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Physisorption on TiO,

1:1 and 2:1 Charge-Transfer Complexes between
Aromatic Hydrocarbons and Dry Titanium
Dioxide™**

You Seok Seo, Changhoon Lee, Kee Hag Lee, and
Kyung Byung Yoon*

The unique properties of TiO, have made it a popular
material for various extensive applications in, for example,
solar cells,! water splitting,”! water treatment,” photocata-
lysts,** superhydrophilic coatings,”! sensors,® and batter-
ies.’ Since the first step in these applications involves the
interaction between the TiO, surface and the adsorbate,
understanding the nature of the interactions at the interface is
essential for understanding the known properties and for
exploring new applications.

Two types of interactions have been observed so far:
coordinative covalent bonding (CCB)®* between the adsor-
bates and the Ti'V ions on TiO, surfaces and the physical
adsorption (PA). The CCB-type interactions give rise to
ligand-to-metal  charge-transfer (LMCT) interactions
between the adsorbates and Ti'¥ ions, owing to the low-lying
empty f,, orbitals of the Ti" centers in octahedral environ-
ments. Indeed, those relatively electron-rich adsorbates
having functional groups such as enediol (notably catechol,®!
ascorbic acid,”! dopamine,'”’ and alizarin®), carboxylate
(notably 4-(methylsulfanyl)benzoic acid™! and sulfanylacetic
acid"?), nitrile (notably ferricyanide"), and alcohol (notably
4-hydroxybiphenyl™!) groups display LMCT bands in the
visible region. The less electron-rich adsorbates such as
thiocyanate showed the corresponding LMCT band in the UV
region.”

In contrast to the well-studied CCB-type interaction,
however, nothing is known about the nature of interaction
between the physically adsorbed molecules and TiO,. Stem-
ming from our interests on the charge-transfer (CT) inter-
actions between the zeolite framework and intercalated guest
molecules,'” we have conducted a series of experiments to
study the interaction between TiO, and the adsorbates. As a
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result, we have discovered that pure polycyclic hydrocarbon
arenes (ArHs) readily form 1:1 and 2:1 CT complexes with
dry TiO, surfaces.

When dry TiO, (anatase, average diameter=50nm)
particles were suspended in dilute CH,Cl, solutions of
phenanthrene (1), chrysene (2), anthracene (3), pyrene (4),
and benzo[a]pyrene (5, Figure 1) in a dry box, the TiO,

Figure 1. Structures of the aromatic hydrocarbons used in this study.

particles immediately picked up pale brownish colors. The
added amounts of ArHs correspond to 2-20% surface
coverage of TiO, based on the monomeric forms. Upon
removal of the solvent by evacuation in the dry box, the colors
intensified significantly. The colored TiO, particles bleached
back to colorless when they were washed with CH,Cl,, and
the UV/Vis spectra of the rinses were identical to those of the
pure ArHs (see the Supporting Information), indicating that
the color generation is a reversible process, and the coloration
is not the result of the degradation of the ArHs upon contact
with TiO,. On the contrary, coloration did not occur with
dried SiO, and BaSO,, emphasizing that the coloration is
unique to TiO,. The diffuse reflectance spectra of the colored,
dry TiO, particles revealed the presence of new absorption
bands whose onsets progressively red-shifted with decreases
in the calculated vertical ionization potential (IPy) of ArH
(Table 1, Figure 2a).

Deconvolution of the spectra (see the Supporting Infor-
mation) revealed a new absorption in the case of phenan-
threne (1) and two new absorption bands in the cases of more
electron-rich arenes (Figure 2b). The two new absorption
bands are designated as high-energy bands (HEBs) and low-
energy bands (LEBs), respectively, and their energies at the
absorption maximums (E(4,,,)) are listed in Table 1. The new
absorption band from 1 is classified as LEB based on the
trend of other ArHs and by assuming that its HEB has shifted
to the shorter wavelength UV region. The HEBs are
unequivocally assigned as CT bands between ArH and TiO,
based on the Mulliken linear relationship'”! between the
calculated IPy(ArH) and E(4,,,) as shown in Figure 3a.

