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Abstract: A sandwich-structured noble metal-probe molecule-organic semiconductor consisting
of Ag nanoparticles (NPs), 4-mercaptobenzoic acid (4-MBA) and different concentrations of poly-
(styrenesulfonate:poly(3,4-ethylenedioxythiophene) (PEDOT:PSS) was prepared by layer-by-layer
assembly. Intermolecular hydrogen bonding was observed to have a significant effect on the surface-
enhanced Raman scattering (SERS) of Ag/4-MBA/PEDOT:PSS. Upon increasing the PEDOT:PSS
concentration, the characteristic Raman band intensity of 4-MBA was enhanced. In addition, the
selected b2 vibration mode was significantly enhanced due to the influence of the charge transfer (CT)
mechanism. The CT degree (ρCT) of the composite system was calculated before and after doping
with PEDOT:PSS; when the concentration of PEDOT:PSS was 0.8%, the SERS intensity tended to
be stable, and ρCT reached a maximum. Compared with that of the undoped PEDOT:PSS system,
ρCT was significantly enhanced after doping, which can be explained by the CT effect induced by
hydrogen bonds. These results indicate that hydrogen bonding transfers a charge from the Fermi
energy level of Ag to the lowest unoccupied molecular orbital (LUMO) of 4-MBA, and due to the
resulting potential difference, the charge will continue to transfer to the LUMO of PEDOT:PSS.
Therefore, the introduction of organic semiconductors into the field of SERS not only expands the
SERS substrate scope, but also provides a new idea for exploring the SERS mechanism. In addition,
the introduction of hydrogen bonds has become an important guide for the study of CT and the
structure of composite systems.

Keywords: surface-enhanced Raman scattering (SERS); charge transfer (CT); intermolecular hydro-
gen bonding; organic semiconductors

1. Introduction

Surface-enhanced Raman scattering (SERS) is a fast and nondestructive method with
the advantages of high sensitivity, good selectivity, high accuracy, and fast response. It
is extensively used in various fields for research on detection, environmental pollution,
food safety [1,2], homeland security [3], and chemical reaction mechanisms. Although
SERS has been the subject of considerable interest and has been extensively studied, there
are still minor issues that have been neglected. These issues are due to the sensitivity of
SERS to the local environment of molecules and the influence of the local environment
on the SERS distribution of adsorbates, including H+ concentration, sensing, potential,
and other factors [4,5]. In fact, there are many factors that affect the performance of SERS,
such as intermolecular forces, which often affect the self-assembly process of polymer
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molecules and liquid crystal molecules. By exploring intermolecular forces, we can better
understand the properties of SERS and its influence on materials, allowing us to improve
the properties of materials and broaden the substrate scope of SERS. Intermolecular forces
usually include electrostatic interactions, van der Waals forces, dipole interactions, dis-
persion forces, and hydrogen bonding. Among them, the electrostatic effect was mainly
affected by gravity or repulsion through positive and negative charges, affecting the SERS
performance. Van der Waals forces hold matter together due to the asymmetric effects of
electron clouds. Although the dipole-dipole interaction is weak, a large dipole moment
still has a strong influence on the system. Dispersion force is the weakest intermolecular
force, such as two molecules for the relative molecular mass of the material, and produces
strong attraction. In particular, the study of hydrogen bonds, a kind of intermolecular
force, provides some information on the internal structure of a molecule and interactions
with other substances at the molecular level. Hydrogen bonding plays an important role
in the study of molecular configuration, the identification of halogen bonding and the
theoretical study of the transition from ground state to an excited state of a large number
of chemicals and biological complex systems. Hydrogen bonds change the electronic
structure of the nanocomposite system through the interaction between molecules, and
then affects the SERS charge transfer process. Hydrogen bonds have been widely studied
in recent years due to their directivity and saturation, which is very significant to the study
of molecular structure and properties. We combined the research on hydrogen bonds with
SERS according to the development status of SERS. Thus, the concentration-dependent
Ag/4-MBA/PEDOT:PSS nanocomposite system was developed; however, the effect of hy-
drogen bonding on metal/semiconductor-molecule systems is still unclear and needs to be
further improved. Therefore, studying hydrogen bonds via the SERS method can provide a
better understanding of the SERS enhancement mechanism and allow further development
of research on materials, chemical mechanisms, and environmental monitoring, biosensors,
as well as research into other interdisciplinary fields.

