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Highlights

What are the main findings?

e  DBS™ prefers to adopt a configuration in which it is lying (—210.29 k] /mol) on a TiO,
surface via synergistic sulfonate coordination, benzene m-interaction, and alkyl van
der Waals forces.

e  Sulfonate acts as the key active site, forming Ti-O bonds powered by negative electro-
static potential and high Fukui values.

e  The benzene ring serves as an electron acceptor, providing auxiliary stability through
weak 7-d coupling with surface Ti atoms.

What is the implication of the main findings?

e  Adsorption induces 0.7 e electron transfer from DBS™ to TiOj, as confirmed by O 2p
and Ti 3d orbital overlap.

Abstract

To elucidate the microscopic adsorption mechanism of dodecylbenzenesulfonate (DBS™)
on the surface of anatase TiO,, this study was conducted based on density functional
theory, using the DMol®> module for calculations. Four representative initial configurations
including orientation differences in sulfonate, the benzene ring, and the alkyl chain were
constructed. The contribution of each functional fragment to adsorption stability and inter-
facial electron transfer behavior were investigated through geometric optimization, energy
calculation, Mulliken population, molecular electrostatic potential analysis, Fukui function,
and density-of-states analysis. The results showed that configuration a-101 exhibited a
lying orientation and multi-stage synergetic adsorption, with the largest adsorption energy
(—210.29 kJ /mol), and it was the most stable configuration. The sulfonate group had the
most negative electrostatic potential, and the highest occupied orbital was mainly located
on its oxygen atom (O). Additionally, the f~ value of the Fukui function of O was the
highest, serving as the key electrophilic reaction active site, and formed a Ti-O coordination
bond with surface Ti**. The benzene ring acted as an electron acceptor and participated in
adsorption through n-d weak coupling. Adsorption induced the transfer of an about 0.7 e
charge from DBS™ to TiO,. The 2p orbitals of O and the 3d orbitals of Ti overlapped in the
range of —5.0~0.45 eV, forming a coordination bond.

Keywords: dodecyl benzene sulfonate; titanium dioxide; adsorption mechanism; electron
transfer; interfacial interaction
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1. Introduction

With the development of nanotechnology, titanium dioxide (TiO,) has become an
important functional material due to its excellent photocatalytic properties, ultraviolet-
shielding properties, and high chemical stability, and it is widely used in cosmetics, coat-
ings, environmental purification, new energy, metal processing and lubrication, and other
fields [1-3]. In particular, in the field of coatings, TiO, is widely employed in high-
performance protective coatings, decorative coatings, and photocatalytic self-cleaning
coatings owing to its high refractive index, photoaging resistance, and anti-corrosion char-
acteristics. It can not only enhance the mechanical strength and durability of coatings but
also endow coatings with UV resistance, anti-pollution, and environmental purification
functions [4,5].

However, in practical applications, nano TiO; exhibits a strong tendency to agglomer-
ate due to its high surface energy [6]. The agglomerates result in a loss of the nano-effect,
leading to a dramatic decrease in performance. In order to improve this situation, re-
searchers have tried to introduce various surfactants to modify the surface properties of
TiO;. Sodium dodecyl benzene sulfonate (SDBS), a widely used anionic surfactant, demon-
strates considerable potential in modifying TiO, due to its excellent dispersion stability and
interfacial activity [7,8]. SDBS molecules can be dissociated into dodecylbenzene sulfonate
(DBS™) and Na* in an aqueous solution, wherein DBS™ possesses a polar head group of
sulfonate, a m-conjugated unit of a benzene ring, and a hydrophobic long-chain structure,
enabling it to interact with nanoparticles in multiple ways to increase the net surface charge,
thereby regulating the surface wettability of TiO, and inhibiting particle agglomeration [9].

