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Determination of the ligand conformation on gold nanoparticle (AuNP) is of fundamental importance in
nanoparticle research and applications. Using a combination of surface-enhanced Raman spectroscopy (SERS),
density function calculation, and normal Raman spectroscopy, the pH dependence of mercaptobenzimadazole
(MBI) adsorption onto AuNP was systematically studied. Structures and conformations of MBI adsorbates
on AuNP were determined together with their binding constants, and saturation packing densities were
determined at three different pHs (1.4, 7.9, and 12.5). While MBI thione is the predominant tautomer in
solution with a pH value lower than 10.3, MBI thiolate is the main adsorbate on AuNP surface in solution
with pH > 2. MBI thiones dominate the AuNP surface only in solutions with pH < 2. While MBI thione has
a higher saturation packing density (∼632 pmol/cm2) than MBI thiolate (∼540 pmol/cm2), its binding constant
(2.14 × 106 M-1) is about five times smaller than that for MBI thiolate (10.12 × 106 M-1). Using the MBI
footprint deduced from its saturation packing density on AuNP, the conformation of MBI was determined.
While the MBI thione binds monodentately to the AuNP with a perfectly upright orientation, MBI thiolate
binds bidentately to AuNP with a tilt angle that allows interaction of AuNP with both the sulfur and the
nitrogen atoms in MBI thiolate. In addition to the new insights provided on MBI binding onto gold nanoparticle,
the methodology employed in this study can be particularly useful for studying AuNP interactions with other
imidazole-thiol compounds, a class of heterocylic compounds that can exist in different tautomeric forms.

Introduction

With their unique electromagnetic and chemical properties,
gold nanoparticles (AuNP) have found a wide spectrum of
applications that includes biosensing,1-3 cancer therapy,4-6 drug
delivery,7 and solar energy harvesting.8 Surface modification
of AuNP with organic thiol derivatives is probably the most
commonly used strategy for enhancing AuNP functionality,
stability, and target specificity.5,9 In addition, AuNP surface
modification is also a common approach in the fabrication of a
higher order of nanostructures, i.e, two- or three-dimensional
nanoparticle-containing structures. As a result, investigation of
the ligand binding affinity, packing density, and conformation
that includes the molecular structure and orientation of ligand
on gold nanoparticle surface is of fundamental importance in
our understanding of the structure and function relationship of
the surface-modified AuNP.

Despite extensive literature on the interfacial interaction
between organosulfur compounds with noble metal nanopar-
ticles, conclusive determination of the ligand conformation onto
nanoparticle surfaces remains a major challenge. Current
methods rely heavily on the surface spectroscopic techniques,
which includes surface-enhanced Raman spectroscopy
(SERS),10-12 surface-enhanced infrared (SEIRA),13-15 and elec-
tron energy loss spectroscopic techniques16-18 often in combina-
tion with density function theory (DFT) calculations and the
“surface selection rules”.11,12,19,20 These techniques are successful

in some cases19-22 but found unsuccessful in others.11,23,24 Indeed,
surface-enhanced IR and Raman spectroscopy can be very
complex in nature. While most of the surface-enhanced spectra
have remarkable similarity to the normal Raman or IR spectra,
some can be significantly different from their counterpart normal
spectrum. Besides the surface selection rule, factors such as
charge transfer between ligand and metal or metal to ligand,
defects on the nanoparticle surfaces, and changes in the solvation
state of the analyte molecule can all modify the spectral feature
of the adsorbate on the metal surface.24 In addition, current DFT
calculation is not reliable enough to predict the SERS or SEIRA
spectra on ligand molecules adsorbed onto the nanoparticles.

Recently, we developed a ratiometric SERS technique for
quantitative analysis of ligand adsorption onto the nanoparticle
surface.25 Using mercaptobenzimidazole (MBI) as the model
ligand, we determined, for the first time, the binding constant
and binding capacity of MBI onto AuNP. On the basis of the
MBI packing density on the AuNP and the size of MBI
determined via X-ray crystallography, we identified that MBI
dissolved in water adsorbed nearly perpendicularly on AuNP.
However, the exact MBI molecular structure and conformation
on the AuNP surface were unclear.

