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Surface-Enhanced Raman Spectra (SERS) of methyl N-(1H-benzimidazol-2-yl)carbamate (MBC), usually
named carbendazim, have been recorded on silver colloids at different pH values. In order to identify
the neutral, protonated or deprotonated species of MBC that originate the SERS, the vibrational
wavenumbers of these three isolated forms and linked to a silver atom have been predicted by carrying
out DFT calculations. The results indicate that the active SERS species in the studied pH range correspond
to the neutral MBC and its deprotonated ion in the amidate form. According to theoretical calculations,
neutral MBC is linked to the metal through the imidazolic nitrogen atom, while the deprotonated MBC
could be linked through the imidazolic nitrogen together with the amidic nitrogen atom or the carbonyl
oxygen atom. Both adsorbed species, neutral and deprotonated, have the benzimidazolic ring orientated
almost perpendicular to the silver surface and no molecular reorientation has been detected. pH of the
bulk controls the relative abundance of the neutral MBC and its amidate anion which can be monitored
through the intensities of the SERS bands recorded at about 1230 and 1270 cm . These two key bands
correspond to the in-plane NH deformation of amidic and imidazolic groups, respectively.
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1. Introduction

Benzimidazole derivatives are heterocyclic compounds of great
interest for their technological [1], medical [2] and biological [3]
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applications. Despite the usefulness of these compounds as fungi-
cides and pesticides of broad-spectrum efficacy [4], some of them
are classified as pollutants by European Union establishing their
concentration limit in different samples. This is the case of methyl
N-(1H-benzimidazol-2-yl)carbamate (MBC), usually named car-
bendazim. MBC is a systemic fungicide, white powder, with very
low solubility in water ~6.11 mg/L. It has two pK, (pK,; = 4.5 and
pKi> = 10.6) controlling the relative abundance of protonated
(MBC"), neutral (MBC®) and deprotonated (MBC™) forms in aque-
ous solution, depending on the pH (Fig. 1) [5].

Several analytical methods have been proposed to identify and
quantify the presence of environmental pollutants [6,7], as for
example, the spectroscopic technique Surface-Enhanced Raman
Scattering (SERS) [8,9]. SERS is nowadays used for sensitive and
selective molecular identification due to the giant electromagnetic
(EM) enhancement of the Raman signal induced by localized plas-
mon resonances in nanostructured noble metal surfaces [10,11].
This huge enhancement provide strong Raman signals from very
insoluble compounds such as MBC [5] and allows, for instance, to
record the spectra of hydrophobic molecules in aqueous solution
at trace level by using molecular hosts of specific analytes such
as viologen dications [9,12] or cyclodextrins [13] among others.

Beside analytical applications as chemical sensor, SERS is also a
powerful tool to gain insight into the nature of the metal-adsor-
bate hybrid, the bonded molecular species and its chemical inter-
action with the metal nanostructure [14-16]. SERS spectra of
simple molecules related to MBC such as benzimidazole (BIZ)
[16] and imidazole (IZ) [15] have been previously studied. In the
case of BIZ two different types of adsorption are proposed depend-
ing on the pH, through the m-electrons of the aromatic ring at neu-
tral pH or through the protonated nitrogen atom at acidic pH that
assembles a strong ionic pair with chlorine anion [16]. A similar
change in the adsorption was found in the case of cyanide anion
where a molecular reorientation from perpendicular to parallel
adsorption occurs when the cyanide concentration is lowered
[17]. Even in the case of acidic pH, the adsorption through depro-
tonated nitrogen cannot be discarded given the strong chemical
interaction between the lone pair of the heteroatom and the metal
as well as the effective pH in the interface of a nanometric environ-
ment which can be far apart from the bulk values [18].

