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A new type of noncovalent surface—m stacking
interaction occurring on peroxide-modified titania
nanosheets driven by vertical w-state polarizationt

Shengian Ma,® Weixin Zhao,? Jun Zhou,? Jiaou Wang,® Shenggi Chu,® Zigeng Liu{ ¢
and Guolei Xiang (2 *2

Noncovalent w stacking of aromatic molecules is a universal form of noncovalent interactions normally
occurring on planar structures (such as aromatic molecules and graphene) based on sp>-hybridized
atoms. Here we reveal a new type of noncovalent surface—m stacking unusually occurring between
aromatic groups and peroxide-modified titania (PMT) nanosheets, which can drive versatile aromatic
adsorptions. We experimentally explore the underlying electronic-level origin by probing the perturbed
changes of unoccupied Ti 3d states with near-edge X-ray absorption fine structures (NEXAFS), and find
that aromatic groups can vertically attract w electrons in the surface peroxo-Ti states and increase their
delocalization regions. Our discovery updates the concept of noncovalent m-stacking interactions by
extending the substrates from carbon-based structures to a transition metal oxide, and presents an
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Introduction

Atomically-thin two-dimensional (2D) materials can widely
display unusual physical and chemical properties due to the
minimized lattice confinements on electronic structures and
maximized specific surface areas.”” The least-confined elec-
tronic states can intrinsically modify their properties and
enhance the bonding abilities of surface atoms; the largest
specific surface area can extremely increase the available
surface sites for chemical interactions, and enlarge the effects
of surface chemical states on tuning physical and chemical
properties.*>* These structural features make 2D materials ideal
platforms to explore the applications and mechanisms of
heterogeneous catalysis, electrocatalysis, single-atom catalysis,
confinement effects, etc.">* To date, many 2D materials have
been prepared and explored as catalysts and supports;*™?
however, few studies focus on their noncovalent interactions,
particularly the cases with aromatic molecules.** Moreover, due
to the limits of material models and characterization strategies,
it has long remained challenging to experimentally probe the
electronic mechanisms driving the surface interactions of most
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approach to exploit the surface chemistry of nanomaterials based on noncovalent interactions.

materials.*>'® Thus the physicochemical nature of many nano-
scale phenomena has long remained mysterious. Hence, to
deeply reveal the features and electronic principles of nano-
surface chemistry, ideal model systems based on appropriate
2D materials and chemical interactions still need to be widely
explored.

Titania contains a group of titanium oxides that have been
widely used as catalytic supports, photocatalysts, photovoltaic
materials, and substrates in surface sciences.'”® Their energy
band states and orbital-level interaction mechanisms with
adsorbates can be revealed by probing the varied signals of the
Ti-L; line with near edge X-ray absorption fine structure (NEX-
AFS), a technology that detects the densities of unoccupied
electronic states.”'® Thus 2D titania nanosheets are appro-
priate model systems to explore new properties and funda-
mental issues in nanosurface chemistry.*** For example,
ultrathin 2D titania has been widely explored in photo-
catalysis,”®** single-atom catalysis,* surface enhanced Raman
spectroscopy (SERS),> surface modifications, and ligand-
induced surface effects.'>?*

Herein, using 2D titania as a model platform, we reveal a new
type of noncovalent surface-m interaction occurring between
aromatic groups and peroxide-modified titania (PMT) nano-
sheets. The oxide substrate of this new aromatic interaction is
different from those of traditional ©-m and surface-m interac-
tions occurring on planar structures basically derived from sp®-
hybridized carbon atoms. We refer to this new type of non-
covalent surface-aromatic stacking interaction as PMT-
aromatic interaction. The underlying electronic mechanism can
be experimentally revealed with NEXAFS through probing the
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bonding states of surface Ti 3d orbitals. We discover that 7
electrons in surface 7 states can be vertically polarized towards
aromatic groups, which decreases the filling degree of Ti 3d
orbitals but increases the total delocalization of 7 electrons.
This is the intrinsic electronic-level driving force underlying this
new type of noncovalent surface-m interaction.