The SERS enhancement mechanism is generally classified into two types: a chemical
enhancement mechanism (CM) and an electromagnetic enhancement mechanism (EM).
In the EM, the localized surface plasmon resonance (LSPR) excited by the rough surface
of metal materials or the nanosized surface of a metal generates a strong electromagnetic
field, resulting in Raman signal enhancement [6–8], and in the CM, an interaction between
the target molecule and a metal surface forms a chemical bond, which enhances the SERS
signal [9,10]. Among these mechanisms, the EM, which is a pure physical mechanism
with a long-range effect that can produce a strong SERS signal without direct contact with
a metal, is dominant. However, many phenomena in the experiment could not be fully
explained by the electromagnetic field mechanism. For example, the distance between
two nanoparticles (NPs) was not in the range of “hot spot”. Besides, different molecules
had different SERS enhancement effects on the same SERS substrate. In this case, the
CM could make up for the deficiency of the EM. Unlike the enhancement mechanism of
electromagnetic field, CM is a short-range effect with a “first-layer effect”; that is, it can
only enhance molecules restricted in monolayer by surface adsorption and bonding [11,12],
and requires direct contact with metal NPs. The charge transfer (CT) model is a widely
accepted CM model. CT is closely related to the mutual effect between molecules attached
to the surface of a composite system and atoms attached to the surface of a composite
system. When the incident light distribution matches the potential barrier between the
Fermi energy level of the metal and the electron affinity energy of a molecule [13], it will
induce a better CT effect, which is mainly attributed to the electron resonance process
and the CT between the empty orbital of the molecule and the Fermi energy level of the
metal [14,15]. The EM and CM do not work alone. These two mechanisms often play a
synergistic role, so it is of great significance to establish an integrated model of the two
mechanisms to jointly explain the SERS phenomenon.

In recent years, the progress of SERS research has been closely related to the develop-
ment of SERS-active substrates. To achieve an excellent SERS effect, substrates should be
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continuously improved. A strong SERS signal was first observed on rough silver (Ag) elec-
trode surface-adsorbed pyridine and subsequently on the surfaces of Au, Ag, Cu and other
coinage metals [16–21]. Then, it was discovered that transition metals can also produce
excellent SERS effects as substrates [22]. Semiconductors have a controllable conductivity,
universal structure, easily controlled synthesis [23], stable exciton formation and molecular
structures with effective CT characteristics [24,25] and are gradually being applied with the
development of flexible devices, trace detection, solar cells, and other new energy fields. In
particular, organic semiconductors have been developed rapidly in recent years because
they have the advantages of low cost, easy availability, good flexibility, few impurities,
easy doping, energy level separation and recyclability.

Herein, a sandwich-structured noble metal-probe molecule-organic semiconductor
was constructed via layer-by-layer assembly. Based on a study of the chain structure
changes of PEDOT at different concentrations, the CT process was confirmed. We studied
the SERS spectra of 4-mercaptobenzoic acid (4-MBA) induced by CT in different systems
containing hydrogen bonding. Considering the influence of the CT degree (ρCT) on SERS
intensity, we established a CT model, discussed the mechanism of CT, and further explained
the role of hydrogen bonds. Therefore, the CT process between organic semiconductors
and noble metals was explored to improve the theory that the CT process is an important
factor to realize SERS enhancement.

2. Materials and Methods
2.1. Chemicals

PEDOT:PSS (1.5% in water) was obtained from Heraeus. Poly(diallyldimethylammon-
ium chloride) (PDDA, numerator weight = 220,000–300,000, 20% in water) was obtained
from J&K Chemical Co. 4-MBA (99%) and silver nitrate (AgNO3, 99.6%) was purchased
from Sigma-Aldrich Co., Ltd. All the chemicals used in this study were purchased with the
highest purity available and were used as received without further purification. Anhydrous
ethanol (99.7%), hydrogen peroxide (H2O2, 30%), ammonia (NH3, 28%) and deionized
water (18.25 MΩ·cm) were also used throughout this study.