MBC is a much more complex adsorbate given that three differ-
ent chemical species have to be considered depending on the pH:
the neutral molecule (MBC®) and the protonated (MBC*) and the
deprotonated (MBC™) charged species. Both ionic forms are stabi-
lized by resonance because of the positive or negative charge can
be delocalized along the aromatic heterocyclic ring and the carba-
mate group (Fig. S1 in Supplementary Material). This effect slightly
increases the basicity of the imidazolic nitrogen (pK,; = 4.5) with
respect to other compounds with sp? hybridization [19] although
remains less basic than imidazole (pK,=7.0), aliphatic amines
(pK,=10-11) or ammonia (pK,=9.24). On the other hand, the
amidic nitrogen atom located in the carbamate group is slightly
more acid (pK,, = 10.6) than aliphatic amides (pK, = 14-15) [19].

This work is mainly focused on the study of the effect of the pH
in the coordination of a complex molecular system like MBC on

S
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MBC* MBCP

metallic plasmonic surfaces by means of SERS in order to identify
the adsorbed species and the specific interacting center with the
metal. In this way, SERS spectra of 107> mol/L MBC have been
recorded on silver sols at several pH values ranging from pH =2
up to 12. The analysis of the results has been carried out with
the help of Density Functional Theory (DFT) calculations which
have proved once again their usefulness in the spectral
interpretation.

2. Methods

All reagents and MBC were purchased from Sigma-Aldrich.
Stock solutions (103 mol/L) of MBC were prepared with ethanol
(100%) provided by VWR, Prolab. Silver sols and aqueous solutions
were prepared with water from Milli-Q system (18.2 MQ cm
resistivity).

2.1. Preparation of Ag nanoparticles and SERS measurements

Ag nanoparticles (AgNPs) were prepared by reducing an aque-
ous solution of silver nitrate (10~2mol/L) with hydroxylamine
hydrochloride (1.66 x 107> mol/L) in alkaline medium (300 pL
NaOH 1.0 mol/L) under vigorous stirring according to the proce-
dure described elsewhere [20,21]. Other reducing agents such as
citrate and NaBH,4 can be alternatively used to obtain colloidal sus-
pensions, but it has been shown that the NPs obtained by using
hydroxylamine show a more uniform distribution of size and shape
and no interferences from the remaining oxidation products are
detected [22]. AgNPs were characterized by the resonances of
metallic plasmons in the UV-VIS spectra, showing a maximum at
about 410 nm with an average FWHM of 80 nm, and by SEM
(Fig. S2 in Supplementary Material). Although the NPs are partially
aggregated, there are no large clusters and the isolated NP diame-
ter is of ca. 50 nm. This size is similar to that measured by dynamic
light scattering, 54 nm. The zeta potential has been also measured
yielding a value of —30.5 mV. Both parameters (size and zeta
potential) agree quite well with the characteristic values of electro-
statically stabilized sols [23]. A NanoBrook ZetaPALS analyzer with
a 35 mW red diode laser, nominal 640 nm wavelength, has been
employed to measure the diameter and the zeta potential of AgNPs
and a Hitachi S-4800 FESEM instruments for obtaining SEM
images.

Different procedures to prepare the final samples have been
checked in order to optimize the SERS signal/noise ratio. AgNPs
colloids were activated by adding 40 pL KNOs; (0.5 mol/L) to
960 pL of AgNPs in a 1 cm x 1 cm cuvette. The final pH of the col-
loid was adjusted by adding 5 pL HNO3 (1.0 mol/L) for obtaining
pH=2,and 0.5, 1, 1.5 and 5 pL NaOH of 0.5, 1.0, 1.0 and 2.0 mol/L,
respectively, for obtaining the corresponding pH of 6, 8, 10 and
12, respectively. The pre-aggregation induced by KNOs leads to a
slight change of the color as well as an enhancement of the plas-
mon absorption at higher wavelengths as described in Supplemen-
tary Material. Finally, an aliquot of 10 pL was removed from the
mixture and 10 pL of MBC solution (107> mol/L) was added in

NHm

NH,, pKa=10.6
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Fig. 1. B3LYP/6-31G* optimized structures of different chemical species of MBC that can exist in aqueous solution depending on the pH.
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order to keep the volume in 1000 pL. The final MBC concentration
was 107> mol/L in all experiments. The pH values have been mea-
sured by pH-indicator strips (MColorpHast, Merck) after adding
MBC molecule. The uncertainty of the measured pH is estimated
to be +0.5 (pH = 5-10) or +1 (pH = 0-5 and 10-14). pH has a min-
imal effect on the stability of the sols in the studied range and the
ionic strength remains almost kept constant in all the samples. The
stability of the colloid is discussed within Supplementary Material
(Figs. S3 and S4).

