Herr ) @)
Irs '(ﬂMé‘SAM)




Here Hess is the effective height of the scattering volume, uwm is the surface density of the
individual nanostructures producing the enhancement, us is the surface density of the molecules
on the surface, and Ay represents the surface area of the SERS substrate. Although the above
equation is assumed to give more rigorous estimation of SSEF when compared to equation 1, it
is still very difficult to experimentally estimate some of the involved parameters with precision.
Further, precise estimation of Raman cross-section in both solution and on SERS substrate still

hangs on in equation 2.

To solve most of the above issues, this communication present a simplified and renewed
approach for the quantification of SSEF with improved precision. To achieve this, we combined
electrochemistry together with Raman scattering and precisely determined the real surface area
of the SERS substrate as well as the number of probe molecules contributed to Raman (RRS and
SERRYS) effect. Further, by carrying out both RRS and SERRS on solid surfaces, most of the

major issues associated with Raman-cross section has been avoided.

2. Outline of Renewed Approach

Recently, we employed the equation given by Hildebrandt et.al [7] for the quantification

of SSEF for silver colloids [7-10]. The modified form of that equation is:

SSEE — :SERRS "CRRS 3)
RRS " CSERRS

Here, crrs and cserrs are the concentrations of molecules involved in RRS and SERRS,
respectively. The parameter shielding constant (k) is removed from the original equation [7]
since the SERRS experiments in the present work have been carried out on solid substrate with a

monolayer of probe molecule.



The basic principle that underlines our approach for the average quantification of SSEF is
to deduct RRS contribution from overall SERRS outcome. To achieve this, demonstrating both
RRS and SERRS in solid surfaces modified with a monolayer of electro- and Raman-active
probe molecule is crucial. By carrying out both RRS (plasmon inactive) and SERRS (plasmon
active) on surfaces having a monolayer of electro- and Raman- active probe, one can avoid the
quantification of parameters such as focal volume, solvent effect, shielding effect and inner filter
effect. Further, the parameters crrs, and Cserrs and real surface area of SERS substrate can be
precisely estimated by electrochemical method. We elected the compound 1,8,15,22-
tetraaminophthalocyanatocobalt(Il) (4a-Co''TAPc) as it satisfies the sought criteria for the
chromophore in our experiments. It is a very good redox-active molecule with strong absorption
band around 750 nm. Moreover, it forms a stable monomolecular film on GC, Au, Ag and

indium tin oxide (ITO) [11-13].

In our approach is, we assumed that Raman cross-section remains similar on both surfaces.
Actually, RRS effect is directly related to the Raman cross-section of the chromophore which is
then depends on charge-transfer, solvent and aggregation effect [6]. Nevertheless, in the present
experimental conditions, the Raman cross-section exclusively depends on charge-transfer effect
i.e. the chemical enhancement factor (CHEF) since 4a-Co"TAPc forms a monolayer on the GC
and GC/Au substrates. It is well-known that the contribution of chemical enhancement factor
(CHEF) to the overall SSEF is small even for organothiols on noble metal nanoparticles [14].
However, in the present experiments, it is the ratio between CHEF on both surfaces (GC and
GC/AuUNPs) contributes into the overall SSEF and we believe this will be an insignificant

number.



In order to estimate SSEF, we will develop a monolayer of 4a-Co''TAPc, an electro- and
Raman- active molecule, on a GC and GC/AuNPs surfaces. To have RRS effect, a 785 nm laser
line is employed for excitation since it matches well with the Q band of 4a-Co'TAPc molecule
[11]. Here plasmon inactive GC surface will demonstrate RRS alone whereas plasmon active
GC/AuNPs will demonstrate both RRS and SERS i.e., SERRS. Further, cyclic voltammetry
experiments are carried out on both GC and GC/AuNPs substrates/electrodes. By integrating the
charge under the redox wave of the electroactive chromophore 4a-Co"TAPc, the surface

coverage i.e., Crrs and Csergs are accurately estimated. Now, equation 3 can be rearranged as:

| -1
SSEF = SERRS RRS (4)
Irrs * 7 SERRS

Where, I'rrs and I'serrs are the surface coverage of probe molecule on GC and GC/AuNPs

surfaces, respectively.