Herein, we present our further investigation of MBI binding
onto AuNP aimed toward determination of the MBI structure
and conformation on the AuNP surfaces.25 More specifically,
we combine normal Raman, SERS, ratiometric SERS,25 and
DFT calculation to study the pH dependence of MBI binding
onto the AuNP surface. As a heterocyclic molecule that contains
N and S atoms, MBI has been widely used as a model molecule
for investigation of tautomerization and ionization of a class of
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imidazole-thiol compounds and their binding to a flat gold
surface or AuNP surfaces.13,14,19 As shown in Scheme 1, MBI
might exist in thione, thiol, and thiolated forms depending on
the solvent conditions. It is known that MBI exists predomi-
nantly in the thione form in the solid state and in polar solvent
such as ethanol, water, and dimethyl sulfoxide.26-28 One of the
driving forces favoring the MBI thione tautomeric form is
believed to be that the N-H bond forms a stronger hydrogen
bond with the solvent or another MBI molecule than the S-H
bond.27 In strongly basic solution, MBI ionizes and can
theoretically exist in two tautomeric forms as shown in Scheme
1. The DFT calculation by Doneux et al. showed, however, that
the sulfur atom in ionized MBI is negatively charged and the
nitrogen atoms are neutral, indicating that the thiolate form is
the predominant species as an MBI anion.13

In addition to tautomerization and ionization in solution, MBI
adsorption onto the metal surface has also been a topic of intense
interest for its importance in practical applications29,30 and
fundamental research.31 As an imidazole-thiol, MBI has two
N atoms and one S atom and they can also concurrently or
individually contribute to its binding to noble metal surfaces.
In addition, MBI may be adsorbed as a thione, a thiol, or a
thiolate on the nanoparticle surface. All these factors make it
difficult for definitive determination of the MBI conformation
on the AuNP. Indeed, in the past decade or so, several models
were proposed regarding MBI binding to the gold surfaces,19,30,32,33

and these models are conflicting on the MBI structures and
orientations on the gold surface.

On the basis of their FTIR measurement and DFT calcula-
tions, Doneux et al. proposed that when it interacts with the
flat gold surface, MBI is deprotonated and binds to gold through
formation of a gold-sulfur bond.13 They further proposed,
according to their electrochemical results, that MBI is tilted on
the flat gold electrodes through a thiolate form at neutral and
basic pH and a thiol form in acidic solution14 with a saturation
packing density of 490 pmol/cm2.14,15 However, based on SERS
and electrochemical measurements, several groups believe that
MBI thione is the predominant species on the gold electrode.30,32,34

Furthermore, using an X-ray photoelectron spectroscopic tech-
nique, Whelan et al. studied MBI binding on to the Au(111)
surface, and they concluded that MBI binds as a thiol form
adopting a “flat-laying” conformation.35 On the basis of the
chemical shifts observed with nitrogen (1s) and sulfur (2p)
electron binding energies, they proposed both sulfur and the

unprotonated nitrogen contributes to gold binding.35 Similarly,
based on their SERS result, Lewis and Carron proposed that
MBI was bound to copper through its sulfur and two nitrogen
atoms, implying that MBI lies flat on the metal surface.10 In
addition to MBI, there is extensive literature on the metal
binding of other imidazole-thiol compounds which includes
2-mercaptobenzothiazole,35,36 2-mercaptobenzoxazole,36 mer-
captopyrimidine,37 and 6-mercaptopurine.38 However, most of
these studies are qualitative; important information such as the
ligand binding constant and packing densities are mostly lacking.

Experimental Section

Material and Chemicals. Except the 2-mercaptobenzimi-
dazole-4,5,6,7-d4 (MBI-d4) that was acquired from Medical
Isotopes, Inc. (Pelham, NH), all chemicals including the regular
2-mercaptobenzimidazole with no hydrogen/deuterium substitu-
tion were obtained from Sigma Aldrich. The UV-vis measure-
ments were carried out with an Evolution 300 spectrophotometer
(Thermo Scientific). The RamChip slide used for the normal
and SERS spectral acquisition was obtained from Z&S Tech.
LLC. It is important to note the Ramchip slide is a normal
Raman substrate (with no plasmonic enhancement) made of
highly reflective stainless steel.25,39 The SERS spectra were
obtained with a LabRam HR800 (Horiba Jobin-Yvon) confocal
Raman microscope system and with a Raman excitation laser
of 633 nm.