2.2. Preparation of Ag/4-MBA/ PEDOT:PSS ComposiZtes
2.2.1. Synthesis of Ag NPs

Ag NPs were prepared by the classic Lee method [26]. First, 0.036 g AgNO3 was
dissolved in 200 mL deionized water, and then the solution was stirred under reflux and
heated to 90 ◦C. When the solution boiled slightly, 4 mL of 1% sodium citrate was added
immediately, and the solution was heated to 85 ◦C for 45 min. During this process, the
solution changed from colorless to light yellow, to brown, and finally, to a gray-green colloid
with a maximum plasma absorption at approximately 430 nm. Ag NPs are spherical in
distribution, and the average particle size was approximately 65 nm. A cleaned glass slide
was placed in a mixed solution of H2O, 30% H2O2 and 28% NH3·H2O (28% NH3 in H2O)
at a volume ratio of 5:1:1. The solution was boiled until no bubbles were present and then
cooled to room temperature, and the glass slide was washed several times with deionized
water. A hydrophilic glass substrate rich in hydroxyl groups on the surface was obtained.
The glass slide was immersed in 0.5% PDDA solution for 45 min, rinsed with deionized
water, and allowed to dry naturally. The glass slide decorated with PDDA was soaked
in a Ag sol for 8 h. Ag NPs were combined with the modified PDDA glass slide through
electrostatic interaction, thereby obtaining Ag nanofilms with better particle dispersion.

2.2.2. Preparation of Ag/4-MBA System

Ag NPs were placed in a 4-MBA solution at a concentration of 10−3 M for 1 h, and
the 4-MBA molecules were bonded to the surface of Ag NPs by Ag-S covalent bonds to
complete the assembly of the Ag/4-MBA system.
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2.2.3. PEDOT:PSS Deposition Procedure on the Ag/4-MBA System

Different concentrations of PEDOT:PSS (0.05%, 0.075%, 0.1%, 0.2%, 0.3%, 0.5%, 0.8%,
and 1.0%) were dropped on the Ag/4-MBA-coated glass slide by titration method, and
then naturally dried to complete the assembly, as shown in Scheme 1.
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Scheme 1. Schematic of the layer-by-layer assembly of Ag/4-MBA/PEDOT:PSS films.

2.3. Characterization and SERS Measurements

The appearance and particle diameter of Ag NPs were determined by scanning
electron microscopy (SEM) at a 250 kV accelerating voltage with a JEOL 6500 F microscope.
A Shimadzu UV-3600 Plus UV-Vis spectrometer was used to measure the UV-Vis absorption
spectra of the Ag/4-MBA and Ag/4-MBA/PEDOT:PSS composite systems. Raman spectra
of the composite systems were obtained with a 633 nm laser by using a Renishaw Raman
system 2000 microscope. For the Raman experiments of the Ag/4-MBA/PEDOT:PSS
composite system, different concentrations (0.05%, 0.075%, 0.1%, 0.2%, 0.3%, 0.5%, 0.8%,
and 1.0%) of PEDOT:PSS were titrated into the Ag/4-MBA composite system to form
Ag/4-MBA/PEDOT:PSS systems.