Results and discussion
Aromatic adsorption on peroxide-modified titania (PMT)

We discover the nature of this untraditional noncovalent
surface-m interaction from understanding why PMT materials
can versatilely adsorb aromatic molecules.?® In this research the
primary PMT model is prepared by hydrolyzing peroxo-Ti
precursors in H,O (see details in Methods). Basically, this
material is composed of wrinkled nanosheets as shown by
transmission electron microscopy (TEM) images (Fig. 1a, Sla
and b¥). The wrinkled morphology challenges direct measure-
ment of the thickness with atomic force microscopy (AFM), and
thus we alternatively determine the thickness by imaging their
edges with TEM, which is about 1.0 nm as shown in
Fig. 1a.>*?”?®* The BET surface area of the PMT nanosheets
determined with multipoint N, adsorption is 204.4 m*> g~"
(Fig. S1c and df).

The PMT nanosheets can separate Rhodamine B (RhB), a red
cationic dye (see Fig. 1b), from an aqueous solution of
0.20 mmol L' through natural settling (Fig. 1c). However,
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peroxide-free titania (PFT) nanosheets (Fig. Slef), which are
prepared by removing peroxide ligands through ligand
exchange with OH™ in 1.0 mol L™' NaOH solution, cannot
adsorb RhB. Nevertheless, the adsorption capability can be
recovered by re-adsorbing peroxide ligands (Fig. 1c). Likewise,
raw TiO,(B) nanosheets (Fig. S2af), prepared by hydrolyzing
TiCl, in ethylene glycol, cannot adsorb RhB either,* but become
active after peroxide modification (Fig. S2bt). The BET surface
area of PFT nanosheets is 204.3 m” g~ * (Fig. S1ff). These results
indicate that such adsorptions on titania nanosheets critically
result from surface modification by peroxides, but do not
directly depend on crystal structures, exposed facets and surface
area. We find that TiO, nanoparticles cannot adsorb RhB in the
presence of H,0, (Fig. S2c¢ and dt), because their surfaces
cannot be effectively modified by peroxide ligands due to
reduced surface reactivity. These visible adsorptions depending
on surface modification states motivate us to deeply explore the
feature and origin of this phenomenon.

In addition to dyes, we further find that PMT can also adsorb
other types of aromatic molecules, such as tryptophan (Trp),
indole (Ind), 2-methylindole (Min), cinnamyl alcohol (CAL),
benzyl alcohol (BAL), phenyl propanol (PPL) and benzoic acid
(BA) (see Fig. 1b). Fig. 1d and S3-S5t present concentration-
dependent equilibrium adsorptions (n.) of RhB, Trp and BA
by 40.0 mg of PMT and PFT at 25 °C, in which different amounts
of aromatic molecules (1) are dissolved in 8.0 mL of water at pH
= 7.0. Fig. 1e and S6a-hf show instantaneous adsorption
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Fig.1 Adsorptions of aromatic molecules on peroxide-modified titania (PMT) nanosheets driven by PMT—aromatic interaction. (a) TEM image of
PMT nanosheets showing their 2D morphology and wrinkled edges. (b) Aromatic molecules used to reveal PMT-aromatic interaction, including
Rhodamine B (RhB), tryptophan (Trp), indole (Ind), 2-methylindole (Min), cinnamyl alcohol (CAL), benzyl alcohol (BAL), pheny!l propanol (PPL) and
benzoic acid (BA). (c) Results for separation of RhB in water by PMT, peroxide-free titania (PFT), and remodified PFT by H,O, through natural
settling. (d) Concentration-dependent equilibrium adsorption capacities (n.) of RhB, Trp and BA by 40.0 mg of PMT (solid lines) and PFT (dashed
lines) at varied initial concentrations (ng). (e) Instantaneous adsorption capacities (n;) of aromatic molecules on PMT and PFT. (f) The varied
saturated adsorption capacities of TMB and oxidized TMB (oxTMB) on PMT.
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capacities (n;) of RhB, Trp, Ind, Min, CAL, BAL, PPL and BA in
8.0 mL of 0.20 mmol L™" solution on PMT and PFT. The equi-
librium adsorptions are performed for 30 min, which more
reflects the thermodynamic feature of aromatic-PMT interac-
tion; while instantaneous adsorptions are performed for 1 min,
which more indicates kinetics properties. At low concentrations
(<0.20 mmol L™"), RhB and Trp are all adsorbed by 40.0 mg of
PMT, and the equilibrium adsorption increased with concen-
tration until saturation (Fig. 1d). However, PFT cannot adsorb
RhB and Trp at all concentrations. The instantaneous adsorp-
tions of RhB and Trp on PMT are 23.5 and 27.6 umol g™, but
both are zero on PFT (Fig. 1e). Ind and Min can also be effec-
tively adsorbed by PMT but weakly by PFT, as indicated by their
instantaneous adsorption ratios of 18.1 : 1.4 and 38.1 : 0.1. CAL,
BAL and PPL show the same adsorption trends as RhB and Trp,
whose instantaneous adsorptions are 9.5, 4.1 and 1.9 pmol g "
on PMT and all are zero on PFT (Fig. 1e). These results further
indicate that PMT can widely adsorb aromatic molecules, but
this attractive PMT-aromatic interaction is critically controlled
by surface peroxide ligands. The critical roles of peroxide
ligands lead to monolayer aromatic adsorptions, which can be
confirmed by the Langmuir-type adsorptions determined by
fitting the adsorption isotherms (Fig. S77).