Nanoparticle Synthesis. AuNPs and silver nanoparticles
(AgNP) used for the ligand binding and SERS measurements
were prepared using citrate reduction methods reported in the
literature.40,41 The size of the AuNPs and concentration of the
as-prepared AuNPs were estimated to be 13 nm in diameter
and 13.14 nM in concentration, respectively, based on UV-vis
spectrum of the AuNP colloidal solution (Supporting Informa-
tion, Figure S1). While the AuNPs were stored at room
temperature, the AgNPs were kept in a 4 °C refrigerator.

SERS Spectra of MBI. Two kinds of SERS measurements
were carried out in this work. The SERS spectra of MBI
adsorbed onto AuNPs were conducted using AuNPs as the
SERS substrates. The SERS spectra for ratiometric SERS
determination of MBI adsorption isotherms were acquired using
AgNPs as the SERS substrates due to their higher SERS activity.
All SERS spectra were taken with an Olympus 10× objective
(NA ) 0.25) and with a grating of 600 grooves/mm and a laser
intensity before sample of 1.3 mW. The spectral integration time
varied from 2 to 50 s. The Raman shift was calibrated with a
neon lamp, and the Raman shift accuracy was ∼0.5 cm-1.

The measurement procedure for the pH dependence of the
SERS spectra of MBI adsorbed on the AuNPs is as follows:
After mixing 1 mL of 80 µM MBI solution of proper pH with
equal volume AuNPs, 10 µL of MBI/AuNP mixture was
deposited on the RamChip slide for the SERS spectral acquisi-
tion. No aggregation agent was used for these spectral acquisi-
tions as MBI adsorption induced immediate AuNP aggregation.25

The remaining MBI/AuNP mixture solution was left sitting in
ambient condition overnight to allow AuNP settlement, and the
pH values of the solution MBI/AuNP mixture were measured
with the supernatant.

A typical AgNP-based SERS spectrum was as follows: 10
µL of the sample solution was mixed with an equal volume of
AgNP colloidal solutions. After vortexing for ∼1 min, 10 µL
of 1% KCl solution was added to the AgNP and MBI mixture
as the aggregation agent. After briefly vortexing, 10 µL of the
final solution was transferred to a RamChip slide for SERS
spectral acquisition.

SCHEME 1: Tautomerization and Ionization of MBI
Molecule in Solution at Different pHsa

a The upper and lower horizontal arrows represent the possible
tautomerizations and vertical arrows represent the ionization equilib-
rium, (a) MBI thione, (b) MBI thiol, (c) MBI thiolate, and (d) MBI
anion as thione.
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MBI Adsorption Isotherms. In order to study the possible
pH dependence of MBI adsorption isotherms on AuNP, three
serials of MBI samples were prepared with 0.1 M HCl, 0.1 M
NaOH, and high-purity water (18 MΩ cm-1) as solvent,
respectively. The concentrations of the MBI solutions in each
sample serial were 20, 26, 28, 30, 32, 36, 40, 46, 50, and 60
µM. The adsorption isotherm at each solvent condition was
determined using the ratiometric SERS method we recently
developed.25 Briefly, after mixing 1.5 mL of gold nanoparticle
with an equal volume MBI solutions of different concentrations,
the mixtures were shaken and left to sit overnight at ambient
condition to allow complete settlement of the MBI-bounded
AuNP. A 2.5 mL amount of the supernatant of the settled
solution was split into two portions, one for pH measurement
and another for ratiometric SERS quantification of the MBI
remaining in the supernatant (not adsorbed onto the AuNP).
Detailed procedures for the ratiometric SERS quantification
method can be found elsewhere.25 In brief, after quantitatively
transferring 100 µL of the supernatant to a clean vial, a known
amount of MBI-d4 was spiked into the vial. The SERS spectrum
of the resulting MBI-d0/MBI-d4 mixture was acquired using
AgNP as the SERS substrate, and the MBI-d0 concentration was
calculated according to the MBI-d0 and MBI-d4 peak intensity
ratio and the calibration curve we established before.25 One
important note is that in order to ensure the ratiometric SERS
calibration curve obtained with neutral MBI-d0/MBI-d4 mixture
solution is applicable to MBI-d0 solutions prepared with 0.1
NaOH and 0.1 M HCl,25 the pH value of the MBI-d4 spiked
MBI-d0 supernatant solution was adjusted to pH ≈ 7 before
mixing with AgNP for the SERS measurement.

pH Dependence of MBI UV-Vis Spectrum. pH values of
MBI solution were adjusted using 0.1 M NaOH or 0.1 M HCl.
The exact pH of the resulting solutions was determined using
a pH meter (AB 15, Accumet Basic, Fisher Scientific).

