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The vibrational properties of the 2-mercaptobenzimidazole (MBI) molecule in interaction with gold were
examined by a combined approach of FTIR measurements and density functional theory (DFT). A complete
assignment of the 42 normal modes of MBI has been performed on the basis of DFT calculations at the
B3PW91 level in complement to the Raman and FTIR spectra. Calculations demonstrated that, on the
deprotonated MBI molecule, the negative charge is localized on the sulfur atom, favoring the formation of a
gold-sulfur bond upon reaction of MBI with gold. This was confirmed by the very good agreement between
the calculated spectrum and the experimental spectra of different gold-MBI compounds, indicating that the
vibrational properties of adsorbed MBI are chiefly determined by the coordination through the sulfur atom.

1. Introduction

The combination of electrochemical and in-situ infrared
spectroscopic techniques is nowadays widely applied to describe
the metal-solution interfaces. Especially, the so-called sub-
tractively normalized interfacial Fourier transform infrared
spectroscopy (SNIFTIRS) has been proved to be a powerful
technique to describe the adsorption of organic molecules on
metal substrates.1-3 This method has been recently used by us
to study the adsorption behavior of the 2-mercaptobenzimidazole
(MBI) molecule on a Au(111) electrode.4,5

The self-assembled monolayer of MBI was characterized by
electrochemical techniques and SNIFTIR spectroscopy,4 and it
was shown that the MBI molecule is adsorbed through the
formation of a gold-sulfur bond and can be electrochemically
desorbed either in a neutral or an anionic form depending on
the pH of the solution. Despite the fact we were able to get an
experimental infrared spectrum of the anionic form of MBI,
the bands assignment was difficult since, to our knowledge, no
IR data were available in the literature concerning anionic MBI.

In a subsequent study, the effect of the electrode potential
on the amount and the orientation of the MBI at the surface
has been examined.5 To get good quality spectra, with a high
signal-to-noise ratio even for a submonolayer amount of MBI,
the experiments were performed in deuterated water. Figure 1
presents a typical SNIFTIR spectrum, in deuterated water,
compared to the spectra of anionic and neutral MBI in deuterated
solvent. The positive bands of the SNIFTIR spectrum exactly
match those of anionic MBI, while the negative bands display
patterns similar to the spectrum of neutral MBI. Due to the
presence of two labile hydrogen atoms on the nitrogen atoms
of the molecule, the infrared spectrum of MBI strongly differs

in hydrogen or deuterium media, and the bands assignment was
again not straightforward.

This work is aimed at getting reliable information on the
vibrational properties of MBI and some of its derivatives and
on the interaction between MBI and a gold surface, using density
functional theory (DFT) calculations. DFT has been successfully
applied to the description of the vibrational properties of many
molecules, including heterocycles.6-8

Figure 2 presents the structures of the compounds whose
spectra were calculated: MBI, the anionic form of MBI, a gold
complex of MBI, and their deuterated isotopomers.
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Figure 1. Comparison of a SNIFTIR spectrum (dashed line) to the
absorbance spectra of MBI dissolved in deuterated methanol (bottom,
solid line) and in D2O + NaOH (top, solid line). The SNIFTIR spectrum
displayed on the figure is that obtained at the sample potential of-0.3
V. Under the experimental conditions used, negative bands reflects the
spectrum of the adsorbed monolayer, while positive bands are due to
desorbed species. From ref 5.
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The DFT calculated spectra of these species were compared
to experimental spectra to gain some insight in the interaction
of MBI with gold at the electrochemical interface.

2. Experimental Section

2-Mercaptobenzimidazole (98%, Acros) was recrystallized in
absolute ethanol (Merck). KBr (for spectroscopy, Merck) was
dried at 110° before use. Deuterated methanol (CD3OD,
99.8+%, Aldrich), deuterium oxide (99.9%, Cambridge Isotope
Laboratories), AuCl3 (Alfa Aesar), NaOH (Pro Analysi, Carlo
Erba), and HCl (Pro Analysi, Chem-Lab) were used as received.