2. Experimental Section

1,8,15,22-Tetraaminophthalocyanatocobalt(IT) (4a-Co" TAPCc), was synthesized according
to the reported procedure [15, 16]. The diamond polished glassy carbon (GC) discs having a
geometric of diameter 0.785 cm? was used as common surface/electrode for both Raman and
electrochemical studies. All electrochemical experiments were carried out in a pAutolab
potentiostat (Metrohm Autolab) with a custom-made three-electrode cell setup. All Raman
measurements were performed using the Renishaw InVia Raman system equipped with 785 nm
and 514 nm laser lines as excitation sources. SERS substrate was prepared by potentiostatic (-80
mV) deposition of gold nanoparticles over GC (GC/AuNPs) in 0.1 M HCIO,4 containing 4 mM

HAUCI, for 400 s. The self-assembled monomolecular film (SAM) of 4a-Co"TAPc was formed



by soaking the cleaned GC and GC/AuNPs substrates in 1 mM DMF solution of 4a-Co"TAPC
overnight. In order to reduce the error in quantification of SSEF, the same substrates were used
for RRS/SERRS and cyclic voltammetry experiments. In addition, RRS/SERRS experiments
were performed first then followed by cyclic voltammetry so that the effect of electrochemical

reaction on the orientation of the molecule, and hence the Raman signal, is excluded.

3. Results and Discussion
3.1. Estimation of real surface area of the SERS substrates

The surface morphology of GC/AuNPs substrate was characterized by scanning electron
microscopy (SEM) experiments (Fig. 1). The SEM picture clearly reveals a defect-free uniform

deposition of Au nanostructures in the size ranging from 10 to 100 nm.

Fig. 1. SEM images of nanostructured Au electrodeposited over mirror polished GC.

It is well established in the literature [17, 18] that real surface area of gold can be
achieved electrochemically by integrating the charge under the gold oxide reduction peak. In the
present study, a similar electrochemical approach has been followed to quantify the real surface
area of GC/AuNPs substrate [17, 18]. We used diamond polished GC surfaces in all our

experiments since they have very smooth surface with negligible surface roughness. Therefore,



in the case of diamond polished GC, the geometric area and real surface area are almost similar.
However, it is important to note that the real surface of SERS-active substrate is not equivalent
to its geometric surface since SERS-active substrate is always highly roughened. In most of the
earlier SSEF calculation methods, the difference between the real and geometric areas was not

clearly accounted.

By integrating the charge under the gold oxide reduction peak, the real surface of Au in
the GC/AUNPs substrate was found to be 3.02 cm? which is 3.98 times higher than its known
geometric surface area of 0.785 cm? [18]. As diamond polished GC is known for its highly

polished surface, the surface roughness is almost negligible in the case of GC surface.

3.2. Estimation of surface coverage of 4a-Co" TAPc on both GC and GC/AuNPs surfaces

The ability of 4a-Co"TAPc to form monomolecular film on GC and GC/AuNPs surfaces,
via chemisorptions, and subsequent precise quantification of its surface coverage by cyclic
voltammetry is well documented in the literature [11-13]. Since the real surface area of both the
surfaces (GC and GC/AuNPs) has now been identified, the surface coverage of the 4a-Co''TAPc
monomolecular film on GC (/'rrs) and GC/AuUNPs (I'serrs) surfaces can also be quantified by
integrating the charge under redox waves of the obtained cyclic voltammogram in Fig. 2A. The
cyclic voltammograms (CVs) of GC/4a-Co"TAPc and GC/AuNPs/4a-Co""TAPCc electrodes were
performed in 0.1 H,SO, (Fig. 2A). The CVs showed a pair of well-defined redox couple with an
Eu value around 0.34 V corresponding to Co"'/Co" redox couple [13, 15]. The surface coverage
(I') of 4a-Co""TAPc SAM on GC and on GC/AuNPs electrodes has been estimated by integrating
the charge under the anodic wave (Co" oxidation) of the cyclic voltammogram. The 7" values of

2.25 x 1071° mol cm™ and 8.61 x 10™** mol cm™ have been estimated for 4a-Co''TAPc SAM on



GC and on GC/AuUNPs surfaces/electrodes, respectively. The values are in good agreement with
the reported values [13]. The increased surface coverage on glassy carbon electrode is attributed
in part to the additional n-stacking effect of 4a-Co"TAPc on glassy carbon surface [13].