3. Results

As shown in Scheme 1, first, the glass slide was coated with a positively changed
polymer, PDDA. Second, the citrate ions stabilized Ag NPs was modified on the PDDA-
coated glass slides based on the electrostatic adsorption interaction to form self-assembled
Ag films. Third, 4-MBA was adsorbed on the Ag film to form the Ag/4-MBA system
via Ag-S bonds. Finally, the Ag/4-MBA/PEDOT:PSS sandwich structure was formed by
introducing the PEDOT: PSS to the Ag/4-MBA system via a hydrogen bond. Since the
hydrogen is the electron acceptor, and oxygen is the electron donor, it is easy to form
the hydrogen bond between the carboxyl of MBA and PEDOT or/and PSS. Herein, the
oxygen on the carboxyl double bond of 4-MBA forms hydrogen bond with hydrogen on
the sulfonic group of PSS, and the hydrogen on the carboxyl group of 4-MBA forms a
hydrogen bond with oxygen on the sulfonic group [27]. Figure 1 displays SEM images of
Ag NPs assembled on a PDDA-modified glass substrate and a Ag NP assembly system
with different concentrations of PEDOT:PSS. According to the statistical distribution of
particle size of Ag NPs in Figure 2, we found that most particle sizes of Ag NPs was
obtained about 60–70 nm. As shown in Figure 1, before the introduction of PEDOT:PSS, Ag
NPs were spherical distributed on the surface of glass substrate. After PEDOT:PSS coating,
the morphology of Ag NPs self-assemble film was aggregated, and the aggregation degree
increased gradually with the increase of the PEDOT:PSS.
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The compositions, contents and structures of different systems can be determined and
analyzed by UV-Vis spectroscopy. Figure 3 shows the UV-Vis absorption spectra of Ag NPs,
Ag/4-MBA, and Ag/4-MBA/PEDOT:PSS composite systems (PEDOT:PSS concentrations
were 0.05%, 0.075%, 0.1%, 0.2%, 0.3%, 0.5%, 0.8%, and 1.0%, respectively). The Ag NPs
were deposited on the PDDA-decorated glass slide by employing the self-assemble method.
After deposition of the Ag NPs on the PDDA-decorated glass slide, the distance of Ag NPs
decreased and the aggregation occurred, which induced wide absorbance bands located
at 400–700 nm. The strong interactions and coupling may have also contributed to the
plasmon resonance red shift if the LSPR existed between neighboring Ag NPs. The dipole–
dipole interaction assigned to Ag NP were blue shifted by 22 nm more than the silver
sol. After different concentrations of PEDOT:PSS were added, the SPR peak of Ag NPs
continued to shift to longer wavelengths, and as the concentration increased, the redshift
phenomenon became more obvious, and the peak gradually widened. After introduction of
the polymer, layers of Ag, 4-MBA and PEDOT:PSS interacted to form a new CT state [28].
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Figure 4 shows the Raman spectrum of 4-MBA with 633 nm laser excitation. The band
assignment of 4-MBA in the Ag/4-MBA/PEDOT:PSS system is shown in Table 1. In the
SERS (Figure 5A) of the Ag/4-MBA/PEDOT:PSS composite complex system with different
concentrations of PEDOT:PSS, bands at 1263 (νCα-Cα inter-ring), 1395 (νCβ-Cβ inter-ring)
and 1484 (νsymCα = Cβ) cm−1 were observed. The bands assigned to PEDOT:PSS and
4-MBA are marked with circles and squares, respectively. With increasing PEDOT:PSS
concentration, the overall intensity of the SERS bands corresponding to 4-MBA increased
gradually. When the concentration of PEDOT:PSS was 0.8%, the intensity change became
stable. Due to the formation of the hydrogen bond between PEDOT:PSS and 4-MBA the
electron cloud density of 4-MBA was changed [29–31]. In turn, it affected the electronic
structure of the Ag/4-MBA complex, and the intensity of the 4-MBA band also changed.
With increasing PEDOT:PSS concentration, the number of carboxyl groups combined
with PSS increased, and the effect on the system increased. When the concentration
of PEDOT:PSS increased to a certain extent, the number of carboxyl groups bound to
PSS in the system became saturated, and the influence on the system became stable [32].
For comparation, SERS spectra of Ag/4-MBA/0.8% PEDOT:PSS, Ag/4-MBA, Ag/0.8%
PEDOT:PSS, 4-MBA/0.8% PEDOT:PSS, and 0.8% PEDOT:PSS were shown in Figure 5B.
Compared with the original 0.8% PEDOT:PSS system, the Ag/4-MBA/0.8% PEDOT:PSS
composite system exhibited a larger blueshift at 1395~1437 cm−1 because Ag and sulfhydryl
groups combined through Ag-S bonds to form a structure with C2v symmetry. 4-MBA
is a derivative containing sulfhydryl and carboxyl groups [33–36]. It has two hydrogen
bond donors, namely, the oxygen atoms on the sulfhydryl and carboxyl groups, and five
potential hydrogen bond acceptors, namely, π electrons on the benzene ring and the lone
pair electrons of the oxygen and sulfur atoms.

Table 1. Band assignments for the spectrum of 4-MBA in the Ag/4-MBA/PEDOT:PSS composite system under 633 nm
excitation.