Normal Raman of MBI. Normal Raman spectra of MBI
were acquired with three experimental conditions: (1) MBI
powder, (2) 10 mM MBI dissolved in ethanol, and (3) saturated
MBI dissolved in 0.1 NaOH for which the pH value of the MBI
solution is ∼12.7. The Raman spectra of MBI powder and
MBI dissolved in NaOH were acquired by depositing a flake
of MBI powder or a drop of MBI solution onto the RamChip
slide, while the spectrum for MBI in ethanol solution was
acquired with an NMR tube. Ethanol solvent Raman spectra
were acquired for spectral subtraction.

DFT Calculation of the MBI Raman Spectrum. DFT
calculation was performed using the PQS software package on
a PQS computer.42 Raman vibrational frequencies and intensities
were calculated including full geometry optimization for
molecules in the gas phase without any symmetry constraint
employing the B3LYP (Becke’s three parameter exchange)
hybrid functional with the 6-31+G** basis set. Tentative peak
assignment was carried out by comparing mainly the normal
Raman spectrum with the DFT Raman spectra.

Results and Discussion

pH Dependence of MBI SERS Spectra. Figure 1 shows
the SERS spectra of the MBI adsorbed on AuNP colloidal
solutions at different pHs. Except the one acquired with pH
1.2 solution, the SERS spectra of other solutions are highly
similar. Several prominent Raman peaks including the 1448,
1174, 1495, and 1146 cm-1 peaks in the SERS spectrum of the
pH 1.2 solution are entirely absent or significantly attenuated
in the SERS spectra acquired with solutions of higher pHs.
Further experimental results acquired with highly acidic pH (in

2 M HCl) to highly basic pH (in 2 M NaOH) showed that all
the SERS spectra obtained with pH above 2.0 are highly similar
and different from those acquired with pH smaller than 2.0
(Supporting Information, Figure S2), suggesting MBI molecules
on the AuNP surface undergo dramatic changes in their
molecular structure and/or conformation around pH 2.02. This
result is in stark contrast with the previously reported pH
dependence of MBI adsorbate on the flat gold surface.14 On
the basis of their infrared spectroscopic measurements, Doneux
et al. proposed that MBI adopted a similar structure that is
thiolate in acidic condition and neutral pH on the flat gold
surface.14 Our SERS result clearly indicates that MBI on the
AuNP most likely has the same molecular structure and
conformation in neutral and basic pH solutions.

One possible reason for the pH dependence of the SERS
spectrum of MBI on AuNP is MBI protonation or deprotonation
in solution at different pHs. However, the UV-vis spectra,
shown in Figure 2, that were obtained with MBI solutions clearly
indicate the MBI has an identical molecular structure in all pH
< 10 solutions and a different structure in pH > 11 solution.
Indeed, our pH-dependent UV-vis measurements (Supporting
Information, Figure S3) are consistent with the previously
reported MBI pKa values (10.55,43 10.4,44 and 9.636) but
inconsistent with the proposal that MBI has another pKa value
at 4.3.45

Figure 1. SERS spectra of MBI on AuNP at different pHs. The pHs
are (a) 1.2, (b) 5.7, (c) 6.7, (d) 7.5, and (e) 12.2 (the spectral range
within 380-1700 cm-1). The spectra were normalized so that their
peak intensity at 811 or 813 cm-1 are identical.

Figure 2. UV-vis spectra of MBI at different pHs: pH ) (a, b, and
c) 1.14, 2.96, and 7.45, (d) 10.3, and (e) 12.51.
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The drastically different pH dependence of the UV-vis
spectrum of MBI solution and the SERS spectrum of MBI
adsorbed on AuNP implies that the molecular structure and/or
conformation of MBI on the AuNP surface can be significantly
different from that in solution. It is known that MBI in a polar
solvent such as water adopts the thione form in acidic and
neutral pHs, but the anionic thiolate form appears in strongly
basic solution (pH > 10.3).13 However, the SERS spectra of
MBI in Figure 1 indicate that MBI on AuNP most likely adopted
the same structure whenever the pH was higher than 2.