Raman spectra were obtained using a micro-Raman inVia Ren-
ishaw spectrograph, equipped with an electrically cooled CCD
camera, under 532 nm excitation and diffraction grating of
1800 1/mm. The laser power reaching the sample was about
2.0 mW and the spectral resolution was set to 2 cm™~'. Raman spec-
trum of powder was recorded using the 785 nm exciting line to
avoid fluorescence emission. Although absolute SERS intensity
can slightly vary on a particular record, the relative SERS intensity
of the bands keeps constant. SERS spectra have been repeated sev-
eral times under the same experimental conditions in order to
check the reproducibility of the intensity ratio of the key bands
at 1230 and 1270 cm™! and estimating a reproducibility similar
to that found in the previous work (ca. <20% [9]).

UV/Vis spectra have been recorded on a Cintra 5 double beam
spectrophotometer dotted with Tungsten-halogen and deuterium
lamps and 1.5 nm slit width. The samples were prepared in the
same way to that mentioned for recording SERS spectra. The only
difference is that the sample (1 mL) was diluted with 2 mL of ultra-
pure water (Milli-Q system) in order to avoid the spectral
saturation.

2.2. Theoretical calculations

Optimized structure and force field of neutral MBC®, BIZ and 1Z
were calculated at B3LYP/6-31G* level of theory. It has been
demonstrated that this level of calculation reproduces satisfacto-
rily the vibrational spectrum of aromatic molecules [24,25]. Geom-
etry optimization of MBC® has been constrained to a planar
structure (Cs; symmetry) where an intramolecular hydrogen bond
occurs between the imidazolic NH bond and the amidic oxygen
atom. This MBC® structure agrees with the local symmetry in solid
phase, providing a higher crystallinity than BIZ [26], a lower solu-
bility in water as well as a higher melting point of MBC in compar-
ison to BIZ [13]. The optimized structure of protonated and
deprotonated MBC, (MBC* and MBC", respectively) and their corre-
sponding vibrational wavenumbers have also been calculated.
Fig. 1 shows the B3LYP/6-31G* optimized geometry of the MBC
species and summarizes the nomenclature used for the two differ-
ent NH bonds: imidazolic NH;z and amidic NHap.

In addition, a simple molecular model has been assumed for the
MBC-Ag surface complex involving a single silver atom linked to
the three different chemical species of MBC (Fig. 2). A positive or
negative silver atom has been selected depending of the nega-
tively/neutral or positively charged MBC forms, respectively, in
order to minimize the electrostatic repulsion between the AgNP
and the adsorbate because of larger SERS enhancement is detected
under this condition [27]. B3LYP method with the LanL2DZ basis
set has been employed for calculating the respective optimized
structures and force fields of the different complexes (MBC°-Ag",
MBC*-Ag~, MBC -Ag"). This is the same level of calculation previ-
ously used by us for analyzing the adsorption and charge transfer
processes in the SERS of benzene-like molecules [28,29]. The silver
cation is bonded to the imidazolic or the amidic nitrogen atoms in
the optimized complexes of MBC® or MBC™ species, respectively, as
occurs in heterocyclic aromatic molecules where the nitrogen
atom is preferred to adsorb on the metallic surface [30,31]. In the
case of MBC", the only available interaction with silver is through

the m-system of the aromatic rings given that all the nitrogen
atoms are bonded to hydrogen. As expected, the MBC'-Ag" com-
plex dissociates in the optimization process. Therefore, a nega-
tively charged silver atom has been considered in order to
predict the vibrational wavenumbers associated to this species
(MBC*-Ag"). All the calculated wavenumbers of the different com-
plexes are real indicating that the optimized geometries corre-
spond to equilibrium structures (Table S1 in Supplementary
Material) and no scaling factor was used for the force field given
that the accuracy of B3LYP vibrational wavenumbers are typically
better than 95% of the experimental values [32]. All calculations
have been carried out using the GAUSSIANO9 program package
[33].

