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Abstract

Surface modification of AD3; powders, prepared using reproducible sol-gel gtithoute with
small colorless organic molecules, induces chaagester complex formation and the appearance
of absorption in the visible spectral region. Coety@nsive microstructural characterization
involving transmission electron microscopy, X-raffrdction analysis, and nitrogen adsorption—

desorption isotherms, revealed titarystalline alumina powders consist of mesopoimarsicles



in the size range from 0.1 to Qufh, with specific surface area of 54.8/g) and pore radius
between 3 and 4 nm. The attachment of catecholptedf ligands (catechol, caffeic acid, gallic
acid, dopamine and 2,3-dihydroxy naphthalene)¢alie-type of ligands (salicylic acid and 5-
amino salicylic acid), and ascorbic acid, to thdae suchy-Al,O3 particles leads to the
formation of colored powders and activates thesoaption in visible-light spectral region. To
the best of our knowledge, similar transformatiéaminsulator (AlOs), with the band gap
energy of 8.7 eV, into a semiconductor-like hybridterial with tunable optical properties has
not been reported in the literature before. Thesitefunctional theory (DFT) calculations with
periodic boundary conditions were performed in otdeestimate the energy gaps of various
inorganic/organic hybrids. The calculated valuemgare well with the experimental data. The
good agreement between the calculated and expedsltyetietermined band gaps was found,

thus demonstrating predictive ability of the theatyen proper model is used.

Keywords: Charge transfer complex, ;84 Bidentate Benzene Derivatives, Visible light

responsive material, Density functional theory.

1Introduction

Wide band gap metal-oxides (TAQZnG,, CeQ and SnQ) have been extensively studied for the
range of diverse applications because they aredaminchemically stable, biocompatible, and
readily affordable. In particular, numerous photo+eh processes — heterogeneous
photocatalysis for removal of inorganic and orggrotiutants, water splitting reaction, solar
cells, etc. — using metal oxides have been extelysimvestigated in order to achieve desired

level of practical efficiency [1-7]. However, theam disincentive for the use of oxide materials
2



in such applications is their large band gap. kaengle, the most studied metal-oxide
photocatalyst, TiQ with the band gap ofgE3.2 eV, absorbs less than 5% of the available sola
photons, since only high-energy UV photoks380 nm) are capable of generating electron-hole
pairs that stimulate redox processes on the catslytace. Recently, considerable effort has been
made to develop the visible-light responsive Ji@sed materials. Basically, three different
methods to extend absorption of pii@to visible spectral region can be distinguishebyge
sensitization [8, 9], doping with light and heavgreents [10, 11], and the use of plasmonic
noble metal nanopatrticles [12, 13].

More recently, a new method of tailoring opticabperties of TiQ, based on surface

modification of this metal-oxide with small coloskeorganic molecules, has been developed. The
use of ligand molecules, mainly benzene derivatikeegls to the formation of charge transfer
complex (CTC) followed with the red-shift of abstgm onset. It should be emphasized that
there is a fundamental difference in photo-genemnatif charge carriers between the surface
modification approach and sensitization with dydeuoles. In the former case, electrons are in a
single step directly injected from the ground sttéhe CTC, located in the semiconductor band
gap, into the semiconductor conduction band, whidelatter case involves two steps: first, the
excitation of the dye molecules, and subsequentreletransfer from the excited state into the
semiconductor conduction band. Until now, the Co@rfation has been primarily studied using
colloidal TiO, nanoparticles surface-modified with either catéates or salicylate-type of

ligands [14-25]. Recently, the CTC formation betwearface Ti atoms and organic mono-
hydroxy compounds was reported [26, 27].

For many applications it is more convenient to sél materials rather than colloidal solutions.

To this end, spherical Ti&powder particles, prepared by using ultrasoniagpiyrolysis [28,



29], TiO, nano-powders prepared using sol-gel synthetier@as well as commercial Degussa
P25 powders [30], and polymer-supported Jif@noparticles [31], were successfully surface
modified with catecholate- and salicylate-typeigahds. However, only a small number of
studies regarding photocatalytic performance diesermodified TiQ particles with extended
absorption in visible spectral range were initiatBlaus far, hydrogen evolution over free-
standing and polymer supported surface-modified, pi@ticles has been reported [21, 31], as
well as degradation of organic dyes using surfaodified TiO, with ascorbic acid [24] and
catecholate-type of ligands [30-32]. Additionatlye photovoltaic performance of hybrid solar
cell fabricated using surface-modified Li@anoparticles with 6-palmitate ascorbic acid as an
electron acceptor embedded into the donor poly{@ditiophene matrix was investigated [33].
Theoretical approaches via quantum chemical calonkbased on density functional theory
(DFT) have been used for determination of HOMO/LUIg&p values and infrared spectra of
coordinated ligand molecules to metal-oxide sudd&@&—22, 25-27, 34-36]. Although the
significant difference between theoretical and expental values could frequently be observed,
the calculated values followed the same genematltas experimental data.

