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ANALYSIS
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!Department of Chemistry, Universidad de Burgos, Rtisael Bafiuelos s/n, E-09001 Burgos,

Spain.

Abstract

In the present work, a new methodology which combitwo different phenomena to enhance the
Raman signal is used to resolve a mixture of twamounds with similar molecular structures. The
use of Raman spectroelectrochemistry (Raman-SH@ysalus to collect simultaneously, with high
time-resolution, the enhancement of the Raman kgjnhie compounds present in a sample during
the electrochemical oxidation-reduction cycle (OR®)a silver screen-printed electrode. During
such ORC two different phenomena appears dependinghe stage of the electrochemical
modification of the silver substrate, which are Wwmoas electrochemical surface enhanced Raman
scattering (EC-SERS) and electrochemical surfacelatmn enhanced Raman scattering (EC-
SOERS). This work is a proof of concept that denratess the advantage of using EC-SOERS and
EC-SERS in a single experiment to resolve mixtafesmilar molecules such as vitamin B3, which
components are nicotinic acid and nicotinamide héligh the interaction between analytes and
substrates influence a univariate calibration,tthi@ear character of Raman-SEC makes possible to
deconvolve such interactions and provide a gootregion curve for both, nicotinic acid and

nicotinamide.
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1. Introduction

Raman spectroscopy is a powerful technique to iiyenbmpounds and, due to the
defined information that provides about the samples technique has a promising
future for chemical analysis [1,2]. In spite of theh information that can be obtained
by Raman spectroscopy, one of the main drawbackthisftechnique lays in the
weakness of the Raman signal. To overcome sucliwdiséage, some methods to
improve this signal have emerged over the last dks;awith the so-called surface
enhanced Raman scattering (SERS) being the mostlgvopne. SERS implies the
amplification of the Raman signal by several ordd@rsnagnitude [1,3-5], enabling its
use in different fields like material characteriaat [6—8], surface science [9-12],
chemical analysis [13,14], among others. Sincdigsovery in the 70’s by Fleischmann
[15], many researchers have made an extraordinHioyt éo obtain sensitive and

reproducible SERS substrates. Because of that, ep deowledge about the
phenomenon has been achieved [3,4,16,17]. In femtiadays it is well-known that

SERS effect occurs due to the contribution of twechanisms: electromagnetic and

chemical mechanisms [3,18-22].

In principle, a nanostructured metal surface isdedeo obtain a good SERS substrate,
which should exhibit plasmonic properties. In ke, it could be found different
ways to obtain a SERS substrate. One of the mgatlpomethods is the use of metal
nanoparticles (Au, Ag, Cu) [17], which produce gng#icant enhancement of the
Raman signal but usually is accompanied by a ldckeproducibility. Recently, the
electrochemical roughening of screen printed edelets of metal surfaces such as Ag,
Au and Cu has been demonstrated to be very usefuthprove this reproducibility,

maintaining a very good sensitivity [23—-26]. Inghsense, the use of time resolved



Raman spectroelectrochemistry (TR-Raman-SEC) pteseciear advantage, because it
allows obtaining a good and reproducible SERS satestby electrochemical
roughening, or oxidation-reduction cycle (ORC) skmown in literature. At the same
time, TR-Raman-SEC enables the acquisition of Ramérmation with high time
resolution during the metal roughening process,ciwf@nhances its usefulness as a
versatile technique in SERS studies. Therefore, RER1an-SEC has become an
interesting alternative for analysis and its amilans are growing year by year

[4,26,27].

In 2018, our research group discovered a new phenomequivalent to SERS, which
provokes an enhancement of the Raman signal dtheglectrochemical oxidation of a
silver electrode in a SEC experiment. This new phsnon was denoted as
electrochemical surface oxidation enhanced Ramaitesmg (EC-SOERS) [25],

because the enhancement of the Raman signal d&aly pdace when an anodic potential
is applied to the electrode, that is to say, whbe silver substrate is being
electrochemically oxidized [25,28]. EC-SOERS hal Isten scarcely studied and, so
far, the process has only been observed undecplartielectrolytic conditions (HCLO