Conversely, the contribution of m-stacking on gold surface is insignificant.
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Fig. 2A. Cyclic voltammograms of 40-Co"TAPc SAM on (a) GC and (b) GC/AuNPs electrodes
in 0.1 M H,SO, at a scan rate of 0.1 Vs™. B. (a) RRS and (b) SERRS spectrum of 4a-Co" TAPc
SAM on GC and GC/AuNPs surfaces acquired using 785 nm laser line as excitation source. Inset

shows the closer view of RRS spectrum.

3.3. Quantification of SERS substrate enhancement factor (SSEF)

Fig. 2B shows the RRS and SERRS spectra of 4a-Co'"TAPc SAM on GC and GC/AuNPS
surfaces, respectively. Both RRS and SERRS spectra of 4a-Co""TAPc on both surfaces showed
two intense bands at 1551 cm™ and 756 cm™ corresponding to macrocycle in-plane stretching
and macrocycle deformation, respectively [19-21]. Moreover, in the the RRS spectrum of
4a-Co""TAPc on GC surface, the macrocycle in-plane stretching band at is 1551 cm™ positioned

in between the two intense bands at 1309 cm™ and 1606 cm™ corresponding to the stretching and
9



breathing modes of sp® hybridized carbon [22]. Thus, 1551 cm™ band intensity may have some
influence from sp® hybridized carbon vibrational bands on GC surface and the measurement of
1551 cm™ band intensity may not be very accurate from time to time. On the other hand, the
macrocycle deformation band at 756 cm™ is intense and also has no interference from the
underlying carbon surface. Therefore, to quantify the SSEF, the band at 756 cm™ is used as a

reference.

Now all the parameters in the equation 4 are known and have been estimated
experimentally. By employing equation 4, SSEF of GC/AuNPs surface has been calculated and it
was found to be (2.82 + 0.22)10%. It is worth to mention at this juncture that all the 50 SERRS
spectra recorded at different spots on the GC/AuNPs surface have similar intensity ratio among
the different stretching bands confirming that all the 40-Co"TAPc molecules adopt same
orientation over the entire substrate. We have also carried out the Raman experiment of 4a-
Co'"TAPc SAM on GC surface at non-resonance condition using 514 nm laser line as the
excitation source. The absence of Raman bands corresponding to the 4a-Co""TAPc molecule,
even after increasing the laser accumulation to 10 times higher than that used for the RRS
measurement with 785 nm laser line, confirms that there is no charge-transfer enhancement on
GC surface. This clearly implies that only resonance Raman effect contribute to the Raman
spectrum of 40-Co'"TAPc SAM on GC surface under red light excitation (785 nm). Further, it is
worth to mention here that the overall estimated SSEF by the present method is the average value
from whole surface and not at a particular spot. Therefore, the quantified SSEF by the present

method is the average SSEF (ASSEF).

10



5. Conclusions

In summary, we have derived a most simplified equation, of improved precision, for the
quantification of SSEF by a renewed approach. This approach uses electroactive and SERRS
active 40-Co''TAPC as a probe molecule. The number of 4a-Co"TAPc molecules involved in
RRS and SERRS have been precisely quantified by electrochemical experiments. Our approach
relies on performing RRS on plasmon inactive conductive surface and subsequently deducting
RRS from SERRS to end up with surface enhancement. The present approach for SSEF
quantification can be extended to the quantification of SSEF from various conducting and non-
conducting SERS substrates at various excitation wavelengths, provided that a redox-active and

resonance Raman active molecule is need for each laser line.
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Highlights

AuUNPs were potentiostatically deposited on GC surface
4a-Co'"TAPc SAM was formed on GC and GC/AuNPs
RRS and SERRS studies were carried out on GC and GC/AuUNPs surfaces, respectively

Real surface area of GC/AuNPs and surface coverage of 4a-Co"TAPc were

electrochemically determined

SERS enhancement factor was quantified by deducing RRS from SERRS
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