Up until now, almost all investigations concerningable optical properties as a consequence of
CTC formation have been performed using eithewoatdl TiO, nanoparticles or TiPnano-
powders. Very recent studies have shown that CTi@dton is not exclusive of TiDand that

the CTC formation, followed with the red-shift gftacal absorption, can be achieved using
commercial NaTi3zO; nanotubes [37], ZnO nanoparticles [22], Mg, nano-powders [38], and
BaTiO; nanopatrticles [39]. However, the possibility tanlgroptical absorption in visible spectral
range of inorganic/organic hybrids, consistingahs light non-absorbing materials, i.e.,
insulators, and small colorless organic molecuies,never been tested. Our preliminary results
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demonstrate that CTC formation takes place betwaghace of alumina powders and model
ligand molecules (catechol and 5-amino salicylida@nd that the resulting composites can
perform photocatalytically [40]. Motivated by thect that mesoporous A); materials have
already attracted great deal of interest from itrguand academia due to wide range of their
applications, including catalysis, sensing, adsonpand separation [41, 42], in this work we
present comprehensive experimental and theoreticdl that provides basic understanding of
transformation of an insulator with band gap enaig8.7 eV [43] into a semiconductor-like
hybrid with new potential functionality.

On the experimental side, thorough microstructonaracterization of synthesized,®%
particles, including transmission electron micrgec¢TEM), X-ray diffraction (XRD) analysis,
and nitrogen adsorption—desorption isotherms wesnmeed. Also, optical properties of hybrids
obtained by modifying AlO; particles with catecholate-type of ligands (catéctaffeic acid,
gallic acid, dopamine and 2,3-dihydroxy naphthajesalycilate-type of ligands (salicylic acid
and 5-amino salicylic acid) and ascorbic acid vatuglied using reflection spectroscopy, while
mode of coordination of ligand molecules to thdate of AbO; was examined using FTIR. On
theoretical side, the DFT calculations with pertmldoundary conditions were performed using
bridging mode of binding of ligands to the surfé&deatoms. The description of the procedures

used and the summary of our main results are givéire sections that follow.

2 Experimental Procedures

2.1 Synthesis of surface-modified,®k powders



All chemicals used in our experiments were of tighést purity available and were utilized
without further purification (Alfa Aesar, J.T. BaeMilli-Q deionized water was used as a
solvent (resistivity 18.2 K cm).

The ALO3z; powders were prepared in a manner similar to teédad described elsewhere [44].
Briefly, the round bottom flask with 20 mol of diktd water was heated in oil bath up to 85 °C,
and 0.20 mol of aluminium isopropoxide (AI[OCH(gHs) was added under vigorous stirring.
After 15 minutes, 4.85 ml of nitric acid (HN(69-70%) was added and the solution was stirred
and kept uncovered for 2 hours at 85 °C, givingatiequate time for isopropanol, formed during
the hydrolysis, to evaporate. The covered flask hesged and stirred continuously for additional
4 hours. Then, 12.0 g of water soluble polymer Etblylene glycol 12000 (H(OGEH,),OH,

M.W. range 11,000 - 13,000) was added into theazbsblution and gentle stirring was
maintained overnight. The obtained sol was driediinn open beaker, heated to 70 °C, until
viscous white gel was formed. The gel was thersteared into porcelain crucible and finally
calcinated either at 700 or 1100 °C for 24 hourspan-air furnace.

Surface modification of AD; powders was achieved by dispersing 0.1 g of powd&® ml of
water containing adequate amount (1.53%fl) of dissolved ligands (L). It should be
mentioned that the molar ratio between inorganet @ganic components was the same for all
prepared hybrids. For surface modificatiory- @kl ,O3; powders, catecholate-type of ligands
(catechol (CAT), 2,3-dihydroxy naphthalene (DHNjffeic acid (CA), dopamine (DOPA), gallic
acid (GA)) and salicylate-type of ligands (salicydicid (SA), 5-amino salicylic acid (5-ASA))
were used, as well as ascorbic acid (AA). Aftemfg] the powders were separated by
centrifugation, thoroughly washed three times wlitilled water, and finally dried in the

vacuum oven at 40 °C.



2.2 Structural characterization of surface-modifietl ,O3; powders

The X-ray diffraction (XRD) powder patterns wereoeded using Rigaku SmartLab instrument
under the Cu K; » radiation. The intensity of diffraction was measiiwith continuous angular
scanning at 2 °/min. The data were collected &“Oiftervals. Transmission electron microscopy
(TEM) imaging was performed using a JEOL JEM-21@84.instrument operated at 200 kV.
TEM images were acquired with a Gatan Orius CCDearamat 2x binning. Nitrogen adsorption-
desorption isotherms were determined on SorptoM880 Thermo Finnigan automatic system
using nitrogen physisorption at -196 °C. Beforarigkneasurements, the samples were
outgassed at 130 °C for 3 hours. Specific surfaga af the samples was calculated from the
nitrogen adsorption-desorption isotherms accortbripe BET method [45]. Pore size, pore
volume distribution, and porosity were determingdriercury intrusion porosimetry on Pascal
140/440, Thermo Scientific. The content of orggshase in hybrid samples was determined by
TGA using a Setaram Setsys Evolution-1750 instruméme measurements were performed in
temperature range 2800 °C at a heating rate of 10 °C mjiin dynamic air atmosphere (flow
rate 20 crimin™).