+ KCI electrolytic medium), using a silver electeods metal substrate [28]. As far as
we know, EC-SOERS occurs due to the contributiobnaf main effects [25]: (1) the

electrochemical surface adsorption of the moleaitlenodic potentials (due to the
electrode polarization), and (2) the interactiontbé molecule with the substrate
(Ag*/AgCI or Ag/AgCl nanostructures) [29-31] formed thie electrode surface at these
anodic potentials. Compared with a classical EC-SERperiment, where the SERS
signal is particularly obtained at cathodic potalsti(to avoid the damage of the
nanostructured surface), in EC-SOERS the signaéxislusively registered at the

electrochemical oxidation stage of the silver etmi®. Moreover, a molecule can
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exhibit SERS but not SOERS enhancementyicg versa, depending on its chemical
structure. These remarkable differences enable ouglesign new strategies for
guantitative determination that could not be usedlen classic SERS conditions,
opening new possibilities for chemical analysistHis work, we propose to carry out
the detection of two different molecules in a sengkperiment, taking into account their
interaction with the substrates prepared at batbdi& and cathodic potentials. Thus,
using Raman-SEC in particular electrolytic conditio (HCIQ/KCI) in a silver

electrode, it is possible to obtain a good substiat both, EC-SERS and EC-SOERS,
being even possible the detection and quantifinatioorganic molecules that are only
different in a functional group. This problem haseb selected to illustrate the
powerfulness of the methodology, but it could malsed for much simpler analytical

problems.

Vitamin B3 has been selected as a proof of concegggmonstrate the capability of EC-
SERS and EC-SOERS to detect and quantify two autélar molecules in a single
TR-Raman-SEC experiment. Vitamin B3 [32] can benfbin two different forms, as
nicotinic acid and/or nicotinamide. These two coonpis have a similar structure
(pyridine ring, Figure 1) with a different functiahgroup as substituent, carboxylic acid
for nicotinic acid and amide group for nicotinamidehis vitamin is particularly
interesting in fields such as medicine, chemistrgt hiochemistry, because exhibits an
important biological activity and its deficiencydd cause several diseases. Vitamin
B3 is an enzyme cofactor necessary for the syrghesi nicotinamide adenine
dinucleotide (NAD) and nicotinamide adenine dinotige phosphate (NADP),
molecules with a remarkable interest in the cellod@tabolism [33]. Deficiency of this
vitamin could cause pellagra, a disease charaetbhy a darkly pigmented skin rash,

weakness, diarrhea, dermatitis and nervous dis®f8dtr35]. To prevent and treat such
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disease, Vitamin B3 is used as oral supplement. [BBE Recommended Dietary
Allowance (RDA) of this vitamin is 16 mg/day for mand 14 mg/day for women [37].
Most of commercial supplements use to contain ehadtgmin B3 to fulfill the diary
requirements in an adult human. However, while tmemnide has a tolerable upper
intake level (UL) of 900 mg/day for adults, theatiaic acid UL is only 10 mg/day. A
dose higher of this UL may cause skin flushing 33§, Because of that, it is also

important to quantify each of the components iraWiin B3.

In the present work, a double and simultaneousrmigtation of nicotinic acid and
nicotinamide during a TR-Raman-SEC experiment i®ppsed. Using cyclic
voltammetry (CV) as electrochemical technique, timgo acid is determined by EC-
SOERS at anodic potentials, whereas nicotinamiddetermined by EC-SERS, at
cathodic potentials during an electrochemical ORG wilver electrode. Using this
Raman-SEC methodology is effortless to differepti@nd determine, with high

accuracy, these two analytes with such a simiftacsire.

2. Experimental section.

2.1. Reagentsand Materials.

Nicotinamide (99+ %, reagent, ACROS Organics)ptiic acid (99.5 %, reagent,
ACROS Organics), perchloric acid (HCJO60 %, reagent, Sigma-Aldrich) and
potassium chloride (KCl, 99+ %, reagent, ACROS @igs were used. All solutions
were prepared using ultrapure water obtained froMilapore DirectQ purification

system provided by Millipore (18.2 & cm resistivity at 25 °C).