Du and Guo discussed the influence of SDBS on the aggregation behavior of TiO;
nanoparticles and found that SDBS could reduce the interfacial tension between TiO,
particles and the surrounding medium, thereby significantly enhancing the dispersibility
and stability of TiO; nanoparticles and reducing agglomeration by enhancing electrostatic
and spatial repulsion. Utilizing dynamic light scattering and Zeta potential measurement,
the mechanism of action of SDBS concentration with respect to the dispersion stability of
TiO, was analyzed. It was found that the mass ratio of SDBS to TiO, was in the optimal
range, and an excessive mass ratio might lead to re-agglomeration [10,11]. Sun et al. [12]
found that with an increase in SDBS concentration, the absolute value of Zeta potential
increased, the average particle size decreased, and agglomeration decreased. An increase in
SDBS concentration (0-30 mg/L) significantly enhanced the migration performance of TiO;.
The adsorption capacity of SDBS on TiO, surface was significantly affected by pH. The
surface was positively charged and the adsorption capacity increased with a decrease in
pH when the pH was lower than the isoelectric point. Conversely, when the pH exceeded
the isoelectric point, the surface became negatively charged, resulting in a sharp decline in
adsorption capacity [13].

Although the application of DBS™ in dispersing TiO; has been extensively validated
through experiments, at present, the domestic and international research has mainly fo-
cused on the dispersal effects of nano-TiO; and its influence on the migration ability,
corrosion behavior, photochemical activity, thermal conductivity, and tribological perfor-
mance of nanoparticles [14-17]. The adsorption behavior of DBS™ on the surface of TiO,
can be indirectly inferred through the measurement of macroscopic kinetic parameters,
such as adsorption isotherms and Zeta potential. However, a systematic understanding
of the micro-adsorption mechanism and structure-activity relationship of DBS™ on the
surface of TiO; is lacking, making it difficult to analyze each functional fragment of DBS™
(sulfonate, the benzene ring, and the alkyl chain) at the atomic level. Furthermore, the
mechanism of electron transfer between DBS™ and TiO, has not been addressed. First-
principles analysis can start from the fundamental level, such as the electrical structure, to
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elucidate the nature of the interaction between the two, accurately calculate adsorption
energy and other key parameters, and thoroughly explore the microscopic interactions
between the dispersant and nanoparticle surface, thereby providing a reliable theoreti-
cal foundation for optimizing the dispersion system [18-20]. Therefore, a first-principles
method based on density functional theory (DFT) was adopted to systematically construct
four representative initial adsorption configurations of DBS™ on the anatase TiO, (101)
surface, which correspond to four possible modes: multi-segment synergy, segment contact,
head group anchoring, and benzene ring parallelism. The stability differences of different
configurations, the distribution of active sites of DBS™, and electron transfer between
the DBS™ and TiO; interface were revealed by means of multi-scale calculations, such as
geometric optimization, energy calculation, charge population, density of states (DOS), and
partial wave density of states (PDOS) analysis to elucidate the nature of the interaction
between DBS™ and the surface of TiO, at the atomic/electronic level.

2. Materials and Methods

This research was primarily conducted using the Dmol® module within the Materials
Studio 8.0 platform. DBS™ was constructed, and its structure is shown in Figure 1. The most
stable and most frequently exposed crystal plane in anatase TiO, (101) [21,22] was selected
as the representative research object, and a periodic supercell structure with dimensions of
2.178 nm x 3.020 nm x 2.640 nm was created, which contained three layers of atoms. To
maintain lattice stability, the bottom two layers of atoms were fixed, while the coordinates
of the upper atoms were fully relaxed during structural optimization. In order to prevent
mutual interference between adjacent crystal planes in the periodic structure, a 1.5 nm
vacuum layer was introduced in the vertical direction, ensuring the structural independence
and calculation accuracy of the system.

@ Carbon
2 Hydrogen
® Oxygen
2 Sulfur

Figure 1. Structure and atomic numbering of DBS™.