LEBs were assigned as the CT bands between the arene
dimers!"8! and TiO,, based on the following reasoning and
evidence. First, it is well established that polycyclic ArHs
readily form dimers (ArH),s on the hydrophilic solid surfaces
when the surface coverage exceeds 1% .1 Indeed, the diffuse
reflectance spectra of the adsorbed ArHs on BaSO, were
broader when the surface coverage was higher than 3 %, and
the onsets significantly red-shifted with respect to the
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Table 1: IP, and IP, values of monomeric and dimeric arenes and energies of new absorption bands
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obscuring CT bands make it

[ev].F! difficult to identify the local
ArH IPy(ArH) IPA(ArH) IPy[(ArH)] IPA[(ArH),] E(ma)® bands of the two species.

Calcd® Calcd® Expt Calcd® Calcd® HEB LEB Second, the relative intensities
1 3.08 789 7 89ld 796 758 335 of the LEBs increased vs'/hen the
2 7.81 7.62 7.601 7.50 7.21 3.41 2.9 surface coverage on TiO, was
3 7.65 7.51 7.441 7.29(7.1)1 6.99(6.89)!" 3.24 2.83 increased from 2% to 20% (see
4 7.63 7.48 7.431 7.27 6.99 3.23 2.84 the Supporting Information).
5 7.33 7.16 7.124 6.92 6.49 2.97 2.41

Last, most convincingly, there

[a] Energy of new absorption bands at the absorption maximum. [b] Calculated values. [c] Experimentally

determined values. [d] From ref. [21]. [e] From ref. [22]. [f] From ref. [23].

a) b)
0.2 - —TiO,
FRY o\ —LEB
WU W
0.1 1
0.0

0.0

0.2
KM 0.1

0.0

0.2

0.1

0.0F

0.6

0.4

0.2

0.0

400 500

Alnm — =

Figure 2. a) Diffuse reflectance UV/Vis spectra of TiO, (green curve)
and arene-adsorbed TiO, (red curve) for each arene as indicated and
b) the corresponding deconvoluted spectra. KM in the ordinate stands
for the Kubelka—Munk value.

corresponding spectra in CH,Cl, (see the Supporting Infor-
mation), which is a characteristic feature of arene dimers.
Furthermore, in the case of anthracene (3), the fluorescence
spectrum on BaSO, displayed an excimer emission band at
420 nm (see the Supporting Information), which is another
characteristic feature of the presence of 3,.

By the same analogy, it is most likely that both ArH and
(ArH), coexist on the hydrophilic TiO, surface, although the
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also exists an excellent Mulliken
linear relationship between the
calculated IP, values of arene
dimers (denoted as IPy[(ArH),])
and the E(1,.) values of LEBs (Table 1) as shown in
Figure 3b.
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Figure 3. The Mulliken relationships between a) HEB and IP,(ArH),
b) LEB and IP,[(ArH),], and c) the combined values.

The formation of two CT bands also often occurs due to
the transitions from the HOMOs (highest occupied molecular
orbitals) and the HOMO-1s (second HOMOs) of the electron
donors, respectively, to the LUMOs (lowest unoccupied
molecular orbitals) of the electron acceptors. In this respect,
as a possible means to check whether the two bands arise from
the CT transitions from the HOMOs and HOMO-1s of ArHs,
respectively, to the TiO, conduction band, we also obtained
HOMO and HOMO-1 energy levels of the ArHs (see the
Supporting Information). While the plot between HOMO
energy levels and LEBs gave a linear relationship, the plot
between HOMO-1 energy levels and HEBs showed no
correlation whatsoever (see the Supporting Information),
unambiguously showing that the HEBs do not arise due to the
transition from HOMO-1 energy levels of ArH to the
conduction band of TiO,.