Raman Spectrum of MBI and Peak Assignment. To
facilitate determination of the molecular structure of MBI
adsorbed onto AuNP, normal Raman spectra of MBI were
acquired with MBI powder, MBI in ethanol, and MBI in 0.1 M
NaOH. DFT Raman spectra were also calculated for MBI thione,
MBI thiol, and MBI thiolate (see Scheme 1 for details), the
three possible molecular structures that MBI can adopt at
different pH conditions in solution and AuNP surface. It is
known that MBI is in thione form in the solid state and polar
solvents such as ethanol and in the thiolate form in basic
conditions. Figure 3 shows the experimental Raman spectra of
MBI thione, acquired with MBI solid and ethanol solution, and
the MBI thiolate, acquired when saturated MBI is dissolved in

0.1 NaOH, together with the DFT Raman spectra. The attempt
to make MBI dissolve in neutral and acidic pHs was unsuc-
cessful due to poor MBI solubility in those conditions. Solvent
and substrate background subtraction was performed only for
the MBI spectrum acquired with ethanol solution. It should be
noted that Raman shifts (wavenumber) of the computed spectra
were scaled by 0.983 for MBI thione and 0.987 for MBI thiolate.
Such an adjustment is a very common practice in aligning DFT-
calculated spectra with experimental data.13

The DFT Raman spectrum of MBI thione shows remarkable
similarity to the Raman spectra of solid MBI and MBI ethanol
solution, while the DFT Raman spectrum of MBI thiolate is
very similar to the experimental spectrum of MBI in NaOH.
The high correlation between the MBI DFT Raman spectra and
its experimental Raman spectra of known structures allows us
to conduct Raman peak assignments with high confidence. It
should be noted that MBI DFT calculation has been carried out
before for infrared spectroscopy by Doneux et al.13 To our
knowledge, however, there has been no systematic DFT study
of the Raman spectroscopy of MBI of different tautomeric
forms.

Raman peak assignments of MBI are shown in Tables 1 and
2 for the MBI thione and thiolate, respectively. While most of
our assignments agree very well with that assigned by Doneux
et al.,13,46,47 there are some noteworthy differences. For example,
several groups assigned the ∼410 cm-1 peak exclusively to the
“CdS” stretch.13,46,47 Evidently the presence of this peak in the
experimental and DFT Raman spectra for both MBI thione and
MBI thioate clearly disputes such an assignment as the “CdS”
bond no longer exists in MBI thiolate. In fact, theoretically the
Raman shift for the “CdS” stretch should be significantly higher
than the vibrational frequency of the “C-S” stretch that is
usually in the range of 600-700 cm-1.48 The discrepancy
between our peak assignment and others is most likely due to
the difference in interpretation of the DFT vibrational modes,
which often involves motions of multiple nuclei. Figure 4 shows
the graphic representations of several key vibrational modes
associated with both MBI thione and the thiolate anion.
Evidently, as a planar molecule, the motions of the nuclei in
MBI are highly coupled, making it very difficult to conduct
precise peak assignments. For the 410 cm-1 peak, in addition
to the contribution of the “CdS” or “C-S” stretch in MBI
thione and thiolate, respectively, the in-plane bending of the
benzene ring also contributes significantly to this vibrational
mode. The fact that similar Raman shifts were observed for
both MBI thione and MBI thiolate indicates that for this peak
the spectral contribution from the “CdS” or the “C-S” stretch
is not significant.

While MBI thione and thiolate have many overlapping or
similar features in their Raman spectra, reflecting the structural
similarity between the two molecular species, there are some
important differences in their Raman spectral features. For
example, even though both species have the ∼410 and ∼810
cm-1 peaks, the peak correlation is entirely different. In MBI
thione, the 410 cm-1 peak is about 2 times more intense than
the 810 cm-1 peak, while in MBI thiolate the 410 cm-1 is ∼2
times less intense than the 810 cm-1 peak. Another important
feature is that while MBI thione has an intense peak at the
∼1470 cm-1 region, the corresponding peak for MBI thiolate
is in the 1420 cm-1 region. As expected, examination of the
vibrational modes in Figure 4 shows that for the Raman peaks
appearing in similar positions in the Raman spectra in MBI
thione and the MBI thiolate anion, the benzene ring usually
has a more significant spectral contribution. In contrast, for the

Figure 3. DFT-calculated and experimental Raman spectra of MBI.
(a) DFT-calculated Raman spectra of MBI thione. (b, c, and d)
Experimental Raman spectra of MBI powder, 10 mM MBI in ethanol,
and in 0.1 M NaOH, respectively. (e and f) DFT Raman spectrum of
MBI thiolate and MBI thiol, respectively. The negative peaks marked
with an asterisk (*) in spectrum c resulted from solvent (ethanol)
background spectrum subtraction.
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Raman peak appearing in MBI thione but not in the MBI thiolate
anion, or vice versa, spectral contributions are mainly from the
imidazole ring.