To investigate the adsorption characteristics of DBS™ on the TiO, (101) crystal surface,
four representative initial adsorption configurations were systematically constructed; this
was followed by structure optimization and energy calculations. As illustrated in Figure 2,
the differences in these four configurations (a-101, b-101, c-101, and d-101) were mainly
reflected in the different initial orientations of the functional fragments of DBS™ (sulfonate
head group, benzene ring, and alkyl chain) relative to the crystal plane. This approach
was intended to allow us to comprehensively evaluate the synergistic or independent
contributions of each fragment to the adsorption process. Through geometric optimization,
the most stable adsorption conformations of the four configurations were obtained, and the
adsorption energy was calculated using the following formula [23,24] to evaluate the most
stable adsorption state.

Eads = Etotal - Eslab - Eadsorben (1)

where Eiotal, Eglab, and E gsorben are the total energy of the adsorption system, the energy of
the TiO, (101) crystal plane, and the energy of DBS™.
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Figure 2. DBS™ adsorbed configurations on TiO, (101) crystal plane: (a) a-101, (b) b-101, (c) c-101,
and (d) d-101.

)
X

To elucidate the mechanism through which DBS™ adopts the most stable adsorption
configuration on the surface of TiO,, identify its active sites, and reveal the electronic-
structure-based origin of its specific adsorption configuration stability, the nature of the
interaction between DBS™ and the surface of TiO; was systematically studied by using the
DFT calculation method. Potential nucleophilic/electrophilic active sites in DBS™ were
accurately determined via calculation using the Fukui function and frontier orbitals and
molecular electrostatic potential analysis [25,26]. Furthermore, charge transfer behavior
during the adsorption process was quantitatively analyzed by comparing the changes in
the Mulliken charge populations of key atoms in the model before and after adsorption.
The density of states (DOS) of the surface model before and after adsorption was calculated
to investigate the impact of DBS™ adsorption on the surface electronic structure of TiO,
and elucidate the mechanism of electron transfer at the interface.

The relevant calculations are based on the Perdew-Burke-Ernzerhof (PBE) functional
under the generalized gradient approximation (GGA), and the all-electron processing
method was adopted to accurately describe the electron distribution and local electron
response characteristics [27,28]. The basis cutoff radius was set at 4.4 A, and Grimme
DFT-D dispersion correction was introduced to fully consider potential weak van der
Waals interactions between molecules and between molecules and surfaces. The conver-
gence conditions were energy variation less than 1 x 10~% Ha, maximum force less than
2 x 1073 Ha/A, and maximum displacement less than 5 x 1073 A. In this iterative process,
we used the Broyden-Fletcher—Goldfarb—Shanno algorithm to achieve energy minimization.
For potential unpaired electrons or spin effects, spin-unconstrained calculations were used
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to accurately describe the electron distribution and active site characteristics. The electron
integration accuracy and self-consistent field SCF convergence conditions were set to the
convergence threshold of 1 x 10~¢ Ha. DIIS and preprocessors were enabled to accelerate
convergence, while thermal broadening was enabled to assist convergence to ensure the
stability of geometric optimization and the reliability of the calculation results.

3. Results and Discussion
3.1. Adsorption of DBS™ on the Surface of TiO;

The adsorption energies of four representative DBS™ configurations on the TiO; crystal
surface were calculated to study the stable adsorption states of DBS™ on the surface of TiO,
and the contributions of various functional fragments, and the results are shown in Table 1.

Table 1. Adsorption energies of different adsorption configurations.

Eags Etotal Es1ap Eadsorben

(kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol)
a-101 —210.29 —1,347,941.58 —69.54 —1,347,833.26
b-101 —35.77 —1,347,879.24 —60.17 —1,347,783.30
c-101 —163.76 —1,347,995.89 —66.53 —1,347,765.64
d-101 —177.15 —1,347,944.51 —71.63 —1,347,695.73