The Raman spectrum of MBI was recorded directly on the
finely grinded solid with a Perkin-Elmer Spectrum 2000
FT-Raman spectrometer using a red-light Nd:YAG laser (25
mW) emitting at 1064 nm. A total of 128 scans were collected
at a 4 cm-1 resolution. The infrared spectra were collected with
a Nicolet 20DXB spectrometer equipped with a DTGS detector.
IR spectra of solutions as well as solids dispersed into KBr
pellets were recorded. For the solutions, a thin layer cell
consisting in two flat IR windows (CaF2 or ZnSe) separated
by a 25µm thick Teflon spacer was used. The solution spectra
of MBI (in methanol solvent), N,N′-dideuterated MBI (in
CD3OD), anionic MBI (in H2O + NaOH, pH > 12.5), and
deuterated anionic MBI (D2O + NaOH, pH > 12.5) were
obtained. Due to the low concentration of MBI in solution (∼1%
w/w), the H-D exchange is assumed to be complete in the
deuterated solvents. KBr pellets were employed for solid MBI
and for gold-MBI compounds.

Compounds were synthesized in two different ways. The first
one (AuMBI-1) was prepared by mixing a 10-3 M AuCl3 +
10-1 M HCl aqueous solution with a 10-3 M MBI aqueous
solution, in a ratio 1:3. A white precipitate was obtained which
was isolated, rinsed, dried, and dispersed in KBr.

The second one (AuMBI-2) was prepared by mixing the same
solutions in the presence of NaBH4. The reaction product was
a colloidal suspension of MBI-capped gold aggregates. The
particules were coagulated, rinsed, dried, and finally dispersed
in KBr. For each spectrum 800 scans were collected at a
resolution of 2 cm-1.

3. Computational Details

To calculate the vibrational frequencies of the MBI molecule
before and after interaction with gold, a density functional theory
(DFT)9,10 approach was used by means of the B3PW91
functional,11 which has proven its reliability,10,12in combination
with the LanL2DZ pseudopotential13-15 enabling one to obtain
good quality geometries, interaction energies, and vibrational
frequencies as was shown in former studies.16,17These calcula-
tions were carried out with the Gaussian98 program.18

The generally good performance of the hybrid functionals
such as B3PW91 and B3LYP for frequencies has been discussed
in ref 19. DFT intensities calculated at this level may be
considered to be of reliable certainty when a semiquantitative
spectral intensity pattern is required.10,20In our study we limited

the calculation level to the B3PW91/pseudopotential level,
which as will be seen gives satisfactory results.

The MBI molecule and anion were fully optimized for their
hydrogen and deuterium isomers. The interaction was simulated
using a single gold atom (see Figure 2).

4. Results and Discussion

4.1. 2-Mercaptobenzimidazole Molecule.4.1.1. Molecular
Parameters.The X-ray structure of 2-mercaptobenzimidazole
molecule (compoundIa in Figure 2) in the solid state has been
determined already in the 1970s by Form and Raper21 and was
confirmed later by Murty22 and Ravikumar.23 A tautomeric
equilibrium between the thione and the thiol form exists, but
many works, including a semiempirical gas phase study,24 have
shown that the thione form of MBI is predominant. In the solid
state, the molecules form long H-bonded chains along theb
axis of the crystal, which corresponds to they axis of Figure 2.
The comparison between the experimental and calculated
structure results in a good correlation, characterized by cor-
relation coefficients values of 0.9854 and 0.9167 for the bond
lengths and bond angles, respectively. The largest deviations
are observed for bond lengths and bond angles involving the
hydrogen atoms, which is often the case in DFT calculations.10

It is also possible that these differences originate from the fact
that the experimental data were obtained for solid state MBI,
where intermolecular interactions such as H-bonding occurs,
while the calculations were performed for a single molecule. If
the comparison is restricted only to the skeleton C and N atoms
and to the exocyclic S atoms, the correlation coefficients are
0.9987 and 0.9965, respectively, which are more accurate than
those obtained in other works on heterocyclic molecules.8,25