MBI Structure on AuNP Surfaces. The MBI SERS
spectrum obtained with pH > 2 solution is remarkably similar
to the DFT and experimental normal Raman spectrum of MBI
thiolate, indicating that MBI thiolate is the predominant species
on the nanoparticle surfaces at these conditions. The SERS
spectrum obtained with the pH 1.2 solution has much higher
similarity to the DFT and experimental Raman spectra of the
MBI thione than to those obtained with MBI thiol and MBI
thiolate. For example, the 1448 and 1174 cm-1 peaks observed
in the normal Raman spectrum of MBI thione become the most
prominent peaks in the MBI SERS spectrum of pH 1.2. In
contrast, the 1229 cm-1 peak that is observed in the SERS and
normal Raman spectra of MBI thiolate is significantly weaker
in the SERS spectrum acquired at this pH. The SERS result,
combined with the fact that the MBI thione is the predominant
species in solution at this pH condition, leads us to believe that
MBI thione is the predominant species on the AuNP. Taking
the SERS and UV-vis results of MBI of different pHs into
consideration, the MBI structures in solution and on AuNP are
summarized in Table 3.

Langmuir Isotherms of MBI Adsorption. MBI Langmuir
adsorption isotherms at acidic (pH 1.4), neutral (pH 7.9), and
basic (pH 12.5) conditions were determined using the ratiometric
SERS method we recently developed,25 and the results are
shown in Figure 5. The binding constant, maximum adsorption,

packing density, and adsorption Gibbs free energy are shown
in Table 4. It should be noted that the calculated packing density
was estimated by assuming the particle size of AuNPs to be 13
nm in diameter and the concentration of the as-prepared AuNPs
to be 13.14 nM, which was estimated based on the UV-vis
spectra acquired with the as-prepared AuNPs (Supporting
Information, Figure S1). It is interesting to note that the MBI
binding constant, saturation MBI adsorption, and packing density
at neutral pH is almost identical to that which we reported
previously despite the fact that the AuNPs used in these two
sets of experiments were from different batches. This result
confirms the reproducibility of size and reactivity of the AuNP
synthesized by the citrate reduction method.

On the basis of the discussion in the previous section, it is
known that MBI on the AuNP is in the thiolate anion form at
pH 7.9 and 12.5 and thione form at pH 1.4. The results shown
in Table 4 show that while the thiolated form has a higher
binding affinity to the AuNP surfaces, it has a smaller saturation
packing density. Interestingly, even though MBI has essentially
the same saturation packing density and adopts a same molecular
structure on the AuNP surface in pH 7.9 and 12.5 solutions,
the binding constant for MBI in pH 7.9 solution is significantly
smaller than that for MBI in the pH 12.5 solution. This
observation is consistent with the fact that MBI in solution is
at different protonated states at these two pHs. Unlike MBI in
the pH 12.5 solution where MBI is already in the thiolated form,
MBI in a pH 7.9 solution is in the thione form. As a result, its
adsorption onto AuNP as a thiolate involes MBI deprotonation