2.2. Instrumentation.



In situ TR-Raman-SEC was performed by using a ooigted SPELEC RAMAN
instrument (Metrohm-DropSens), which integratesaset source of 785 nm. Laser
Power in all experiments was 80 mW (254 W3nThis instrument was connected to a
bifurcated reflection probe (DRP-RAMANPROBE, MetnatDropSens). A customized
Raman spectroelectrochemical cell was employed @éoubed with screen-printed
electrodes and DropView SPELEC software (Metrohrogens) was used to control

the instrument [24].
2.3. Time-resolved Raman spectroelectrochemistry experiments.

During the TR-Raman-SEC experiment, DropView SPEL&ftware was used to
collect simultaneously Raman spectra and the elgoémical data [24]. CV was chosen
as electrochemical technique to carry out the mlebemical ORC of the silver
electrode. CVs were carried out between vertexntiats -0.40 V and +0.40 V, starting
at -0.025 V in the anodic direction and at a seda of 0.02 V-3. Raman spectra were
collected with an integration time of 1 s. All tagperiments were performed with silver
screen-printed electrodes (Ag-SPE, DRP-C013, MetrbltopSens). In order to obtain
a reproducible experiment, a conditioning of the E was carried out. This consists
of applying a CV with the same potential window thfe experiment described
previously, using an electrolytic solution of 0.1HCIO, + 0.01 M KCI. After that, the
Ag-SPE was rinsed with ultrapure water and homagghiwith the sample solution
before the SEC experiment. This procedure was tegdar each sample in both, the

calibration and the test samples.

3. Reaultsand discussion.

3.1. Spectroelectrochemistry characterization of nicotinamide and nicotinic acid.
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Before carrying out the simultaneous determinatérihese two molecules, Raman-
SEC experiments of each analyte were performedptmee the evolution of the Raman
spectra along the electrochemical experiment. Eidgushows the Raman spectra for
5.10° M nicotinic acid and 0.01 M nicotinamide in 0.1 MCIO, + 0.01 M KCI at the
maximum signal during a SEC experiment (at the atxixh stage of silver electrode for
nicotinic acid, +0.39 V, and at the reduction stafisilver electrode for nicotinamide, -
0.31 V). It is important to clarify that these sifiecelectrolytic conditions (0.1 M
HCIO, + 0.01 M KCI) were chosen based on some previooiksvconducted in our
research group [25,28,38]. In those works, the eod@ment of the Raman signal at
anodic potentials was observed underddhcentrations between 0.01 M and 0.005 M,
and at pH 1. These Gtoncentrations allows both, the formation of propsmonic
structures and the electrochemical adsorption efaimalyte at anodic potentials. This
special behavior of the enhancement in the Rantarakwas coined in the literature as

EC-SOERS phenomenon.

For a better comparison of the Raman spectra sgard-iS1 in the SlI, the band

assignment is provided in Table S1 and S2 in thék8inan spectra from concentrated
solutions of both nicotinic acid and nicotinamide also shown in the Sl (Figure S2).
Compared with the respective SERS/SOERS spectraaRa&pectra are very similar,

being the differences probably due to the inteoactbetween the analyte and the
metallic surface in each case. The Raman spearaajood agreement with the data
found in literature for nicotinic acid and nicotmale [2,34,39]. The two spectra present
the main peak around 1034 ¢nfior nicotinic acid and 1037 cifor nicotinamide,

related to the ring breathing mode.



Figure 1

It is noteworthy that other peaks can differentiateth molecules, two bands for
nicotinic acid (848 cmand 1602 crl) and other two for nicotinamide (999 ¢nand
1432 cnt). However, under the experimental conditions use@&C-SERS and EC-
SOERS experiments and taking into account the loncentrations of the samples
tested (see Figure S3 and S4 in the Sl), thoserdiftes become so small that cannot be

used for quantitative purposes.

The evolution of the Raman signal at a characterRaman shift of the studied
molecule plotted with respect to the applied poédritelps to understand the effect of
potential on the Raman signal of nicotinamide aiedtmic acid (Figure 2). In order to
simplify the terminology, this plot will be callagltaRamangram along the manuscript.
Figure 2 shows the cyclic voltammograms registezethpared with the individual
voltaRamangram of each analyte during a SEC expatinselecting the Raman shift
where the main peak of each molecule emerges. Ttlet®n of the Raman peak for
nicotinic acid (1034 ci) appears exclusively at anodic potentidls, during the
electrochemical oxidation stage of the silver etab (blue line, Figure 2A). This
behavior has been previously reported as a newpaotxd phenomenon denoted as
EC-SOERS, as was aforementioned. As previous wal&scribe [25,28], the
enhancement of Raman signal is taking place prghbdie to the combination of two
simultaneous phenomena: (1) the formation of/AgCl or Ag/AgCl nanostructures on
the electrode surface, which can interact withrttedecule, and (2) the electrochemical
adsorption of the molecule due to the electrodanmation at anodic potentials [25,28]