A permanent dipole moment is found to be oriented along
the x axis; its calculated value amounts to 5.07 D. An
experimental value of 4.1 D, measured for MBI dissolved in
benzene or dioxane, has been previously reported by Cumper
and Pickering.26

4.1.2. Vibrational Analysis.MBI is a heterocyclic molecule
composed of 16 atoms, having two planes of symmetry (thexy
plane and thexzplane; see Figure 2) and aC2 axis of symmetry
(the x axis), and belongs to theC2V point group. A total of 42
vibrations are then expected for MBI, distributed as follows:

Normal coordinates having A1 and B2 symmetry are assigned
to symmetric and antisymmetric in-plane vibrations, oriented
along thex axis andy axis, respectively. Similarly, the out-of-
plane symmetric vibrations belong to B1 symmetry and are
oriented along thez axis, while the A2 modes, which are not
active in infrared spectroscopy but are active in Raman
scattering, correspond to out-of-plane antisymmetric vibrations.
Experimental vibrational analyses of MBI have been already
reported in the literature.27-30 Especially, the study of Bigotto28

provides an extensive description to which we can refer in this
work.

Figure 3 presents the Raman, FTIR, and calculated IR spectra
of 2-mercaptobenzimidazole. The unscaled calculated spectrum
is represented in the stick form. A detailed analysis of the spectra
is given in Table 1. The table presents the experimental and
unscaled calculated wavenumbers together with the calculated
intensities, irreducible representations, and assignments.

The experimental wavenumbers reported in the second
column were obtained from the different available spectra of
MBI, i.e., Raman, solid FTIR, and methanolic solution FTIR

Figure 2. Structures of the investigated compounds.

Γvib ) 15 A1 + 6 A2 + 7 B1 + 14 B2 (1)
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spectra. The missing rows of this column correspond to bands
which were not observed in any experimental spectrum. This
is not so surprising considering that for all these bands the
calculated IR intensities are found to be very small. The third
column of Table 1 presents the wavenumbers as they were
calculated at the B3PW91 level. It is common to apply a scaling
factor to the calculated wavenumbers to get a better correlation
between the experimental and theoretical spectra.31,32 The use
of this scaling factor as well as the scaling value is still an open
question and is not the topic of this work. However, we may
compare the ratioR ) νexp/νcalc obtained here with results
reported in the literature. In the high-frequency region (>2500
cm-1), small values ofR, around 0.84 for the NH stretchings
and 0.94 for the CH stretchings, are found. In the wavenumber
range between 500 and 2500 cm-1, theR values are just below
unity, and their mean value equals 0.979. In the low-frequency
range (<500 cm-1), R tends to be slightly larger than 1. This
trend is in good agreement with other combined DFT and
experimental studies on small organic and heterocyclic mol-
ecules.32

Vibrations above 3000 cm-1 are easily assigned to NH and
CH stretching vibrations. One of the CH stretching is not
experimentally observed, as expected from the zero intensity
calculated by DFT. The bands located on the experimental IR
spectrum between 3000 and 2500 cm-1 are overtones and
combination bands. The 2980 cm-1 band most probably results
from a Q9+ Q11 combination.

Out-of-plane CH bendings (τ(CH)) are relatively easy to
identify. The very intense band at 741 cm-1 is a characteristic
pattern of a 1,2-disubstituted benzene ring.33 According to
Bigotto,28 the otherτ(CH) are assigned to the bands centered
at 916, 955, and 864 cm-1. The last one has an A2 symmetry
and is thus inactive for infrared spectroscopy but is clearly
observed on the Raman spectrum.

The NH out-of-plane bendings (τ(NH)) were calculated at
645 and 621 cm-1 for the symmetric and antisymmetric modes,
respectively. The available IR experimental studies of MBI fully
agree to assign the symmetricτ(NH) to the broad band observed
at 713 cm-1 whose large intensity is correctly reflected by the
calculation. As expected from the A2 symmetry of the antisym-
metric mode, no corresponding band is observed on the infrared
spectrum. The Raman spectrum displays an additional band at
618 cm-1, but taking into account the measured scaling factor
corresponding to the symmetric mode, the experimental vibra-
tion should be expected around 680 cm-1. The Raman vibration
at 618 cm-1 was then assigned to the Q32 mode, whose intensity
is predicted to be very small in infrared.