It can be seen from Table 1 that the adsorption energy for configuration b-101 is the
lowest, measuring only —35.77 k] /mol. This outcome is due to a single adsorption-driving
force: the non-polar interaction between the hydrophobic dodecyl chain and the TiO,
surface. This configuration simulates the potential orientation of the hydrophobic tail
toward the surface during surfactant self-assembly, which is less thermodynamically stable.
In contrast, the adsorption energy for configuration c-101 is —163.76 k] /mol, reflecting
the specific interaction between the sulfonate head group and the TiO; surface. In this
arrangement, the oxygen atom of the sulfonate establishes a stable coordination bond
with the Ti atom on the surface. This coordination pattern is typical of chemisorption,
driven by strong electrostatic attraction and orbital hybridization between the negative
charge of the sulfonate and the vacant d orbitals of the surface Ti atoms. This configuration
reveals the microscopic mechanism by which DBS™ anchors to the oxide surface via its
polar head group. The adsorption energy for configuration d-101 is —177.15 kJ /mol. In
addition to the coordination between the sulfonate head group and the TiO; surface, the
benzene ring is adsorbed parallel to the TiO, surface. Compared to configuration c-101,
the adsorption strength is slightly greater, indicating that while there is some 7-interaction
between the aromatic ring and the surface, the interaction is significantly weaker than the
coordination effect of the head group. The adsorption energy of configuration a-101 reached
—210.29 kJ/mol, indicating a strong chemisorption process. In this configuration, DBS~
does not interact with the surface as a singular entity but rather assumes a lying-down
posture, facilitating multi-stage synergistic adsorption of the sulfonate, benzene ring, and
alkyl chain. This synergistic effect maximizes the contact area between the molecules and
the surface, resulting in the formation of the strongest interaction network. The O atom of
the sulfonate establishes a stable coordination bond with the Ti atom on the surface, while
m-interaction occurs between the benzene ring and the surface. Additionally, the long alkyl
chain extends across the surface through Van der Waals forces. This mode of multi-point
anchoring significantly enhances the stability of adsorption.

The adsorption energy for configuration c-101 significantly exceeds that of b-101,
suggesting that the coordination bond between the sulfonate head group and the surface
Ti atom is the most crucial and stable interaction facilitating adsorption. When multiple
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functional fragments (the head group, aromatic ring, and alkyl chain) can simultaneously
interact with the surface effectively (as observed in configuration a-101), the adsorption
energy is markedly increased, showing an obvious synergistic effect. The adsorption
mechanism of DBS™ on the TiO, surface can be characterized as head-group-dominant
with multi-stage cooperation.

3.2. DBS™ Active Site Analysis

The electrostatic potential, frontier orbitals, and Fukui function of DBS™ were calcu-
lated to identify the reactive sites of DBS™ during the adsorption process. The distribution
of electrostatic potential serves as a crucial metric for characterizing the charge properties
of various regions within the molecule, effectively reflecting the initial tendencies of the
interaction of DBS™ with the surface. The electrostatic potential distribution of DBS™ is
shown in Figure 3.

Carbon
Hydrogen
Oxygen
Sulfur

©Cecve

Isosurface(Ha)

0.0314
— 0.0392

=0.109

—0.180
—=—0.251

Figure 3. Electrostatic potential distribution of DBS™.

Figure 3 illustrates that the sulfonate group region exhibits a significant negative
potential, creating an outward-expanding equipotential surface. This observation indicates
the presence of a highly localized and continuous negative charge region in this area. The
strong negative potential region easily adsorbs or coordinates with sites with positive
charges on the surfaces of metal oxides (such as Ti atoms). The emergence of this negative
potential can mainly be attributed to two factors. First, the electron-induced effect between
the S=0 and S-O bonds within the sulfonate group leads to the delocalization of electrons
around oxygen atoms, thereby establishing a stable electron-rich structure. Second, DBS™
itself functions as a negatively charged ionic group, endowing it with inherent electrostatic
adsorption capabilities. In contrast, the benzene ring and the dodecyl segments in DBS™ do
not exhibit significant potential polarization characteristics. The weak negative potential
observed in the benzene ring region can be attributed to the delocalization of 7 electrons
within the aromatic benzene ring structure, which generates an electron cloud characterized
by a uniform spatial distribution but low intensity. Due to its non-polarity and uniform
electron distribution, the long-chain alkyl structure does not serve as an electron-rich or an
electron-deficient region, resulting in a diminished capacity for electrostatic interaction with
the surfaces of metal oxides. Consequently, rather than functioning as electronically active
adsorption sites, the role of alkyl chains in the adsorption process is primarily governed by
non-polar Van der Waals interactions.