Wavenumber (cm−1) Band Assignments Corresponding Molecule

1014 In-plane ring breathing, b2 4-MBA
1077 In-plane ring breathing + υ(CS) 4-MBA
1143 C-H deformation modes, b2 4-MBA
1184 C-H deformation modes, a1 4-MBA
1263 υ(Cα-Cα’) inter-ring PEDOT:PSS
1395 β(O-H) + υ(C-ph) + in-plane υ(CC) + 4-MBA and
1437 asymmetry α(CO2), b2 and υ(Cβ-Cβ’) inter-ring PEDOT:PSS
1484 υsym(Cα=Cβ) PEDOT:PSS
1589 Totally symmetric υ(CC), a1 4-MBA
1712 C=O stretching 4-MBA

υ, stretching; β, bending. For ring vibrations, the corresponding vibrational mode of the benzene ring and the symmetry state under C2ν
symmetry are proposed.
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Figure 5. (A) SERS spectra of the Ag/4-MBA/PEDOT:PSS composite system with different concentrations of PEDOT:PSS
(a–i: 1.0%, 0.8%, 0.5%, 0.3%, 0.2%, 0.1%, 0.075%, 0.05%, and 0%). (B) SERS spectra of (a) Ag/4-MBA/0.8% PEDOT:PSS,
(b) Ag/4-MBA, (c) Ag/0.8% PEDOT:PSS, (d) 4-MBA/0.8% PEDOT:PSS, and (e) 0.8% PEDOT:PSS.

When PSS bound to 4-MBA, the three lone pairs of electrons on the oxygen atom of
the sulfonic group of PSS served as donors, and the hydrogen on the carboxyl group of
4-MBA served as an acceptor. With the combination of the two forms of hydrogen bonds,
the conjugation degree of the whole system increased, the density of the electron cloud
increased, and the vibration signal shifted to higher wavenumbers, corresponding to a
blueshift. This phenomenon shows that hydrogen bonding in the molecule led to charge
redistribution of the Ag/4-MBA complex. According to the ρCT formula proposed by
Lombardi, the contribution of the hydrogen bond to CT resonance was estimated [37,38].

The calculation formula is as follows [39]:

ρCT(κ) =
Ik(CT)−Ik(SPR)
Ik(CT)+I0(SPR)

(1)

The exponent k represents the line of the Raman spectrum when the molecule has CT
resonance. When I0 (SPR) = Ik (SPR), spectral line k belongs to a completely symmetric
membrane, and when the Ik (SPR) value is extremely small or close to 0, the SERS spectral
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intensity mainly comes from the contribution of CT. The formula can be approximated
as follows:

ρCT(κ) =
Ik(CT)

Ik(CT)+I0(SPR)
(2)

Here, the band at 1184 cm−1 attributed to C-H deformation mode (a1 mode) and
1395−1437 cm−1 (b2 mode) were selected to calculate ρCT. The ρCT values of the Ag/
4-MBA/PEDOT:PSS composite systems with different concentrations of PEDOT:PSS are
shown in Table 2 and Figure 6A. This band corresponds to an in-plane circulatory breathing
mode, which is coupled to the νC-S circulatory breathing mode (b2 mode) of 4-MBA at
1014 cm−1. At present, it is only slightly affected by SPR, mainly due to the contribution
of CT. By calculating the ρCT of 4-MBA and the ratio of b2 to a1, the relationship between
these values and the PEDOT:PSS concentration was obtained. When ρCT (κ) = 0.5, the
contributions of SPR and CT to SERS enhancement were the same; when ρCT(κ) = 0, the
mainly SPR effect affected SERS enhancement. When ρCT(κ) was about 1, the mainly CT
effect affected the SERS enhancement. As shown in Figure 6B, ρCT(κ) = 0.395 and 0.650 for
the Ag/4-MBA composite system and Ag/4-MBA/PEDOT:PSS (0.8%) composite system,
respectively. Therefore, for the Ag/4-MBA/PEDOT:PSS (0.8%) composite system, ρCT(κ) >
0.5 was due to the CT process of the system. Figure 6A shows a column chart of the ρCT
values of the Ag/4-MBA/PEDOT:PSS composite system with different concentrations of
PEDOT:PSS (0.05%, 0.075%, 0.1%, 0.2%, 0.3%, 0.5%, 0.8%, and 1.0%). There is a positive
correlation between ρCT and PEDOT:PSS concentration, indicating that the formation of
hydrogen bonds is beneficial to the CT process [40,41]. As the number of hydrogen bonds
increased, the CT process of Ag/4-MBA was further distributed to form a CT state, forming
a CT state more matched to the incident light. When the PEDOT:PSS concentration was
0.8%, the CT distribution was stable.