On the basis of the “selenation technique”, Devillanova and
Verani27 have identified the vibrations containing a significant
contribution from the CdS bond at 661, 601, 482, 419, and
232 cm-1. The huge shift of the 419 cm-1 band upon selenation
reflects a strong contribution from the CdS stretch, which is
in agreement with the results of Bigotto28 and with the present
calculations. Our results provide a more precise assignment of
the modes Q34 at 601 cm-1 and Q31 at 661 cm-1 to in-plane
and out-of-plane cycle deformations (torsion) coupled with
heavy CdS contributions.

Very strong couplings exist when a CdS bond is attached to
one or two nitrogen atoms, as was demonstrated by Rao and
Venkataraghavan.34 They identified characteristic features cor-
responding to such structures, which they proposed to call
“-N-CdS” I, II, and III bands. Harrison and Ralph attributed
the peak at 1513 cm-1 to the “-N-CdS I” band and the very
intense one at 1180 cm-1 to the “-N-CdS III” band.30 This
band was also mentioned in other DFT and experimental works
for molecules whose structure is close to that of MBI. In the
case of 2-thiobarbituric acid, Ramondo et al.7 identified the
band at 1146 cm-1 as a coupling betweenν(CdS),δ(NH), and
ν(CN). Alcoléa Palafox et al.6 attributed the vibration of
2-thiouracil at 1148 cm-1 to theν(CdS) mode.

The CH in-plane bendings (δ(CH)) are calculated at 1046,
1145, 1208, and 1399 cm-1. The first and second one are
attributed according to Bigotto28 to the bands observed at 1022
and 1119 cm-1, respectively. The last two fall in a spectral range
where a lot of couplings exist between skeletal vibrations (C-N
and C-C stretchs) and CH and NH in-plane bendings and are
less obvious to assign. However, on the basis of theR value
of the otherδ(CH) and the predicted zero intensity, the Q19
mode can be safely assigned to the Raman active vibration
observed at 1164 cm-1. The Q13 mode is attributed to the band
at 1359 cm-1.

The C-N stretchings are deeply involved in the A1 mode at
1280 cm-1 and the B2 mode at 1214 cm-1, while the vibration
at 1346 cm-1 is mainly due to SCN angular deformations. The
calculations indicate that the band at 1234 cm-1 contains a huge
contribution of the NH in-plane antisymmetric bendings, and
that the symmetric fundamental at 1628 cm-1 is an almost pure
skeletal vibration.

4.2. Benzimidazole-2-thiolate Anion. The acido-basic
behavior of 2-mercaptobenzimidazole is characterized by a pKa

value of 10.4.35 Two resonance forms of the deprotonated MBI
exist, represented in Figure 4.

The optimized geometry strongly suggests that the thiolate
form (i.e. with the charge localized on the sulfur) is favored.
While the two C15-N bonds have the same length, 1.387 Å, in
compoundI , the C15-N11 bond length in compoundII is
increased to 1.422 Å and that of the C15-N13 bond is decreased
to 1.361 Å, consistently with a more pronounced double bond

Figure 3. Vibrational spectra of 2-mercaptobenzimidazole: A, ex-
perimental Raman scattering spectrum; B, experimental infrared absorp-
tion spectrum; C, calculated infrared absorption spectrum, presented
in the stick spectrum form.
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character. Accordingly, the length of the C15-S bond increases
from 1.708 to 1.751 Å. For argument’s sake, the characteristic
length expected for a C-N single bond is 1.479 Å but 1.352 Å
in heterocycles such as pyridine. In the case of carbon-sulfur
distances, a single C-S bond measures 1.81 Å and a double
CdS bond 1.71 Å.36 Additionally, the examination of the
Mulliken charge distribution on the molecule confirms the very
negative character of the sulfur atom, contrary to the N13 atom
which is almost uncharged.