3. Results and discussion
3.1. SERS spectra of carbendazim at different pH

Raman spectrum of solid MBC (Fig. S5 in Supplementary Mate-
rial) has been recorded giving that the low solubility of MBC pre-
vents recording the Raman from aqueous solutions at any pH.
This spectrum is dominated by seven strong bands recorded at
1475,1271, 1262, 1030, 961, 724 and 618 cm™~! as well as two very
strong bands at lower wavenumbers (<150 cm™') which corre-
spond to lattice vibrations. The remaining bands recorded in the
200-1800 cm~! region show a much lower intensity than the pre-
vious ones. Table S2 (Supplementary Material) shows the vibra-
tional assignment of MBC taking into account the B3LYP/6-31G*
force field of the isolated chemical species and the reported assign-
ment [34-39] of related molecules. The bands associated to the
amidic and imidazolic NH bonds have been highlighted. The
1200-1300 cm™! region is very interesting in order to recognize
the presence of a particular ionized form of MBC given that charac-
teristic bands of specific deprotonated species are recorded at
these wavenumbers.

Figs. 3 and 4 show the medium and high wavenumber regions,
respectively, of SERS spectra of MBC recorded at different pH val-
ues. All the spectra have been normalized to the corresponding
strongest band, except for the weak SERS at pH =2 which shows
a very strong background. SERS at pH = 6 is almost identical to that
at pH = 8 and both spectra are dominated by five strong SERS bands
recorded at about 1520, 1460, 1270, 1230 and 1010 cm™'. How-
ever, in the SERS at pH = 10 the relative intensities of the doublets
appearing at 1230/1270 cm~! (Fig. 3) and 2950/3070 cm™! (Fig. 4)
are reversed. As a consequence, the bands at 1270 and 2950 cm™!
become the strongest ones of the respective pairs when the pH is
basic enough. The dependence of the relative intensities of these
bands on the pH can be related to the normal modes of the func-
tional group which undergoes deprotonation, i.e. the amidic NH
group, and therefore, these bands can be used to recognize which
MBC chemical species (neutral or ionized) is adsorbed on the basis
of the force field calculations.

3.2. Vibrational assignment of MBC

The analysis of the vibrational and SERS spectra of a complex
molecular system such as MBC has been carried out on the basis
of the force field calculations and the assignments of BIZ [16,34]
and IZ [15,35-37] related molecules. Table S2 (Supplementary
Material) correlates the experimental Raman wavenumbers of
solid MBC and those of BIZ and IZ together with those calculated
by using the B3LYP/6-31G* method for all the considered chemical
species. Table S3 (Supplementary Material) summarizes in turn the
SERS wavenumbers of MBC recorded at different pH values and the
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Fig. 2. B3LYP/LanL2DZ optimized structures of (a) MBC*-Ag~, (b) MBC°-Ag* and (c) MBC -Ag* (Left: N—Ag—N; Right: N—Ag—O0) surface complexes and energy difference
between the two optimized structures of the MBC-Ag* complex, being slightly more stable the complex in which the silver atom is linked to both the imidazolic nitrogen

and the oxygen of the carbamate group (right).
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Fig. 3. SERS spectra of MBC (10~° mol/L) recorded at different pH values under
532 nm excitation.

B3LYP/LanL2DZ theoretical ones for the different MBC-Ag surface
complexes.

The strongest SERS bands (Fig. 3) are assigned to in-plane nor-
mal modes and only few lines correspond to out-of-plane funda-
mentals. The five strong SERS bands recorded at about 1520,
1460, 1270, 1230 and 1010 cm™! at pH > 6 are assigned to vibra-
tional motions involving mainly 8NHay, SNHay +8CH3, 8NHy,,

pH=12

pH=10

35

pH=8

Relative Intensity / a.u.

pH=6

pH=2

L L L

2600 2800 3000 3200 3400
Wavenumber /cm’!