Feature and driving forces of PMT-aromatic interaction

Such PMT-aromatic interactions are driven by physisorption.
First, this can be supported by the different adsorption trends of
BA from those of other aromatic molecules. The -COOH group
conjugated to benzene is a strong ligand, and thus BA adsorbs
on PFT through chemisorption, which is competitively inhibi-
ted by chemisorbed peroxide ligands. Our results show that the
adsorption capacity of BA on PFT is greater than that on PMT at
all concentrations (Fig. 1d and S5%), and its instantaneous
adsorption decreases from 16.6 to 1.4 umol g~* (Fig. 1e). The
difference indicates that PMT adsorbs the other aromatic
molecules (RhB, Trp, CAL, BAL and PPL) through physisorption,
otherwise, their instantaneous adsorptions should also be
greater on PFT. When -COOH is not conjugated to aromatic
groups, it shows lower coordination activity. For example, the
instantaneous adsorption of 2-phenylpropionic acid on PFT is
0 umol g™, while the capacity is 6.2 umol g~' on PMT (Fig.-
S6it), which shows the same trend as RhB and Trp. RhB and Trp
molecules also contain COOH groups, but their adsorptions are
dominated by physisorption. The bonding capability of -COOH
in RhB may be reduced by the steric hindrance, and the
bonding capabilities of the -COOH group in Trp may be
reduced by the -NH, group. Second, the strong adsorptions of
Ind and Min on PMT exclude the necessary contributions of
chemisorption (Fig. 1e and S6%). Ind and Min have no func-
tional groups to form chemisorption, and thus their adsorp-
tions on PMT can only be driven by physisorption.

This PMT-aromatic interaction specifically occurs between
aromatic groups and PMT. At pH = 7.0, both PFT and PMT are
negatively charged as indicated by their zeta potentials (Table
S1t), and RhB is positively charged as a cationic dye. The zero
adsorption of RhB on PFT excludes the dominant role of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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electrostatic attraction. The adsorptions of neutrally charged
Ind, Min, CAL, BAL and PPL on PMT further eliminate the roles
of electrostatic interactions. In addition, because RhB and Trp
are adsorbed from aqueous solutions and water molecules show
strong hydrogen bonds, hydrogen bonds cannot drive such
PMT-aromatic attractions. Furthermore, as surface peroxide
groups are removed on PFT by washing PMT with NaOH solu-
tion, more ~OH groups should appear on PFT than on PMT. The
result that PFT cannot adsorb aromatic molecules indicates that
surface -OH groups cannot induce the adsorption phenom-
enon. Therefore, aromatic groups should play critical roles.

To further verify the dominant roles of aromatic groups, we
used TMB (3,3',5,5'-tetramethylbenzidine, Fig. 1f), a chromo-
genic reagent upon oxidation, as a model molecule to vary
conjugated aromatic size. We find that TMB cannot be adsorbed
by PMT nanosheets but ox-TMB can be adsorbed (Fig. 1f and
$8t), and the saturated adsorption capacity is 52.1 umol g~ .
TMB cannot be adsorbed by PMT due to the small size of the
benzene ring, while the aromatic size of oxidized TMB (0x-TMB)
is increased due to the conjugation of benzene rings through
the -C=C- bond.” Such a dramatically enhanced adsorption
capacity indicates the critical roles of aromatic groups in
generating this unusual PMT-aromatic interaction. In addition,
the greater adsorption capacity of CAL than PPL also indicates
the effects of aromatic size. In CAL, the benzene ring conjugates
with the -C=C- bond, which leads to a larger 7 system than the
benzene ring in PPL.