The deprotonation of the molecule has a significant effect
on the vibrational properties of the molecule. The number of
atoms being now equal to 15, only 39 vibrations are expected.
Concomitantly, compoundII has only one plane of symmetry
(the xy plane on Figure 2) and belongs then to theCs point
group. The vibrations are then distributed asΓvib ) 27 A′ + 12
A′′. The orientation of the transition dipole moments is now

less obvious. The A′′ species are oriented along thez axis, but
the A′ species can be oriented anywhere in thexy plane. In
comparison with neutral MBI, the three missing vibrations can
be roughly attributed to one NH out-of-plane bending, one NH
in-plane bending, and one NH strectching.

Outside the 1100-1600 cm-1 range, the most striking mod-
ifications are observed for the frequencies associated to the CH
vibrations. Theν(CH) bands are red-shifted by about 40 cm-1,
theτ(CH) by about 35 cm-1, and theδ(CH) by about 25 cm-1.
It is probable that these changes are somehow related to the
increased aromatic character of the molecule due to the
deprotonation. Indeed, theπ system is more delocalized on the
imidazole ring in compoundII than in compoundI . The
redistribution of theπ system leads to slight changes of the
bonds lengths. While the carbon-carbon bonds of the six-
membered ring have a mean length of 1.406 Å in compoundI ,
this value amounts to 1.413 Å in compoundII which is
consistent with a less pronounced double bond character.37

Accordingly, a reinforcement of the double bond character is
observed for the C2-N13 and C3-N11 bonds, whose lengths
decrease from 1.400 Å to 1.394 and 1.386 Å, respectively. The
weakened double bond character of the CC bonds explains the
shift observed for the CH vibrations, as illustrated by the well-
know sequenceνj(≡C-H) > νj(dC-H) > νj(-C-H).

TABLE 1: Assignments of the 42 Normal Modes of 2-Mercaptobenzimidazolea

mode νexp/cm-1 νjcalc/cm-1 Icalc/km‚mol -1 irr rep assgnt

Q1 3160 3715 151 B2 ν(NHas)
Q2 3111 3718 9 A1 ν(NHs)
Q3 3093 3258 15 A1 ν(CH)
Q4 3054 3245 21 B2 ν(CH)
Q5 3043 3233 8 A1 ν(CH)
Q6 3222 0 B2 ν(CH
Q7 1690 1 B2 ν(CC)
Q8 1628 1678 26 A1 ν(CC)
Q9 1513 1529 55 A1 ν(CC) + ν(CN) + δ(NH)
Q10 1527 0 B2 ν(CC)
Q11 1467 1515 491 A1 ν(CC) + ν(CN) + δ(NH)
Q12 1415 1433 228 A1 ν(CC) + ν(CN)
Q13 1359 1399 20 B2 δ(CH)
Q14 1346 1343 28 B2 â(SCN)
Q15 1280 1320 14 A1 ν(CN)
Q16 1234 1283 19 B2 δ(NH)
Q17 1214 1250 11 B2 ν(CN)
Q18 1180 1176 136 A1 ν(CS)+ â(NCN) + δ(NH)
Q19 1164 1208 0 A1 δ(CH)
Q20 1119 1145 2 B2 δ(CH)
Q21 1022 1046 14 A1 δ(CH)
Q22 978 985 2 A1 â(NCN)
Q23 955 1016 0 A2 τ(CH)
Q24 916 968 6 B1 τ(CH)
Q25 898 908 0 B2 â(CCC)
Q26 864 891 0 A2 τ(CH)
Q27 819 829 0 A1 â(CCC)
Q28 741 782 145 B1 τ(CH)
Q29 780 0 A2 τ(CCCC)
Q30 713 645 226 B1 τ(NHs)
Q31 661 680 15 B1 τ(CNCC)+ τ( SCNN)
Q32 618 632 3 B2 â(CCC)+ â (NCC)
Q33 621 0 A2 τ(NHas)
Q34 601 619 16 A1 â(NCN) + â(CCC)+ ν(CS)
Q35 571 590 0 A2 τ(CCCC)
Q36 482 473 4 B2 δ(CdS) + â(NCC)
Q37 432 443 5 B1 τ(CCCC)
Q38 419 419 8 A1 ν(CdS)
Q39 321 312 1 B1 τ NCCC
Q40 271 248 0 A2 τ(CCCC)+ τ(NCCN)
Q41 232 220 2 B2 δ(CdS)
Q42 116 109 0 B1 τ(SCNN)