We therefore conclude that the arene donors form two
types of CT complexes with dry TiO, surface, [ArH-TiO,] and
[(ArH),-TiO,], as illustrated in Figure 4. The combined linear
relationship (Figure 3¢) was formulated as Equation (1),

E(Apax) = 0.96 TPy (arene)—4.18 (1)
where IPy(arene) represents both IPy(ArH) and
IPy[(ArH),]. Interestingly, the observed correlation constant
is close to 1 even though the CT interaction is heterogeneous
in nature. From the energy level diagram shown in Figure 5,
the average acceptor energy level of TiO, was deduced to be
—4.45 eV, which is lower than the TiO, conduction band edge
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Figure 4. The two types of CT complexes formed by ArH on TiO,.
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Figure 5. Energy level diagram of IP,(ArH), IP,[(ArH),], the conduction
and valence bands of TiO,, and the CT excitation energy.

(—4.2 eV)? by 0.25 eV. This indicates that the acceptor sites
are mostly the defect or trap sites of the TiO, particles.

We also listed the calculated adiabatic ionization poten-
tials (IP,) of the arene monomers and dimers in Table 1. The
IP,(ArH) values are very close to those determined exper-
imentally,”®! thus demonstrating the reliability of our
calculated IPy and IP, values. Although the IP,(ArH) and
IP,[(ArH),] values also gave an excellent Mulliken plot with
the E(A,,,) values of the LEBs and HEBs (see the Supporting
Information), we used IPy values in Figures3 and 5, in
compliance with the Mulliken CT theory."”

Unlike on BaSO, and SiO,, the arenes did not fluoresce
on TiO,, most likely due to electron-transfer quenching, in
support of the CT nature of the interaction. The CT bands
quickly disappeared upon exposure of the colored, dry TiO,
to moisture, indicating that moisture quickly intervenes
between the hydrophilic TiO, surface and hydrophobic ArH
or (ArH),, leading to breakage of arene-TiO, CT interaction
(see the Supporting Information). The CT bands are also
thermally and photochemically unstable most likely due to
electron transfer from the arene monomers and dimers to
TiO, (see the Supporting Information). The elucidation of the
electron-transfer dynamics and the identification of the
photoproducts are subjects of further study. This report thus
reveals that the PA-type interaction between arenes and TiO,
is a CT interaction in nature, suggesting that this type of
interaction is general for other physically adsorbed molecules
on TiO,. The CCB- and PA-type interactions can be
rephrased as inner- and outer-sphere CT interactions, respec-
tively, according to the formulation of Kochi et al.?* Thus, our
finding leads to the conclusion that molecules form either
inner- or outer-sphere CT complexes with TiO,. Our finding
also opens the possibility of using dry TiO, films in sensors
and other useful devices.
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Experimental Section

Titanium(v) isopropoxide [Ti(OiPr),] was purchased from Across
and used as received. Tetramethylammonium hydroxide (TMAOH,
25% aqueous solution), compounds 1-5 were purchased from
Aldrich and used as received. BaSO, was purchased from Matheson,
Coleman, and Bell.