This aromatic-PMT interaction is stronger than normal ©-7
stackings. The attractive noncovalent interactions in the system
typically involve heterogeneous aromatic-surface force (Fjs),
homogeneous solvation force (F;) applied to the molecules and
intermolecular forces (F;) mainly through m-m stacking. RhB
and Trp can form stable dilute solutions of 40.0 pmol L' in
water, thus F; > Fj; the effective separations by PMT indicate that
F,s > Fs. Then the strength order of the forces follows F,s > F > F;,
meaning that the PMT-aromatic interaction is even stronger
than normal -7 stackings for RhB and Trp. As a result, the
factors that can affect the strengths of these forces, such as
aromatic size, the polarity of solvent, pH of solutions, configu-
rations of molecules, functional groups and charging states of
surfaces and adsorbate molecules, can affect the adsorption
capacities.

Difference of PMT-aromatic from normal surface-m
interactions

The difference of PMT-aromatic interaction from traditional
surface- attractions lies in the substrate (Fig. 2). Normal
surface-t interactions usually occur on graphene-derived
carbon materials, which display delocalized II electronic
states combined with 2p, orbitals perpendicular to the atomic
planes.**** The nature of such interactions is extended -7
stackings. In contrast, PMT-aromatic interaction occurs on
peroxide-modified titania nanosheets. Oxides do not intrinsi-
cally display delocalized ITZ electronic states as graphene, and
thus PMT-aromatic interaction extends the form of w-stacking
interactions from sp>hybridized planar structures to

Chem. Sci., 2021, 12, 4411-4417 | 4413
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Carbon-based surface-mt stacking  Oxide-based surface-m stacking

Graphene

Fig. 2 Scheme illustrating the different substrates of traditional
surface—m interactions with graphene-based materials and PMT—
aromatic interaction.

a transition metal oxide. Moreover, for traditional -7 and
surface-T interactions, it is challenging to experimentally probe
their electronic mechanisms, and thus their origins have been
mainly studied through simulations.***

Several simulation strategies and concepts have been
proposed to understand the nature of intermolecular -7
stacking interactions, such as the electrostatic quadrupole ®-c
attraction model,> electrostatic potential surfaces,* local
substituent effects in m-stackings,**® dispersion-driven -
stackings,*"*” collective charge fluctuations,®® etc. However, the
electronic origins of 7 stackings are still highly under debate
due to the lack of direct experimental support.*®* In our
system, the bonding states of Ti 3d orbitals can be detected with
NEXAFS, which enables experimentally probing the atomic and
electronic mechanisms of how aromatic molecules interact with
PMT.

Atomic and electronic interactions of peroxide ligands with
titania

Atomically, peroxide ligands bond to surface Ti atoms through
bidentate ligation. Peroxide ligands do not change the crystal
structures of PMT and PFT nanosheets, as shown by Raman
spectra (Fig. 3a) and XRD patterns (Fig. S1bt). The R-space
results of Ti K-edge extended X-ray absorption fine structures
(EXAFS, Fig. 3b and S97) display varied intensities of the Ti-O
peak at 0.16 nm, which means that peroxide modification can
increase the coordination numbers of surface Ti atoms.
Electronically, peroxide ligands increase the delocalization
volumes of 7 electrons through overlapping their highest
occupied molecular orbitals (HOMOs) with w-type 3d (3d,)
orbitals of surface Ti atoms. We analyze the underlying elec-
tronic interactions with the Ti-L; absorption edge that arises
from dipole electron transition from the core-level 2p;/, state to
unoccupied 3d character in t,; and e, states. In contrast, the
higher Ti-L, edge is rarely analyzed, because the concurrent
excitation of 2p,/, and 2p;,, electrons complicates the curves.'®
For atomically thin titania nanosheets, ligand-induced changes
in peak widths and intensities of Ti-L; lines can reveal the
bonding features of surface Ti atoms.” PMT shows the lowest
Ti-Lj t,, and the narrowest e, peaks, while PFT shows higher L;-
t, and broader L;-e, peaks (Fig. 3c). This difference reveals that
peroxide ligands can suppress the extensions of both 3d,; (d,,
and d,;) and 3d, (d,2) orbitals of surface Ti atoms into lattice
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Fig. 3 Probing the bonding states of peroxide ligands on PMT. (a)
Raman spectra showing the unchanged crystal structures of PMT and
PFT. (b) R-Space EXAFS data indicating that peroxide modification
increases the coordination number of Ti atoms. (c) NEXAFS results of
the Ti L,3-edge revealing the orbital interactions of peroxide with
surface Ti 3d orbitals. (d) Scheme demonstrating the orbital overlap of
peroxide's w*-type HOMOs with Ti 3d,; orbitals and the formation of
I1% centers.