a The observed and calculated wavenumbers, calculated intensities, symmetries, and approximate description of each mode are indicated:ν,
stretching;δ, â, in-plane bending;τ, out-of-plane bending.

Figure 4. Structure of the resonant forms of anionic MBI.
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The change in the aromaticity of the molecule is further
evidenced by the shift observed on the wavenumbers of the Q29,
Q31, Q35, and Q39 modes. Those modes, which were assigned
to out-of-plane skeletal deformations (torsion), undergo slight
shifts (∼10 cm-1) to higher wavenumbers upon deprotonation.
It is then more difficult for the molecule to leave planarity in
its anionic form than in its neutral one, as expected for an
extended aromaticity.

Within the wavenumber range 1600-1100 cm-1, which is
experimentally accessible during the in situ measurements, the
deprotonation of the MBI molecules results in considerable mod-
ifications of the spectrum. Since in this range the normal modes
involve strong couplings, the spectral changes are attributed to
a redistribution of the potential energy distributions of the
normal modes. As can be shown in Figure 5, which presents
the experimental and calculated spectra of anionic MBI, the DFT
calculations fairly report these modifications, providing helpful
information on the assignment of the experimental spectrum.

4.3. Gold-2-Mercaptobenzimidazole Compound.As was
demonstrated in previous studies,4,38 the reaction between MBI
and gold implies the deprotonation of the molecule and the
formation of a gold-sulfur bond. This reaction scheme, widely
reported for thiols, is supported by different considerations,
among them the report of Uso´n et al.39 In their X-ray diffraction
study of complexes of gold with different ligands including MBI,
they demonstrated the coordination through the sulfur atom.
According to Pearson’s hard and soft acids and bases prin-
ciple,40-42 the higher softness of sulfur as compared to nitrogen43

promotes the sulfur atom to a better interaction partner for the
gold atom which in view of its size is a very soft metal atom.
This is supported by the experimental hardness values of S, N,
and Au, which amount to 4.14, 7.23, and 3.46 eV, respectively.9

Similar observations were made by Tielens et al. in the study
of the interaction between thiocyanate and silver surfaces.16 They
also pointed out that, in the thiocyanate anion SCN-, the nega-
tive charge is preferentially located on the sulfur atom due to
its greater softness. Finally, the very small difference in the
electronegativity of Au and S is in favor of a covalent interaction
between these atoms.

To examine how the coordination of MBI to gold affects its
infrared spectrum, calculations were performed on a very simple
model system involving only one gold atom interacting with
MBI and corresponding to the structureIII of Figure 2.

Depending on the initial atomic positions, two stable geom-
etries were found, one with the gold atom in the plane of the
molecule (xyplane on Figure 2) and the other one with the gold
atom in thexzplane. The first structure was chosen, supported

by the crystallographic data of Uso´n et al.39 and by its lower
energetic configuration.

The compound corresponding to the structureIII belongs to
the Cs point group so that 42 vibrations are expected and
distributed asΓvib ) 29 A′ + 13 A′′. Figure 6 compares the
calculated spectra of the MBI and AuMBI compounds, split in
different zones for clarity and presented in the stick form.

As expected, the coordination through the sulfur atom results
in severe modifications of the modes involving the CS bond.
The theoretical spectra predict a huge decrease of the intensities
of the bands at 1180, 680, and 619 cm-1 and slight shifts for
the bands at 473 and 419 cm-1.