Frontier orbital analysis is an electronic structure research method based on molecular
orbital theory. By assessing the spatial distribution of the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO), this method elucidates
molecular electronic distribution, trends in electron transfer, and potential mechanisms of
interaction with external systems [29-31]. The results of the frontier orbital analysis for
DBS™ are shown in Figure 4. As depicted in Figure 4, the HOMO of DBS™ is predominantly
localized in the oxygen atom region of the sulfonate group (Figure 4a). This localization is
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a product of the contribution of the lone-pair electrons on the oxygen atom, indicating that
the region possesses a strong electron donor capacity, which is conducive to electrostatic
interactions or coordination adsorption with metal sites on the surfaces of metal oxides.
Conversely, the LUMO of DBS™ is primarily concentrated in the benzene ring region,
indicating that the benzene ring exhibits electron acceptor characteristics and may engage
in 7-d interactions with d orbitals of the TiO, surface metal. The spatial distribution of
HOMO and LUMO provides DBS™ with a regionalization function during the adsorption
process. The sulfonate group primarily enhances adsorption stability, whereas the benzene
ring region is involved in regulating molecular polarization and interfacing. Furthermore,
the long alkyl segment exhibits a negligible frontier orbital distribution and does not
participate in the reaction.

@ carbon @ carbon

J Hydrogen < Hydrogen
] Oxygen Q@ Oxygen
9 Sulfur J Sulfur

(a) (b)
Figure 4. (a) HOMO and (b) LUMO distribution of DBS™.

To further quantify the local reactivity of DBS™, a Fukui function analysis was con-
ducted, and the results are shown in Table 2. The f~ value mainly reflects the active site
of the molecule during electrophilic reactions, while the f* value indicates the active site,
which is easily attacked by nucleophilic reactions. A larger value corresponds to greater
reactivity. As shown in Table 2, the three oxygen atoms in the sulfonate group (02, O3,
and O4) show significantly higher and comparable f~ values (0.242, 0.248, and 0.250, re-
spectively), confirming that this region serves as the key electron donor active site. This
finding aligns with its high HOMO contribution. These oxygen atoms are highly sensitive
to variations in electron density and exhibit strong and balanced nucleophilic reactivity
due to the resonance effect and electron delocalization within the sulfonate group, thereby
facilitating the adsorption and coordination of DBS™ on the metal oxide surface. In contrast,
the f* values at specific carbon atoms of the benzene ring (C5, C8, and C10) show higher
values (0.103, 0.115, and 0.101, respectively), significantly higher than the rest of the atoms
on the benzene ring, indicating that these sites exhibit relative nucleophilicity. This distri-
bution characteristic is also consistent with the corresponding LUMO contribution rate. C5
(carbon bonded to the sulfonate), C8 (the para-carbon of C5), and C10 (the ortho-carbon
of C5) are located in the conjugated electron transport pathway of the benzene ring. The
strong electron-withdrawing induction effect of the sulfonate group, in conjunction with
the m-conjugation effect of the benzene ring, synergistically enhances the reaction sensitivity
of the carbon atoms within an electron-rich environment.

Table 2. Contribution rates of HOMO and LUMO and Fukui function values of atoms in DBS~.