(see CV in Figure 2 and S5 to follow the electrootstry process). Thus, EC-SOERS
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depends strongly on the potential and on the @lgtit conditions, and it provides a
good and reproducible enhancement of the Ramaralsigaing especially useful for
analytical applications. On the contrary, nicotind@reach the maximum of the Raman
intensity (1037 cri) at cathodic potentials, where the reduction dfesi chloride
generated during the oxidation scan is taking p{geenet line, Figure 2B). Clearly, the
different behavior observed during the experimeah de used to separate the
contribution of the two analytes. Finally, EC-SOEB&urs under specific electrolytic
conditions (0.1 M HCIQ + 0.01 M KCI electrolytic medium), under which the
formation of Ag/AgCl or Ag/AgCI nanostructures is favored. It ionh noting that the
analytical enhancement factors for the substratepgped under these experimental
conditions are quite different for the two phenomelneing 1- 1bfor EC-SOERS and
4-1F for EC-SERS. The latter suggests that the elagicokonditions favors the

formation of a proper SOERS substrate more thaBRSSone.

As was stated above, there are other Raman peak&lmmolecule that follow the same
trend of the main bands. Figures S6 and S7 showvdtitaRamangrams of three
characteristic bands for nicotinic acid (848 tm034 cnt and 1602 c) and other
three for nicotinamide (999 ¢m1037 cnT and 1432 ci), respectively. Raman bands
at 1034 and 1037 cinfor nicotinic acid and nicotinamide, respectivelye the best
from a quantitative point of view because of thghieist sensitivity that allows us to

achieve a better limit of detection of these molesu

From the voltaRamangrams, it can be concludedritatinic acid has a typical EC-
SOERS behavior [25,28] while nicotinamide presecharacteristic EC-SERS signal. It
is noteworthy that nicotinic acid shows a highenfaa enhancement than nicotinamide

in the present conditions, demonstrating the cdipalof EC-SOERS to amplify the



Raman signal and the similarity of the two enhare@mprocesses. Surely, the
experimental conditions used for nicotinamide weoe the best ones to obtain the
highest SERS enhancement. However, a compromiseeéet EC-SOERS and EC-
SERS has to be achieved. Under these experimeamditons, a suitable SOERS and

SERS substrate can be obtained, with the two phenarbeing clearly observed.

Figure 2

3.2. Quantitative determination of nicotinamide and nicotinic acid in aqueous

solution using TR-Raman-SEC and univariate calibration models.

In order to evaluate the capability of predictidnf®-Raman-SEC as analytical method
to determine nicotinic acid and nicotinamide in sane test solution, different samples
were prepared with different concentrations of tirgo acid and nicotinamide to obtain

the calibration curves. It should be highlightedttbalibration samples do not increase
at the same concentration for the two analytesaoeitrandomly prepared along the
corresponding concentration range. Additionallyest sample (ts) was also prepared
with nominal concentration of both analytes. Thaaamtrations of the two analytes in

each standard sample and of the test sample #&ed lis Table 1. All samples were

prepared in 0.1 M HCI9Qand 0.01 M KCI, which is a suitable electrolytiedum to

carry out the double determination by EC-SOERSEGESERS.

Table 1. Concentrations of nicotinic acid and
nicotinamide in the standard and test samples flier t

calibration curves.
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Sample Nicotinic acid Nicotinamide
(Vit. B3H) / mM (Vit. B3N) / mM

s01 0.5 5
s02 2 20
s03 4 1
s04 6 16
s05 8 12
s06 10 8

ts 5 10

The integration time at which each Raman spectra nggistered during the Raman-
SEC experiment was 1 s. It should be noted thajdomtegration times would help to
improve the sensitivity of the method but decreakestime resolution of the process
taking place on the electrode surface. One caltoranodel was constructed for each
analyte, selecting the characteristic Raman bamde&mh molecule at the potential
where takes the highest value during the CV. ThHeaman intensity values were
systematically acquired at the same potential, &®.3cathodic direction) for nicotinic
acid and -0.31 V (cathodic direction) for nicotinds during the Raman-SEC
experiment (see Figure S8). It should be notedah#tese two selected potentials, the
adsorption of the compounds, considering the maxirRaman intensity, is the highest
for the two analytes. Thus, at +0.39 V the adsorpdf nicotinic acid is favored over

nicotinamide, and vice versa at -0.31 V.