TABLE 1: Raman Peak Assignments of MBI for the Thione Forma

computed/cm-1 experimental/cm-1

vibrational modes Ucalcd RUcalcd (R ) 0.9826) I Uexp irr rep assignments

V2 225 221 2.114 231 B1 δ CS + δ ring
V3 243 239 0.255 270 A2 γ ring
V4 303 298 2.736 319 B2 γ ring + γ CS
V5 426 419 26.305 417 A1 ν CS + ring deformation
V6 429 422 0.322 B2 γ ring + γ CH
V7 473 464 1.118 B1 δ CH + δ NH + δ CS
V8 486 477 1.195 A2 γ NH
V9 543 533 0.006 B2 γ NH
V10 580 570 0.019 A2 τ ring
V11 621 610 9.282 606 A1 δ ring
V12 628 617 8.544 618 B1 ring deformation
V13 659 647 2.080 663 B2 γ NCSCN
V14 748 735 2.581 B2 γ CH
V15 755 741 0.009 741 A2 γ NH + γ CH
V16 833 818 17.567 818 A1 ν CC + ν ring
V17 854 839 0.604 A2 γ CH
V18 899 884 1.324 864 B1 ring deformation
V19 925 909 0.064 916 B2 γ CH
V20 975 958 0.00 A2 γ CH
V21 986 969 11.912 971 A1 δ CNC + ν CS + γ ring
V22 1039 1021 49.620 1021 A1 δ CH
V23 1132 1112 0.172 1117 B1 δ CH
V24 1162 1142 16.312 1164 A1 δ CH
V25 1183 1162 3.330 A1 δ CH
V26 1221 1200 2.369 1198 B1 δ CH + δ NH + τ ring
V27 1266 1244 5.590 1233 B1 δ CH + δ NH
V28 1297 1275 228.41 1278 A1 δ CH + δ NH + ν ring
V29 1332 1308 0.923 1340 B1 δ NH + ν NCN
V30 1388 1364 1.846 1356 B1 δ CH + δ NH
V31 1396 1372 3.360 1416 A1 ν CC + ν CS
V32 1501 1475 160.1 1461 A1 δ CH + δ NH + ν CN
V33 1523 1496 5.995 B1 τ ring + δ CH + δ NH
V34 1526 1499 7.925 1503 A1 δ CH + δ NH + ν CS
V35 1658 1629 7.764 A1 δ NH + ν CC

a Description of the vibrational modes of the DFT and experimental Raman spectrum of MBI thione. ν, stretching; δ, in-plane bending; γ,
out-of-plane bending; τ, torsion.
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reaction, making the MBI adsorption energetically less favorable
in a pH 7.9 solution than in a more basic solution.

The higher packing density of the MBI thione on the nanoparticle
surfaces observed in this work is in stark contrast to that reported
by Yu et al.33 Inferred from the higher reactivity of Ru(NH3)3+ for

a reduction/oxidation reaction on the MBI-passivated flat gold
electrode in acidic pH than that in a basic pH, it was concluded
that MBI has a lower packing density on the gold electrode at acidic
solution.33 Our quantitative measurement of MBI adsorbed on the
gold nanoparticle surface does not support this view. Instead, our
result suggests the most likely reason for the higher reactivity of
the MBI-passivated Au electrode at a highly acidic pH is a lower
MBI binding affinity with gold electrode. Clearly, compared to
MBI thiolate, MBI thione on a gold electrode surface would be
more easily displaced by other ligands such as Ru(NH3)3+ for their
reduction/oxidation reaction.

TABLE 2: Raman Peak Assignments of MBI for the Thiolate Forma

computed/cm-1 experimental/cm-1

vibrational modes Ucalcd RUcalcd (R ) 0.987) I Uexp irr rep assignments

V2 227 224 3.245 A δ CS + δ ring
V3 241 238 0.358 A γ ring (antisymmetric)
V4 311 307 0.264 A γ ring (symmetric)
V5 416 411 14.115 412 A ring deformation + ν CS
V6 418 412 1.295 A γ NH + γ CH
V7 461 455 0.650 A γ NH + γ CH
V8 488 482 2.441 A δ CS + δ CCNH
V9 588 580 0.182 A τ ring
V10 611 603 2.905 603 A δ ring
V11 624 616 11.005 625 A ring deformation
V12 686 678 4.512 A γ NCSCN
V13 722 713 15.330 A γ CH
V14 735 726 1.968 A γ CH
V15 823 813 63.590 813 A ν CC + ν ring
V16 825 815 4.115 A γ CH
V17 886 874 0.840 A γ CH
V18 899 888 10.893 A ring deformation
V19 932 920 0.655 A γ CH
V20 963 950 4.462 976 A δ CNC + δ CS
V21 1027 1013 56.344 1010 A δ CH
V22 1098 1084 5.906 A δ CH + γ CN + δ NH
V23 1123 1109 34.074 1112 A δ CH + δ NH
V24 1165 1150 9.031 A δ CH
V25 1242 1226 25.064 1227 A δ CH + δ NH + ν CN
V26 1288 1271 103.12 1269 A ν ring + δ CH + δ NH
V27 1292 1275 22.006 A ν CN + δ NH + δ CS
V28 1325 1308 76.627 A ν CN + δ NH + δ CH
V29 1404 1386 19.062 1373 A ν CN + ν CC + δ CH
V30 1439 1420 139.18 1423 A ν CN + δ NH + δ CH + ν CS
V31 1492 1473 19.587 1466 A ν CC + δ NH + δ CH + ν CN
V32 1508 1489 57.408 1487 A ν CC + δ CH + δ NH + ν CN
V33 1612 1591 36.407 1590 A ν CC
V34 1644 1622 58.787 1616 A ν CC + ν CN