HOMO LUMO

— +

Atom Contribution Rate Contribution Rate f f
S1 0.00 0.02 0.104 0.036
02 0.33 0.03 0.242 0.039
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Table 2. Cont.
HOMO LUMO _ +
Atom Contribution Rate Contribution Rate f f
03 0.32 0.01 0.248 0.042
O4 0.32 0.02 0.250 0.037
C5 0.01 0.29 —0.004 0.103
Co6 0.00 0.06 0.014 0.057
c7 0.00 0.09 0.009 0.076
C8 0.00 0.28 0.014 0.115
9 0.00 0.02 0.010 0.037
C10 0.00 0.14 0.010 0.101
C11 0.00 0.00 —0.003 —0.019
C12 0.00 0.03 —0.003 —0.016
C13 0.00 0.00 —0.001 —0.003

3.3. Electron Transfer Mechanism at Adsorption Interface

The charge transfer in the adsorption process serves as a critical parameter for assessing
stability and interaction strength. The Mulliken charge of DBS™ and the density of states
(DOS) distribution on the TiO, surface both before and after adsorption were analyzed to
investigate the mechanism of electron transfer between DBS™ and TiO;. Previous studies
indicate that the active site for electron interaction primarily resides within the sulfonate
and benzene ring structures, while the alkyl chain does not participate. To streamline the
model and conserve computational resources, this analysis focuses solely on the sulfonate
group and the benzene ring. The Mulliken charge of DBS™ before and after adsorption is
shown in Figure 5. Initially, the total charge of DBS™ is —1 e before adsorption, reflecting
its anionic nature. The total charge changes to approximately —0.3 e after adsorption. This
indicates that about 0.7 e electrons are transferred from DBS™ to the TiO, surface, indicating
notable interfacial electron migration. The local charge distribution in DBS™ also undergoes
modification. Prior to adsorption, the sulfur atom in the sulfonate group possesses a charge
of +1.626 e, while the charges of the three oxygen atoms are uniformly distributed between
—0.812 e and —0.817 e. Following adsorption, the charge of the sulfur atom decreases to
+1.533 e (indicating an increase in electron density), whereas the charges of the oxygen
atoms shift to a range of —0.674 e to —0.752 e (reflecting a decrease in electron density). This
change suggests that the adsorption of DBS™ on the TiO, surface induces a rearrangement
of intramolecular electrons, with the electrons transferred from DBS™ primarily originating
from the oxygen atom in the sulfonate group. Its high electronic activity makes it the main
electron donor site. The previous analyses of the HOMO orbit and Fukui function of DBS™
are thus corroborated.

The charges of the carbon and hydrogen atoms in the benzene ring exhibited signif-
icant changes before and after adsorption, indicating that the polarization effect in the
adsorption process extends beyond the sulfonate region. This effect propagated to the
far-end structure of the molecule via the internal conjugated system. In the electron cloud
distribution differential charge diagram of the TiO, surface and DBS™ interface (Figure 6),
it can be seen that obvious electron cloud overlap occurred between the sulfonate oxygen
atom and Ti atom on the TiO, surface. This localized electron coupling microscopically
confirms the transfer of electrons between DBS™ and the TiO, surface, which is crucial
for the stability of their adsorption. The observed electron transfer reveals the overall
electron exchange process between DBS™ and the TiO, surface, while the electron cloud
overlap substantiates the bonding characteristics of the coordination bond. Both explain
the evolution of the electronic structure and the essential reason for stable adsorption in
the process of adsorption.
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Figure 5. Change in Mulliken charge before and after DBS™ adsorption: (a) before adsorption and
(b) after adsorption.
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Figure 6. Differential charge diagram of the TiO, surface with the DBS™ interface.

To explore the influence of DBS™ adsorption on the electronic structure of the TiO,
surface, the DOS distribution of the TiO; surface before and after adsorption was ana-
lyzed, as illustrated in Figure 7. The results show that there is significant energy domain
dependence in the three characteristic energy regions. Notably, the DOS spectra at the
deep energy levels (—17.50 to —15.00 eV) exhibit minimal changes, indicating that the
electrons in the inner layer do not participate in the adsorption process. In the valence
band (—5.00~0.95 eV), the decrease near the Fermi level indicates a reduction in available
electronic states. At the same time, the peak position of the conduction band has shifted
toward lower energy levels, which indicates that the energy level of the conduction band
has decreased. The above alterations demonstrate that the adsorption leads to a reduction
in electronic energy and available density of states, indicating a tendency toward greater
stability in the electronic configuration. This evidence supports the conclusion that DBS™
adsorption exerts a stabilizing effect on the electronic structure of the surface of TiO,.