Figure 3 shows the calibration curves for nicotia@d (A) and nicotinamide (B). To
construct such curves, the Raman intensity of tlnnpeak at +0.39 V (cathodic
direction) for nicotinic acid and at -0.31 V (catho direction) for nicotinamide during

CV for each analyte was plotted against the comagon for each sample. Blue dotted
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line is obtained by fitting the responses with #encentrations of one analyte in
presence of low concentrations of the other. As banobserved in Figure 3A
(calibration curve for nicotinic acid, samples s8Q3, s06), samples s02, s04, s05 and ts
does not follow a linear relationship with conceatibn. Interestingly, those samples
have the higher concentration of nicotinamide ($able 1) and, consequently, the
Raman signal presents a positive deviation. Orother hand, in Figure 3B (calibration
curve for nicotinamide, samples s01, s02, sO3)ait be seen that s04, s05, s06 and ts
have the higher positive influenced in the Ramagnali as in the case of the calibration
curve for nicotinic acid. Again, these samples aontthe higher concentrations of

nicotinic acid (see Table 1).

Based on these results, there is a clear interatt@ween the two analytes and the
substrates used to enhance the Raman signal, whakes more complex the
determination of these components in a mixturewAs mentioned before, the presence
of high concentrations of one molecule provokesositiye deviation in the Raman
intensity registered. There are two possible rem$onsuch a behavior. The first one is
the possibility of a change in the amount or typehe electrogenerated plasmonic
nanostructure because of the presence of a speuiliecule, in such a way that, when
the amount of nicotinamide increases, the Ramarakigr nicotinic acid is higher and
vice versa. However, although this effect could be possililes expected that when the
two analytes are in a high concentration (sampf,46e Raman signal would present
also a positive deviation, but it is not the cdseconsequence, this first hypothesis is

discarded.

Figure 3
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The second reason lays in the possibility of mdbrcco-adsorption. As is well known
in literature, SERS effect has a narrow dependaernitethe distance of the molecule to
the plasmonic surface [3]. Additionally, EC-SOERS ldemonstrated to depend on the
adsorption of the molecule to the electrode surthogéng the silver surface oxidation
[25,28]. Based on this assertion, it is clear thatmolecular adsorption plays a key role
in the observation of EC-SERS and EC-SOERS sidimals, as the adsorption depends
on the applied potential, it is expected that tdeoaption of nicotinic acid would be
favored at the oxidation stage of the silver etmt#r (because the electrochemical
adsorption of the conjugated base of the acidvier&l at these potentials), whereas at
the reduction stage of the silver substrate, mewotide adsorption is induced. It is
possible that when the amount of nicotinamide ghhithis molecule is co-adsorbed
with nicotinic acid at anodic potentials, provokiadiigher enhancement of the Raman
signal and the consequent positive deviation indhlébration curve of the nicotinic
acid. Conversely, when the amount of nicotinic acicreases, a co-adsorption with
nicotinamide is possible at cathodic potentialsjciwhcould be responsible for the

positive deviation of such samples in the caliloraturve for nicotinamide.

We can conclude that because of the interactioh thi¢ substrates of both, nicotinic
acid and nicotinamide, presumably due to a co-atisor of them (particularly present
at higher concentrations of the analyte), it is possible to carry out a quantitative
determination of both molecules using EC-SERS a@dSBERS with a univariate
calibration model. Therefore, one alternative t@roeme such a problem is to use

multivariate analysis that allows unraveling theeractions between the components of
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the system thanks to the trilinear character of R&nan-SEC, being possible to

determine, with high accuracy, both components.

3.3. Quantitative determination of nicotinamide and nicotinic acid using EC-

SERS, EC-SOERS and multivariate calibration.