Due to the deprotonation of MBI upon reaction with gold,
the modes involving the NH bonds are also strongly affected.
Only oneν(NH) is observed at 3715 cm-1, whose intensity is
largely decreased. The Q16 mode of MBI at 1283 cm-1 has no
equivalent in the AuMBI compound, which is consistent with
its assignment to aδ(NH) vibration. The peaks at 645 and 621
cm-1 were assigned to the symmetric and antisymmetricτ(NH),
respectively, this latter being infrared inactive due to its A2

symmetry. The deprotonation causes the loss of one of these
modes, explaining the absence of a band around 645 cm-1. Sim-
ultaneously, the change in the symmetry of the molecule allows
the observation of a band at 611 cm-1 assigned to theτ(NH)
vibration. For the same reason of symmetry, the previously
inactive A2 mode at 590 cm-1 is predicted to become active.

Some modes are marginally affected by the coordination
reaction. This is the case for the very intense peak at 782 cm-1,
characteristic of theτ(CH) vibrations of a 1,2-disubstituted
benzene, for theν(CH) vibrations around 3240 cm-1, and for
most of the bands located between 800 and 1150 cm-1.
Similarly, the bands at 1399, 1343, 1320, and 1250 cm-1 are
preserved, although slight shifts are predicted.

Finally, the calculations predict a significant shift toward
lower frequencies of the mode Q11 at 1515 cm-1. The intensities
of the mode Q9 and Q12 decreases, while the mode Q10 inactive
for the pure MBI has a small intensity in the gold-MBI
compound.

The DFT-calculated spectral modifications occurring upon
coordination were compared to those observed in the experi-
mental situation. The spectra A and B in Figure 7 are those of
the MBI molecule and the AuMBI-1 compound, respectively.
This AuMBI-1 compound is the reaction product of MBI with
AuCl4-. The differences between the two spectra are in full
agreement with those predicted by the calculations. Particularly
noticeable are the complete extinction of the bands at 713 and
661 cm-1, the presence of a new band at 621 cm-1, and the
huge decrease of the intensity of the band at 3154 cm-1, which
were associated with the deprotonation of molecule. The band
at 1180 cm-1 is also strongly decreased, as was predicted.

One has to note that in the range 1700-1100 cm-1 the two
spectra share a lot of common features. Devillanova and Verani
made a similar observation concerning MBI and its reaction
product with cadmium.27 Interestingly, this wavenumber range
corresponds to that which was experimentally accessible in our
in situ-spectroelectrochemical (SNIFTIRS) measurements. The
SNIFTIR spectrum of MBI adsorbed on a Au(111) surface
obtained in our previous study4 appeared to be very similar to
that of AuMBI-1.

Since the theoretical spectrum of the compoundIII , calculated
with a very simple model including only one gold atom, fairly
agrees with the experimental spectra of both the AuMBI-1
compound and the self-assembled monolayer of MBI on a gold
surface, it is strongly suggested that the vibrational properties

Figure 5. Comparison of the (A) experimental and (B) calculated
spectra of anionic MBI, within the 1600-100 cm-1 range.
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of MBI in interaction with gold are essentially determined by
the deprotonation and the coordination through the sulfur atom,
regardless the size or geometry of the gold substrate and the
extent of lateral interactions between MBI molecules.

This suggestion was further confirmed by the examination
of the experimental spectrum, noted C in Figure 7, of the
AuMBI-2 compound. This latter consists of small gold clusters
covered by MBI and reflects then an intermediate situation
between the AuMBI-1 compound (MBI in interaction with one

gold atom) and the self-assembled monolayer of MBI on
Au(111) (an organized monolayer of MBI molecules in interac-
tion with an “infinite” gold surface with defined atomic struc-
ture). As can be seen on the figure, the experimental spectra of
the AuMBI-1 and AuMBI-2 compounds are perfectly identical.

4.4. Influence of Deuteration.As already mentioned in the
Introduction, it is shown in Figure 1 that, within the range
1250-1500 cm-1, the spectrum of deuterated MBI (compound
Ib) is very similar to that of the MBI adsorbed on Au(111) from
deuterated water. Additionnaly, this experimental spectrum of
deuterated MBI significantly differs from that of MBI.