To further elucidate the electronic coupling mechanism between DBS™ and the TiO,
surface, the partial density of states (PDOS) between the key atoms was calculated, as
shown in Figure 8. Notably, there is a significant orbital overlap between the 2p orbital of
the O atom in DBS™ and the 3d orbital of the surface Ti atom within the energy range of
—5.0~0.45 eV. Combining this information with the characteristics of the electron cloud
overlap further confirms that the formation of the coordination bond between these atoms
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is the primary contributor to adsorption (Figure 8a). Additionally, the C atomic orbitals of
the benzene ring in DBS™ also exhibit an overlap with the Ti atoms in this energy range
(Figure 8b). Despite the extensive overlapping area in the DOS, there is no coincidence
of electron clouds between the orbital spatial distributions (Figure 6). Consequently, no
significant bonding effect can be observed. Instead, this interaction manifests as a weak
mi—d orbital coupling. The 1s orbital of the hydrogen atom and the 2p orbital of the surface
oxygen atom exhibit an overlap in orbital density of states within the energy range of
—5 to 0 eV (Figure 8c), indicating the presence of weak orbital coupling. This interaction
can regulate the interface local electron density distribution and energy level structure,
consequently impacting the electron transport process and local charge distribution. This
phenomenon primarily accounts for the decrease in electron density of the hydrogen atom
on the benzene ring after adsorption. Conversely, the overlap in the DOS between the S
atom and the Ti and O atoms appears minimal (Figure 8d), reflecting the limited electron
involvement of the S atom. Its primary role lies in aiding stability and electronic regulation
rather than engaging in substantial electronic coupling or bonding.

140 | ——— Before adsorption
—— After adsorption

120 |
100 |

80 |

60

DOS/eV

40

20 A
0 1 1 1

=20 =15 =10 =5 0 5

Energy/eV
Figure 7. DOS of TiO, (101) crystal plane before and after adsorption.

=
—Ti-3d

DOS/eV
DOS/eV

1.0 | 1.0

05 F 0.5

.
-20 -15 -10 -3 0 3 Z20 15 ~10 s 0 s

Energy/eV Energy/eV
(a) (b)

Figure 8. Cont.
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Figure 8. PDOS overlap: (a) O in DBS™ and Ti in TiO,, (b) C in DBS™ and Ti in TiO,, (c) H in DBS™
and O in TiO,, and (d) S in DBS™ and O and Ti in TiO,.

4. Conclusions

(1) The most stable configuration of DBS™ on the surface of TiO, is one where DBS™ is
lying on the TiO;, surface. This configuration realizes strong multi-site adsorption
through sulfonate-Ti coordination, benzene ring—surface 7 interaction, and non-polar
Van der Waals interactions between the alkyl chain and the surface. The adsorption
energy is —210.29 k] /mol, which is consistent with chemisorption characteristics.

(2) The electrostatic potential of the sulfonate group on DBS™ is negative, the HOMO
is primarily localized on the oxygen atom of the sulfonate group, and the Fukui
function f~ value of the oxygen atom is high, indicating that it serves as the principal
site for nucleophilic reactions and governs the electron donor behavior. In contrast,
the benzene ring acts as an electron acceptor, which regulates interfacial matching
through 7-d weak coupling, while the alkyl chain exhibits minimal electronic activity.

(38) Adsorption induces the transfer of 0.7 e electrons from DBS™ to the TiO, surface. This
electron transfer primarily originates from the oxygen atom in the sulfonate group.
PDOS analysis showed that O in DBS™ and Ti on the TiO, surface produce a strong
overlap of orbitals and an electron cloud, forming a coordination bond. Although the
overlap area in DOS between C on the benzene ring of DBS™ and Ti is substantial,
there is no corresponding electron cloud overlap, leading to only weak 7-d coupling.
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