One of the main advantages of SEC is the high amotinnformation about the
compounds in solution that is obtained in a sirgdperiment. This information can be
used to deconvolve complex chemical processesistgtat tools are very useful for
extracting the quantitative information containeda SEC experiment. Particularly,
SEC data provide a cube of data formed by the Ramansity at the different Raman
Shifts for all the applied potentials. Therefordjrtear data can be analyzed with very
powerful multivariate analysis techniques. Paraciyl in this work, N-way partial least
squares (N-way-PLS) [40,41] has been selected beciaus able to deal with matrix
effects. Additionally, multilinear models are mushmpler compared with unfolding
ones, because they use fewer parameters and ace, lpgeferable due to its simplicity
[41]. Finally, one of the main advantages of théhuod consists of the simpler chemical
interpretation of the models compared with unfoldsH41]. As was aforementioned,
because of the trilinear character of the dataimdtaby Raman-SEC experiments, and
thanks to the combination of EC-SERS and EC-SOERS\@mena, the resolution of

mixtures of several components is possible usingay-PLS.

A previous exploration of the most suitable eldgtio conditions was carried out
before performing the SEC experiments to resohee rthixture of nicotinic acid and
nicotinamide. Figure S9 shows the calibration csirebtained after adjusting an N-
way-PLS model to a series of SEC experiments obdkirsing 0.1 M HCIQ+ 5-10° M

KCI with calibration samples with nominal concetitvas as those listed in Table 1. In
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this model, the spectra from 650 ¢rto 1650 crit obtained during the whole potential
scan, from -0.40 to +0.40 V starting at -0.025 \tha anodic direction, were employed.
Three components were used to obtain the modem Rhe results it is clear that
determination of nicotinic acid can be carried esing 5-1G M KCI, obtaining a good
prediction of the test sample, demonstrating thedganalytical performance of EC-
SOERS. However, at this concentration of KCI, utaety of nicotinamide
determination is higher because of the low SERBasidt is clear that such electrolytic
conditions (5-18 M KCI) are not the optimal ones to obtain a go&RS substrate,
and the signal obtained in EC-SERS is not good gmoo achieve the best quantitative

determination.

Previous studies demonstrated that the optimalerdrations of KCI for EC-SOERS
can be found between 5-1M and 0.01 M [28]. Moreover, when Gloncentration is
increased, the SERS substrate yields a better eefmamt of the Raman signal. This
fact has been previously described in studies atheubptimal concentrations of KCI to
obtain good SERS signals using colloidal silver ,482. In brief, a compromise
situation needs to be solved, with a concentratio@l” high enough to obtain a good
SERS substrate, but at the same time, a suitableo@tentration to obtain a SOERS
substrate in the same Raman-SEC experiment. A wdl0eD1 M KCI was selected for

a good determination of the two analytes in a sirglperiment.

As has been stated above, an N-way-PLS model wastraoted using three
components obtained from the spectral data measalmd) the whole Raman-SEC
experiment. The univariate models showed that timeentration of one of the analytes
in the sample shows a clear influence on the otflaltivariate model not only allows

us to construct good calibration curves but alsipshéo explain the effect of each
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analyte on the other. This influence can be cleabgerved by analyzing the loadings
related to the Raman Spectra (Figure 4A) and thadihgs related to the
voltaRamangram (Figure 4B). Loadings for each camepb are moved in the ordinate
axis for a clear understanding of Figure 4. As banseen in Figure 4A, the three
components are related to: 1) nicotinic acid (bime) in which the characteristics
bands of the acid are seen; 2) nicotinamide (ne€) lin which the spectrum of this
compound is observed and 3) a mixture of the twectsp (yellow line) is clearly
observed. This assignation is confirmed when FigiBas analyzed. In this figure, the
blue line, corresponding to nicotinic acid, showdear EC-SOERS behavior, with the
Raman intensity increasing in the anodic regiorthef scan, that is to say, during the
electrochemical oxidation of the silver electroden the contrary, the red line,
corresponding to nicotinamide, increases in thehamit region where the SERS
substrate is formed. The third component (yellove)ican be related with the influence
of each analyte on the other. Nicotinamide inifiglields signal at the beginning of the
EC-SOERS region but decreases when nicotinic acatisorbed. Thus, when nicotinic
acid concentration is large enough, this compoueems to be co-adsorbed with
nicotinamide yielding a larger Raman intensity thhe expected as has been seen in

univariate calibration.