Preparation of TiO, (anatase) nanoparticles. TMAOH (25 %
solution, 6.92 g, 19 mmol) was dissolved in distilled deionized water
(450 g, 25 mol) contained in a 1 L beaker. Ti(OiPr), (170.4 g, 25 mol)
was dissolved in isopropyl alcohol (180 mL), and the Ti(OiPr),
solution was slowly added dropwise to the TMAOH solution while
it was rigorously stirred with the aid of a magnetic stirring bar. The
milky, opaque gel was heated at 100°C for 3 h with vigorous stirring
until the solution became semitransparent. After addition of 200 mL
of distilled deionized water to the gel, the gel was heated (at 100°C)
and stirred further until the total volume decreased to 450 mL, and
the solution became transparent. The transparent gel was then
transferred to a Teflon-lined autoclave, and the gel was heated at
180°C for 5h. After the gel was cooled to room temperature by
immersing the autoclave in cold water, the gel was passed through a
Whatman filter (pore size =2.5 um) to remove Teflon particles and
other large particles. The gel was then dried under vacuum at room
temperature and the remaining white mixture of TiO, nanoparticles
and TMAOH was ground into a fine powder with a mortar and pestle.
The finely ground mixture was calcined at 450°C for 24 h to remove
TMAOH and other organic residues. The identity of the calcined
powder as anatase was confirmed by its X-ray diffraction pattern
measured with a Rigaku D/MAX-1C instrument (see the Supporting
Information). The surface area of the anatase particles was with a
Micromeritics ASAP 2000 as 48 m*g . The scanning electron micro-
scope (SEM) image of the calcined TiO, particles showed the grains
were =~ 50 nm in diameter and that they exist as agglomerates (see the
Supporting Information).

Formation of arene-TiO, CT complexes. The calcined anatase
particles (50 g) were introduced into a cylindrical glass flask equipped
with a vacuum adaptor, and the particles were evacuated at 200 °C for
12h at < 107" torr. The airtight glass container was then transferred
into a dry box charged with high-purity argon and stored as such in
the dry box. Typically, an aliquot of the anatase particles (1.3 g) was
transferred into a 10-mL vial, and CH,Cl, (2 mL) was introduced into
the vial. The roomlight around the dry box was turned off, and most of
the windowpane of the dry box was covered with black cloth. A weak
red lightbulb was turned on around the uncovered windowpane of the
dry box. Anthracene (3 mg, 1.68 x 10~ mol) was then introduced into
the vial under the weak red light, and the heterogeneous mixture was
shaken for 10 min with the help of a small shaker placed inside the dry
chamber. Since thermal degradation of the arene proceeded slowly
even at room temperature and in the dark, the period of shaking was
limited to 10 min, during which the degree of thermal degradation of
arene was negligible. The solvent was then removed from the vial by
applying vacuum in the dry box. The colored anatase particles were
then transferred into a flat fused-silica cell (thickness=2 mm,
diameter =19 mm) equipped with an inner joint. The tightly capped
cell was removed from the dry box, and the diffuse reflectance
spectrum of the colored anatase was quickly measured on a Shimadzu
3101-PC spectrophotometer equipped with an integrating sphere.
Adsorption of other arene donors onto the anatase particles and the
spectral measurements of the CT colors were carried out similarly.
The procedure was repeated using inert BaSO, powder (0.7 g) as the
solid support to obtain the local bands of the arene donors.

Calculation of IP(ArH) and IP[(ArH),] values. Theoretical
studies have verified that arenes readily associate as dimers.*”! For
instance, the exhaustive relaxed potential energy surface (PES) scans,
combined with full geometry optimizations carried out at the MP2/6-
31G and MP2/6-314+G levels, predicted that anthracene forms
crossed (C), parallel-displaced (PD), and two T-shaped (T edge and
T point) structures.” However, the force-field calculations predicted
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only the C dimer of D,, symmetry.””! The dimer PES obtained by
interacting multipolar multicenter distributions on the monomers and
the valence-bond-based structures gave three structurally different
dimers (PD, T edge, and T point) for the neutral and four dimers
(sandwich-staggered (SS), sandwich-eclipsed (SE), PD long axis, and
PD short axis) for the cationic dimers.?!]

The semiempirical AM1 method® was used to describe the
ionization energies of the organic monomers and dimers for 1-5. Both
vertical and adiabatic IP(ArH) and IP[(ArH),] values were obtained
by subtracting the potential energies of the most stable monomer and
dimer from the corresponding cationic forms of monomer and dimer
in the same geometry and from the most stable forms of the cationic
monomer and dimer, respectively. No constraints were applied in the
AM1 geometry optimizations.
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