Fig. 4. High wavenumber region of SERS spectra of MBC (10> mol/L) recorded at
different pH values under 532 nm excitation.

8NHanm and 3CCg, in-plane deformations, respectively. The charac-
teristic vibrational modes of the amide group have also been iden-
tified. Amide I vibration, recorded at about 1650 cm™!, arises
mainly from the C=0 stretching coordinate, and the Amide II band,
recorded at about 1550 cm™!, corresponds to a combination of the
NHay in-plane bending and the CN stretching coordinates.
Although this last band is usually weak or absent in the Raman
spectrum of polypeptides, the medium-strong SERS band observed
at 1520 cm™! can be assigned to Amide II. This band splits in two
components at pH = 10, 1520 and 1507 cm™!, being that recorded
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at 1520 cm ™! slightly weaker than the new one at 1507 cm ™' and,
finally, becomes very weak appearing as a shoulder at pH = 12. The
force field predicts one or two fundamentals in this region,
depending of the considered MBC~ or MBC? species, at 1528 and
1542 cm™~! and assigned to NH;; and NHay, in-plane deformations,
respectively (Table S3, Supplementary Material). The Amide III
vibration of MBC, recorded with strong intensity at 1230 cm™!, cor-
responds to a combination of NHay bending and CC benzenic
stretching coordinates. Another strong SERS band is appearing at
1270 cm~! which contains a large contribution from NH; in-
plane deformation.

There are also a couple of bands recorded over 1400 cm™
showing a similar behavior to that described for the 1200 and
1500 cm™! regions, that is, their relative intensities are reversed
at basic pH in agreement with the proposed assignment, giving
that both fundamentals are related to the NHay and NHjz in-
plane deformations.

Regarding the high wavenumber region, two broad SERS bands
are recorded in all spectra at about 3400 and 3200 cm™!, respec-
tively, where NH (adsorbate, Fig. 4) and OH (water, Figs. 4 and
S4) stretching vibrations are overlapped. Two bands appear at
lower wavenumbers, 3070 and 2950 cm™~!, whose relative intensi-
ties are sensitive to the pH and showing a reverse dependence to
those recorded at 1230 and 1270 cm~'. This point out to these
bands should be also related to the relative abundance of the neu-
tral and anionic species, MBC® and MBC™ respectively. We propose
two alternative explanations for the dependence of their intensi-
ties on the pH. It is possible that both bands are originated by a
Fermi resonance involving a CH stretching fundamental and the
overtone of the Amide II band (recorded, for instance at
1523 cm™! in the SERS at pH=6 (MBC® 2 x 1523 =3046 cm™!))
as occurs in similar compounds like in proteins [38,40]. Another
possibility is that both bands correspond to aromatic and methyl
CH stretching vibrations which are expected to appear above and
below 3000 cm !, respectively. The relative enhancement of the
band corresponding to the alkyl CH (2950 cm™1) at higher pH could
be due to the closer proximity of the methyl group to the metal
surface in the case of the MCB™-Ag* complex (Fig. 2¢) than in the
case of the MCB%-Ag" complex (Fig. 2b), where the silver is dis-
placed toward the aromatic moiety, which could be responsible
for the strong intensity of the 3070 cm™! SERS line at pH =6.

1

3.3. Adsorption of MBC on Ag nanoparticles

The analysis of the B3LYP/LanL2DZ calculated wavenumbers
of the three different Ag-MBC surface complexes (MBC°-Ag",
MBC -Ag*, MBC'-Ag™, Fig. 2 and Table S3) indicates that the main
changes should correspond to the fundamentals related to the
ionizable imidazolic and amidic groups. Generally speaking, the
interaction of the imidazole ring with the surface seems to
dominate the adsorption of MBC on silver, even in the case of
neutral MBC?, as pointed out by the calculated fundamentals at
1027 and 1363 cm™! of the complex with Ag*.