a Description of the vibrational modes of the DFT and experimental Raman spectrum of MBI thiolate. ν, stretching; δ, in-plane bending; γ,
out-of-plane bending; τ, torsion.

Figure 4. Graphic representation of the key vibrational modes of the MBI thione and thiolate and their experimental and DFT Raman shifts. The
DFT Raman shifts are in parentheses.

TABLE 3: pH Dependence of Structural Forms of MBI in
Solution and MBI Adsorbed onto AuNP

MBI in solution MBI on AuNP

pH < 2 thione thione
2 < pH < 10.4 thione thiolate
pH > 10.4 thiolate thiolate
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Equipped with the MBI structural information and its packing
density on the nanoparticle surfaces, the MBI conformation on
the AuNP surface may be deduced according to the MBI
footprint derived from the MBI crystal structures10,19 and/or MBI
geometries in the gas phase obtained with DFT calculation. It
was estimated from X-ray crystal data that when binding
vertically onto AuNP surface, the MBI packing density should
be 626 pmol/cm2, corresponding to a surface area of 27 Å while
a flat orientation corresponds to 221 pmol/cm2.13,36,49 On the
basis of the results shown in Table 4, it is concluded that for
an MBI thione (pH 1.4) that has a saturation packing density
of ∼631 pmol/cm2 on AuNP, MBI will most likely adopt a
perfectly upright position while the MBI thiolate is slightly tilted
on the AuNP surface.

Theoretically, MBI thione can adopt a perfectly upright
binding to the AuNP monodentately through either the sulfur
atom or the benzene ring. The possibility for the latter binding
mode is excluded because of the well-known affinity between
organosulfur and AuNP.50-52 As for MBI thiolate, the most
likely binding mode between MBI and AuNP is the bidentate
interaction where both sulfur and the unprotonated nitrogen atom
in MBI thiolate interact with AuNP as depicted in Figure 6.
Such a binding mechanism not only explains why MBI thiolate
has a larger footprint than MBI thione and its high binding
constant of MBI thiolate to AuNP surface but also agrees with
the previous XPS observations made with MBI adsorbed
(presumably at neutral pH) onto gold (111). Using XPS
measurement, Whelan et al. shows that the two original
equivalent nitrogen atoms become different in the binding
energy of their 1S electron,35 indicating that the two nitrogen
atoms are different on the gold surface. Indeed, based on this
result, they proposed the possibility that the unprotonated
nitrogen atom in MBI may provide a secondary interaction with
the Au (111), although they believed that it lies flat on the metal

surface35 instead of a perpendicular orientation as we proposed
in this work.

Conclusion

The pH dependence of MBI conformation, packing density,
and binding constant onto a gold nananoparticle was quantita-
tively determined for the first time. Unlike MBI in water, which
exists mainly in the thione form in solutions with pH lower
than 10.3, MBI adsorbed onto AuNP is predominantly in the
thiolate form in solutions with a pH value higher than 2.02.
The thione form of MBI predominates on the AuNP surface
only in solutions with pH smaller than 2.02. While the binding
constant of MBI thiolate to AuNP is ∼5 times higher than that
of MBI thione, its saturation packing density is about 10%
smaller that of MBI thione. On the basis of the molecular
footprint and the SERS spectral features of MBI on AuNP
surfaces, it was concluded that saturation packing of the MBI
thione binds monodentately on the AuNP surface with a
perfectly upright orientation. In contrast, MBI thiolate binds
bidentately with a tilt angle so that both the sulfur and the
unprotonated nitrogen atoms in MBI thiolate interact with the
surface atoms of AuNP.
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