Figure 4

Therefore, although EC-SOERS and EC-SERS procemsedifferent, as can be

deduced by the signals of the two components, ieetsal response is not completely

16



independent because compounds with similar strectuhibit a clear influence in the

optical signal, being mandatory to use multivarsttistics to resolve the mixture.

For the N-way-PLS model constructed for the mixtwé nicotinic acid and
nicotinamide, a good linear correlation was obsgras can be noticed by thé ®alue

of 0.97 for nicotinic acid (Figure 5A) and 0.98 foicotinamide (Figure 5B). The data
also show a low dispersion, which denotes a higitipion. The concentration of each
compound was estimated for the test sample witleraor lower than 10 %, which
represents a high accuracy (8.7 % for both, nigotatid and nicotinamide). It is
important to notice that one of the main advantageghis method is the high
sensitivity, evidenced in the possibility to diatiate between two samples of very
similar concentration, even in presence of a cletarference of the other form of

vitamin B3.

Figure 5

4. Conclusions.

A new methodology for Raman quantitative analysss lbeen proposed. The new
methodology is based on the electrochemical geperaif a SERS and SOERS
substrate in a single experiment. Thanks to thebomamtion of EC-SERS and EC-
SOERS with multivariate statistical tools, the tafon of a complex mixture has been
achieved, demonstrating the capability of the methmgy to resolve the components of
vitamin B3 (nicotinic acid and nicotinamide). Tipsoof of concept demonstrates the

advantages of using simultaneously EC-SOERS andSERS to resolve complex
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mixtures of compounds, even with very similar cheahistructures. Univariate

calibration was influenced by the interaction bedawé¢he analytes but N-way-PLS was
able to deconvolve such interactions and providedgealibration curves for both,

nicotinic acid and nicotinamide, allowing the deteration of a test sample with high
accuracy. This methodology opens new gates to wlesiglytical strategies in order to
resolve mixtures in a simple and fast way. The fagiount of information obtained in a
single TR-Raman-SEC experiments helps not onlgs$olve complex mixtures but also
to understand the complex chemical processes tgiece at the electrode/solution

interface.
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Figures caption

Figure 1. EC-SOERS spectrum for 5-10/ nicotinic acid (blue line) and EC-SERS
spectrum for 0.01 M nicotinamide (garnet line) il M HCIO, + 0.01 M KCI
electrolytic medium, registered during a SEC experit at the maximum of signal for

each analyte (+0.39 V for nicotinic acid and -O\B8for nicotinamide).

Figure 2. VoltaRamangram of (A) 5- TOM nicotinic acid at 1034 cth(blue line) and
(B) 0.01 M nicotinamide at 1037 ¢h(garnet line) in comparison with the
corresponding CV (black lines) on a silver screemtpd electrode. Electrolytic
medium: 0.1 M HCIQ + 0.01 M KCI. Signals registered during a TR-Rars&C
experiment where the cyclic voltammetry was choasnelectrochemical technique.

Scan rate 0.02 Vs

Figure 3. Univariate calibration models for nicotinic acid)(And nicotinamide (B).
Raman intensity at 1034 ¢his taken at +0.39 V (cd) for nicotinic acid andLa87 cm

1 and -0.31 V (cd) for nicotinamide during the TRARE-SEC experiment. Blue dotted
line is obtained by fitting the responses with tencentrations of each analyte in
presence of different concentration of the othenpound. Garnet points are related to

standard calibration samples shown in Table S3yaeein points to the test sample.

Figure 4. Loadings related to (A) the spectra and (B) thaaRdmangrams obtained
with an N-way-PLS model with three components. @atk for each component is

shifted for a clearer representation

Figure 5. Concentrations predicted by the N-way-PLS versakaencentrations of the

analyte for (A) nicotinic acid and (B) nicotinamidgreen point is a test sample.
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Fig.3
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Fig.4

Loadings

Loadings

B TN
B

600 800 1000 1200 1400 1600
Raman shift/ cm'1

B
e

-0.4 -0.2 0 0.2 0.4
E/V vs Ag

30



Fig. 5
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