In addition, most of the enhanced bands in the SERS spectrum,
such as those recorded at ca. 1520, 1270, 1230 and 1010 cm ™', cor-
respond to in-plane normal modes of aromatic rings what suggests
a perpendicular orientation of the benzimidazolic ring with respect
to the metallic surface on the basis of the propensity rules of the
EM enhancement mechanism of SERS [41]. Although some of the
single bonds related to the carbamate group could rotate more or
less freely (giving “non-planar” conformations), the presence of a
hydrogen bond in the carbamate (see Fig. 2b and c), the resonance
in the amide group and the bonding with the silver favors a Cs
structure with perpendicular orientation of the adsorbate. Only
internal rotations along the C—O(CH3) and O—CHs single bonds
are expected. In addition, B3LYP/LanL2DZ calculations predict a

molecular structure for MBC°-Ag® and the two conformers of
MBC -Ag* with C; symmetry in which two equivalent methyl
hydrogens lie above and below the symmetry plane (Table S1 in
Supplementary Material).

The chemical species adsorbed on the silver surface can be
checked by analyzing the dependence on the pH of the relative
SERS intensities of the pairs of the bands assigned to amidic/imida-
zolic groups. The most striking feature is the behavior of the bands
recorded at 1230/1270 cm~! and assigned to NHay and NHjz in-
plane deformations, respectively, where the relative intensity of
the 1230cm™! line decreases when pH increases, while the
1270 cm™! band becomes in turn stronger. There are also other
bands sensitive to the pH recorded in the 1300 and 1400 cm™!
region as, for instance, the bands assigned to the amidic group
(1340 and 1460 cm™!) that become weaker than the assigned to
imidazolic group (1380 and 1430 cm™') when the pH is raised.
The same occurs in the 1500 cm~! region. The band recorded at
1522 cm ! (amidic group) shows a shoulder at 1505 cm™! (imida-
zolic group) in the SERS at pH = 10 and dominates at pH = 12. These
results indicate that the MBC® and MBC~ chemical species are
adsorbed on the nanoparticles and that the MBC* species is not
able to interact with the surface. The imidazolic N atom is involved
in the adsorption process and only when MBC? species is present in
the sol (pH > 6) an enhancement of SERS intensity is observed. This
is also observed in the VIS spectra of MBC colloidal solutions mea-
sured at different pH (Fig. 5). A new band at high wavelength
(=780 nm), and characteristic of aggregation, appears in the spec-
tra at pH > 6, indicating that the adsorption of MBC on AgNPs is
only effective when the pesticide is in neutral or anionic forms,
thus corroborating that the IZ group is involved in the interaction
with the metal. These evidences, together with the absence of
any SERS band recorded at ca. 1295 cm™! which is assigned to
NH deformation of the protonated imidazolic nitrogen (see
Table S3), corroborates that MBC® or MBC™ species originate the
SERS.

This conclusion is further supported by the attempts to calcu-
late the optimized B3LYP/LanL2DZ geometry of the MBC'-Ag".
These calculations do not converge to any minimum given that
the MBC" cation does not have any free nitrogen atom able to inter-
act with the metallic surface. Only an optimized geometry for the
MBC"™-Ag~ complex has been obtained where the negatively
charged silver atom is located above the aromatic ring (see
Fig. 2a). In this case, the MBC" looses the planarity because of the
imidazolic carbon pyramidalizes while the silver anion is located
above the three nitrogen atoms. This kind of interaction would give
rise to the enhancement of SERS bands corresponding to the

1.5
Agcolloid+KNO; +MBC
—_ pH2
pH6

— pH12

Absorbance

0.5

0 T T T
400 600 800 1000

Wavelength (nm)

Fig. 5. UV-Vis absorption spectra of Ag sols with KNO; and MBC at different pH
values.
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out-of-plane normal modes of the aromatic rings [41] but no bands
assigned to these vibrations are enhanced, what discards the
adsorption of the cationic MBC" species.