Table 2. ρCT values of Ag/4-MBA/PEDOT:PSS systems with different PEDOT:PSS concentrations.

Ag/4-MBA/PEDOT:PSS
Composite Systems with Different Concentration of PEDOT:PSS ρCT

0% 0.395
0.05% 0.540
0.075% 0.549

0.1% 0.560
0.2% 0.570
0.3% 0.579
0.5% 0.603
0.8% 0.650
1.0% 0.610
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When Ag, 4-MBA and PEDOT:PSS contacted each other, a new CT process occurred
at the contact interface, and a new CT state formed. The Fermi energy level of Ag NPs
in vacuum is −4.84 eV [42], and the highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) of 4-MBA have energies of −8.48 eV and
−3.21 eV, respectively [43]. The HOMO and LUMO of PEDOT:PSS are −6.20 eV and
−5.50 eV [44], respectively, and the band gap (Eg) is 1.80 eV. Figure 7 shows the CT process
in the Ag/4-MBA/PEDOT:PSS composite system. Under 633 nm excitation, the incident
light energy is 1.96 eV, the Fermi level of Ag is full of electrons, the electrons are excited to
the LUMO level of the 4-MBA molecule, and the electrons will continue to transfer to the
LUMO level of PEDOT:PSS because of the potential difference. An electron in the HOMO
level of PEDOT:PSS is excited to the LUMO level of PEDOT:PSS and then transferred to
the LUMO level of the 4-MBA molecule. When the LUMO level of PEDOT:PSS is full of
electrons, the LUMO level of PEDOT:PSS will increase, while the Fermi energy level of Ag
will decrease until the Fermi levels of both sides are equal. In this case, the CT velocity
in both directions is equal, and the SERS signal is stable [45]. For the Ag/4-MBA system,
ρCT(κ) is 0.395, which means that the EM is still dominant in the Ag/4-MBA system. By
introducing PEDOT:PSS, the electron continues to transfer from the LUMO level of 4-MBA
to the LUMO level of PEDOT:PSS, and the electron is excited from the HOMO level of
PEDOT:PSS to the LUMO level of PEDOT:PSS and the LUMO level of 4-MBA, resulting
in an increase in ρCT(κ) from 0.395 to 0.650, which indicates a new CT process. The CT
process has considerable effects on SERS enhancement, thus increasing the SERS intensity.
Compared with the Ag/4-MBA system, the Ag/4-MBA/PEDOT:PSS composite system
exhibits better SERS activity because PEDOT:PSS increases the contributions of CT.
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4. Conclusions

Ag/4-MBA/PEDOT:PSS composite systems with different concentrations of PE-
DOT:PSS (0, 0.05%, 0.075%, 0.1%, 0.2%, 0.3%, 0.5%, 0.8%, and 1.0%) were successfully
constructed by the layer-by-layer assembly method. The hydrogen bonds between the
probe molecule 4-MBA and the polymer PEDOT:PSS were studied by SERS. Ag/4-MBA/
PEDOT:PSS composite systems with different concentrations of PEDOT:PSS were studied,
and their ρCT values were calculated. When the PEDOT:PSS concentration was 0.8%, the
intensity increase tended to be stable, and ρCT reached a maximum. Compared with that
of the undoped system, the ρCT value of the doped system increased, which was attributed
to the CT process. In terms of the mechanism, the formation of hydrogen bonds promotes
charge excitation from the Fermi level of Ag to the LUMO level of the 4-MBA molecule,
and the electrons will continue to transfer to the LUMO level of PEDOT:PSS under the
action of a potential difference. This distinctly shows that the change in SERS intensity
can be attributed to the molecular hydrogen bond formed by PEDOT:PSS and 4-MBA. The
addition of organic semiconductors greatly improved the study of SERS and provided new
ideas for research on flexible device development, biosensors, trace analysis, food safety,
and environmental protection.
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