Bloch states. Instead, these orbitals are redistributed into the
surface coordination bonds with peroxide ligands. After re-
modifying PFT with H,O,, the Ti-L; t,, peak decreases but the
Ti-L; e, peak remains unchanged, indicating that the 7*-type
HOMOs of peroxide ligands mainly overlap with the 3d.
orbitals of surface Ti atoms, which is basically driven by their
matched phase symmetries (Fig. 3d). In the spectra, the Lj-e,
peaks of PFT with or without H,O, treatments show the same
widths, while PMT's L;-e; peak is narrower. This is because PMT
was prepared by directly hydrolyzing TiCl; in H,0, solutions,
and peroxide appears both on the surfaces and in the lattices.
Peroxides can be removed through washing with NaOH solu-
tions, but some still remain in the lattice, as shown by the O 1s
peaks of X-ray photoelectron spectra (XPS, Fig. S107). Removal
of surface peroxide ligands leads to increased L-t;; from PMT
to PFT, while the widened Lj-e, mainly results from part
removal of lattice peroxides. Re-adsorbed peroxides mainly
bond to surface Ti atoms of PFT, but cannot embed into lattice
sites. Thus, re-modifying PFT with H,O, mainly decreases L;-
tg, While L-e, remains unchanged. This further indicates that
surface peroxide ligands specifically modify the filling degrees
of t,, states through 7 bonds.

To form the m-type surface coordination bond, peroxide
must act as a bidentate ligand to form an 1?-0,-Ti configura-
tion as shown in Fig. 2, which is consistent with the bonding
structure of peroxide with transition metals.*” Then the degen-
erate peroxide's HOMOs can share their electron pairs with Ti
3d, orbitals through this coordination bond, which yields
localized ITj centers. As a result, for peroxide, the delocalization
volumes of its 7 electrons, the conjugation region and polariz-
ability of 7 states are increased due to the formation of such -
type surface complexes.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Electronic origin of PMT-aromatic interaction

We use Trp as a probe to reveal how aromatic groups interact
with PMT. The unchanged R-space EXAFS data within 1.0-6.0 A
suggest that adsorbed aromatic molecules neither eliminate
surface peroxide ligands, nor change the coordination states of
Ti atoms (Fig. 4a and S9at). Nuclear magnetic resonance (NMR)
results show that the molecular structures of desorbed Trp are
not changed (Fig. S111). These results further confirm the non-
covalent adsorption nature of aromatic molecules on PMT.
Furthermore, Trp and Ind do not absorb visible light in solutions
and mixtures with PFT or H,0, (Fig. 4b and S11df). However,
both show similar and strong absorption modes between 400
and 800 nm after being adsorbed on PMT. This means that
noncovalent PMT-aromatic interaction can modify the optical
properties and electronic structures of aromatic molecules.
NEXAFS results reveal that noncovalent PMT-aromatic
attraction can redistribute the delocalization states of 7 elec-
trons in PMT's IT3 surface states. Fig. 4c shows the comparison
of the Ti-L, 3 lines of PMT, PFT and Trp-PMT. From PFT to PMT,
peroxide ligands share electrons with Ti 3d,; orbitals through
n%-0,-Ti bonds, which decreases the densities of unoccupied
3d, states and leads to a reduced t,, peak. Different from the
results of removing surface peroxide ligands from PMT,
however, noncovalently-adsorbed Trp molecules on PMT just
selectively enhance the t,, peak, but have no influence on the e,
state. The results mean that Trp molecules only decrease the
filling degrees of 3d, orbitals, indicating that electronic inter-
actions can occur between aromatic states and surface
II; states. Moreover, the lower t,, intensity of Trp-PMT than
PFT indicates that 1?>-O,-Ti bonds are not broken, which is
consistent with the unchanged coordination states of Ti atoms