Therefore, MBC® and its amidate anion MBC™ are the two chem-
ical species adsorbed on the metallic surface. The optimized struc-
ture of the MBC®-Ag* complex yields a planar geometry with Cq
symmetry, where the silver atom is bonded to the imidazolic nitro-
gen atom giving a perpendicular orientation of the benzimidazolic
ring with respect to the metallic surface (Fig. 2b). The calculated
vibrational wavenumbers for this complex are in agreement with
the experimental ones. The MBC™ species contains the amidate
group and can be adsorbed through either the imidazolic and the
amidic nitrogen atoms (N—Ag—N), or the imidazolic nitrogen and
the carbonyl oxygen atom (N—Ag—O) as show the corresponding
optimized structures (Fig. 2¢). The calculated force fields for both
metallic complexes predict very similar wavenumbers in agree-
ment with the experimental results and the energy difference
between these two structures is very small (1.2 kcal/mol), being
the last complex slightly more stable.

As a result from the analysis of the vibrational assignment
based on the force field calculations (Table S3) it can be concluded
that the 1230 and 1270 cm™~! SERS bands are characteristic of the
neutral and ionic MBC°/MBC~ species, respectively, as the respec-
tive dependence of their intensities on the pH shows. In this
respect, we have found a linear correlation between the intensity
ratio of these SERS bands I;330/l1270 (measured from their peak
heights) and the pH as shows Fig. 6 what allows for predicting
(at least roughly) macroscopic pH value of the solution from the
relative intensities of both bands. This linear dependence has been
already observed in molecules that show an ionizable group and a
surface interacting center, what allows for using them as pH-
sensor [42]. On the contrary, simple carboxylic acids or amides
are no valid pH SERS-sensors because the ionizable chemical group
is also involved in the linkage with the metal [18].

4. Conclusions

The identification of the chemical species of MBC adsorbed on
Ag nanoparticles has been carried out on the basis of DFT quantum
mechanical calculations and by analyzing the dependence of the
SERS spectra on the pH. A complete vibrational assignment of all
the possible chemical species adsorbed on the silver surface has
been proposed. The SERS active forms correspond to the neutral
MBC and its amidate ion (MCB™) with a perpendicular orientation
of the benzimidazolic ring with respect to the metallic surface,
given that no out-of-plane bands are enhanced in SERS. The

3,0

2,5 1

2,04

|1230/|1270
N
w
1

1,0 4
0,5 1
y=(-0,32+0,02) + (4,28+0,17)
R?=0,99
0,0 T T T T
4 6 8 10 12 14

pH

Fig. 6. Dependence of the relative intensity of the SERS bands recorded at 1230 and
1270 cm™! on the pH.

changes in the intensities of the pairs or SERS bands recorded in
the 1200 cm™! and 3000 cm™~' regions when the pH is raised evi-
dence the relative concentration of neutral/amidate species. More-
over, theoretical results point out that the MBC coordination to Ag
surface is monodentate through the imidazolic nitrogen atom in
neutral MBC species and bidentate through both imidazolic and
amidic nitrogen atoms or the oxygen atom of the amidate group
in MBC™ anionic species. Finally a linear dependence between
the relative intensity of the 1230/1270 cm™! bands on the pH has
been found because of the amide group is not involved in the
adsorption process.
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Appendix A. Supplementary material

Fig. S1 shows the resonance structures of MBC" and MBC™ ions,
and Figs. S2-S4 correspond to the SEM image of AgNPs, UV-Vis
spectra of colloid, pre-aggregated colloid and aggregated with the
adsorbate MBC, and the Raman spectra of pre-aggregated colloid
at different pH, respectively. Fig. S5 shows the Raman spectrum
of solid MBC. Table S1 summarizes the Cartesian coordinates of
the different complexes and Tables S2 and S3 summarize in turn
the experimental (Raman and SERS) and theoretical DFT vibra-
tional wavenumbers of BIZ, IZ and MBC and the calculated silver
complexes. Supplementary data associated with this article can
be found, in the online version, at http://dx.doi.org/10.1016/j.jcis.
2015.11.045.
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