The DFT calculations performed on compoundsIb and III b

fairly agree with these observations. The results are summarized
in Table 2.

The band observed at 1415 cm-1 in the spectrum of deuterated
MBI is undoubtfully assigned to the Q12 mode, regarding the
excellent agreement between the experimental and calculated
wavenumber and intensity. The absence in the experimental
spectrum of bands corresponding to the modes Q10 and Q15
(and Q19) is supported by their corresponding calculated
intensities which are very small. The bands located at 1223,

Figure 6. Comparison of the calculated spectra of (top) MBI and (bottom) AuMBI compound. The spectra were split in different wavenumber
ranges for the sake of clarity.

Figure 7. Experimental infrared absorption spectra of (A) solid MBI,
(B) AuMBI-1 compound, and (C) AuMBI-2 compound.

TABLE 2: Calculated Wavenumbers (in cm-1) of
Deuterated MBI (Structure I b) and Deuterated Gold-MBI
Compound (Structure III b), in the Range 1250-1500 cm-1 a

deuterated
MBI (struct I b)

deuterated
AuMBI (struct III b)

mode νjcalc/cm-1 Icalc/km‚mol-1 νjcalc/cm-1

Q10 1519 1 1519
Q9/Q11 1518 103 1493
Q9/Q11 1453 120 1448
Q12 1419 686 1418
Q13 1364 22 1364
Q14 1313 27 1313
Q15 1306 4 1294
Q17 1253 18 1243

a The calculated intensities (in km‚mol-1) for deuterated MBI are
also indicated.
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1346, and 1359 cm-1 are not affected by the deuteration.
Calculations indicate that both Q9 and Q11 modes have a
significant intensity, but only one band is experimentally
observed, at 1472 cm-1. Due to the strong couplings involved
in these modes, it is not straightforward to definitely assign them.

In the entire spectral range, few other changes are however
particularly noticeable. As expected, the NH vibrations are
strongly shifted upon deuteration. The symmetric and antisym-
metric NH strectchings are predicted to move from 3718 and
3715 cm-1 to 2734 and 2727 cm-1, respectively, while the
symmetric and antisymmetric out-of-plane bendings move from
645 to 468 cm-1 and from 621 to 475 cm-1. As for the bands
at 1180 and 1234 cm-1, containing important contributions of
in-plane NH bendings, they are shifted to 977 and 1036 cm-1,
respectively.

The fourth column of Table 2 presents the calculated
wavenumbers of the deuterated gold-MBI compoundIII b. The
very good correlation between these wavenumbers and those
of compoundIb is highly consistent with the experimental
similarities noted in Figure 1.

5. Conclusions

In situ infrared spectroscopy used in combination with
electrochemical methods is a powerful technique for the
examination of adsorbed organic layers. An accurate description
of the interfacial structure requires precise information about
the vibrational properties of the adsorbed molecules. Large
molecules such as 2-mercaptobenzimidazole exhibit complex
vibrational spectra. In addition to experimental data, DFT
calculations allowed us obtaining a complete description of the
42 vibrational modes of MBI, as well as their symmetry. The
structural modifications of the molecule led to spectral differ-
ences which were clearly assigned by comparing the MBI and
MBI derivatives calculated spectra.

Additionally, DFT calculations provided new insights into
the interaction of MBI with gold surfaces. For anionic MBI,
the calculations demonstrate the localization of the negative
charge on the sulfur atom, which strongly supports the previ-
ously proposed mechanism involving the deprotonation of the
molecule and the coordination to gold through the sulfur. The
formation of a gold-sulfur bond was further confirmed by the
very good agreement between the calculated spectrum and the
experimental spectra of different gold-MBI compounds. A very
simple theoretical model with only one gold atom was used in
this work. A more “realistic” model, including a gold cluster
with a (111) surface termination and several MBI molecules
would certainly provide a refinement to this work. However,
such a system requires large computational capacity, and the
gain of information for the interpretation of the experimental
data will not be significant for this system. Our results have
indeed shown that the vibrational properties of adsorbed MBI
are essentially described by the coordination through the sulfur
atom.
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