[
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3 4 6 456 460 464 468 472
R(A) Photon energy (eV)
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Fig. 4 Revealing electronic-level interaction mechanisms of aromatic
groups with PMT. (a) R-Space EXAFS data of Ti K-edge characterizing
the adsorption state of Trp on PMT. (b) Adsorption-induced optical
absorption modes of Trp and indole (Ind) on PMT in the visible region.
(c) NEXAFS of the Ti L, 3-edge characterizing the electronic interaction
mechanisms of Trp with PMT. (d) Scheme illustrating orbital polari-
zations towards the contacting region that drives the noncovalent
PMT-aromatic attraction.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 Aromatic recycling by a PMT membrane visually illustrated with
RhB. (a) PMT membrane on filter paper prepared by filtration. (b) SEM
image of the PMT membrane. (c) RhB adsorption from water via
filtration. (d) RhB release triggered by NaOH solution.

as shown in Fig. 4a. Therefore, the electronic picture of the
noncovalent PMT-aromatic attraction is that, peroxide's
electrons delocalized in surface II3 states of PMT are further
redistributed towards aromatic groups (Fig. 4d). The result also
indicates that such a vertical delocalization only polarizes w
states to a limited extent, but cannot lead to orbital overlapping
and electron sharing. The vertically polarized 7 states can also
increase the delocalization volumes of 7 electrons and decrease
the total energy, which differs from the normal lateral approach
through covalently overlapping more sp>-hybridized p, orbitals.

Application of PMT-aromatic interaction in dye recycling

This ligation-induced aromatic interaction can be switched on/
off by varying surface ligation states, and thus can be used to
separate and recycle aromatic compounds from solutions. We
use RhB as a model compound to visually demonstrate such
applications through filtration by a PMT membrane (Fig. 5 and
Video S17). The PMT membrane is prepared by depositing PMT
through filtration (Fig. 5a). The scanning electron microscopy
image (SEM, Fig. 5b) shows that the membrane is porous and
composed of aggregated microscale particles by PMT nano-
sheets on the micrometer scale. Video S1} and Fig. 5c visually
display that RhB molecules can be effectively separated from
aqueous solution. After separation, RhB molecules are all
adsorbed by the membrane, but can be further released after
removing surface peroxide ligands through elution with NaOH
solution (Fig. 5d).

Conclusions

In summary, we have revealed a new type of noncovalent
surface-tv attraction interaction occurring between aromatic

Chem. Sci., 2021, 12, 4411-4417 | 4415
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groups and peroxide-modified titania nanosheets. This unusual
PMT-aromatic interaction extends the concept of m stackings
from graphene-based materials to a transition metal oxide, and
expands the family of noncovalent 7 interactions already con-
taining -, cation-m, anion-w, and XH-m interactions. This
PMT-aromatic interaction primarily results from the modifi-
cation of surface Ti sites by peroxide ligands, while other factors
such as size and surface area can affect the surface reactivity,
and further affect the adsorption performances. We anticipate
that this interaction mode inspires future exploitations of 2D
materials in adsorption, separation, catalysis, supramolecular
chemistry, biochemistry and materials science based on non-
covalent interactions.

We also experimentally reveal through NEXAFS that the
PMT-aromatic interaction electronically results from vertical -
state polarizations between aromatic groups and PMT. This
electronic interaction mode may be a common intrinsic prop-
erty of m states, and a general mechanism underlying non-
covalent 7 interactions. This is an example illustrating how to
use 2D materials as ideal model systems to explore the
electronic-level mechanisms of surface chemical interactions.
More calculation methods need to be further developed to
explore new types of surface-aromatic interactions and the
electronic features of aromatic groups in noncovalent =
interactions.
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