Optical properties of surface-modified,8% particles were studied in the wavelength rangefro
300 nm to 1.3um by diffuse reflectance measurements (Shimadzwisible UV-2600
spectrophotometer equipped with an integrated spl&R-2600 Plus). Infrared spectroscopy
measurements were carried out using a Thermo Ni6@R0O FTIR spectrometer at spectral

resolution of 8 cr in the region of 4000-400 ¢

2.3 Computational details



The DFT calculations with periodic boundary coratis (PBC) were performed with the
Gaussian 09 suite of programs [46]. The electrer@hange and correlation effects were
included by means of the Heyd-Scuseria-Ernzerhefesed hybrid functional (HSEO6) [47, 48].
We used the Pople 6-31G(d,p) valence double-zdtaiped basis set [49, 50], and the ultrafine
integration grid was specified for all calculatioii®ie unit cell, used for the periodic calculations
was constructed based on the defect-free crystaitate ofy-Al,Os (7.887%7.887x7.887 A). To
model (1 0 1) AIO; surface, the appropriate slab model was empldyaidd partially
hydroxylated, and includes capped oxygen atom erbtittom, in order to keep the 8k
stoichiometry and charge neutrality of the unitscelhe rectangular five-layered unit cell
consisting of 14 aluminums and 21 oxygen atomspea®dically repeated along the two
orthogonal directions defined by translation vestofr 7.887 and 5.649 A. To mimic the
electronic structures of various interfacial L8 complexes, the ligand molecules were
anchored on the top side of unit cells that reprees (1 0 1) surface gfAl,Os. This model
assumes infinite vacuum space along the directimaiss orthogonal to the translation vectors.
The surface Brillouin zone was sampled by 98 Momg&hBack k-points [51]. The optimization
of the atomic coordinates was carried out withmahit cell by using Berny’s algorithm,

whereas the lattice parameters were fixed in akksa

3 Results and Discussion

3.1 Microstructural and optical properties of saganodified A}Oz; powders

The wide-angle XRD patterns of &) particles, prepared by a sol-gel process via Hysisof
aluminum isopropoxide, followed with calcinatioreahown in Figure 1. The diffractogram of

samples calcinated at 780 (Figure 1A) displayed the presence of threemtistoroad peaks at
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37.5, 45.9, and 67.1° that belong to (311), (480) (440) planes of the crystallipl ,Os,
respectively (JCPDS Card No. 00-010-0425). Thetalyte size, calculated from the widths of
the XRD peaks by using the Debye-Scherrer equatian,found to be 3A. It should be noted
that the presence of other coexisting alumina ghasenpurities was not detected. On the other
hand, calcinations at 1100 °C induced the appearahsharp diffraction peaks (see Figure 1B)
that belong to the corundum crystal structure (JSEIard No. 00-056-0457). This result is
consistent with literature data indicating that\a@050 °C thg-Al,O;3 is being completely
converted intax-Al,03 [52].

The TEM characterization gfAl,O3; powders indicated the presence of fairly uniform
spherically shaped particles in the size range foabhto 0.3um. Dark-field TEM imaging, as
well as closer inspection at higher magnificationdjcated that submicron-sizgeAl ;03

spheres resemble a “dandelion” shape (see Figutae2)o the presence of many nano-
crystallites. Thus, there is a good agreement letwiee crystallite size obtained by the XRD
measurements and by the TEM analysis ofythé¢,O3; powders. Analysis of the selected area
electron diffraction (SAED) pattern revealed thegance of the diffraction rings consistent with
the crystalliney-Al,O3 structure, including the (311), (400), and (44i@)nps.

Nitrogen adsorption-desorption isotherm of syntbesy-Al,O3; samples and pore size
distribution are shown in Figure 3 (curves a ancebpectively). The specific surface area was
calculated using BET method [45], and was founde®4.8 riyg. The pore radius was estimated
using BJH method [53]. The determined pore radiubé size range from 3 to 4 nm clearly
indicates thap-Al,O; samples are mesoporous.

The surface-maodification of AD; samples calcinated at 700 cphase) with catecholate- and

salicylate-type of ligands, as well as with AA imgucoloration of powders due to CTC



formation. Note that, under identical experimegtaidition, the CTC formation does not take
place when AIO; powders, calcinated at higher temperature (110G&h@ forming am-phase
were used. For clarity, it should be emphasizetidahaesults described in this work are obtained
using exclusively AlO; powders with theg-crystalline phase. Based on TGA measurements the
content of organic phase in all inorganic/orgarnjbrids was found to be slightly smaller than 10
wt.-%.

The Kubelka-Munk transformations of diffuse refleatdata for series of inorganic/organic
hybrids: CAT/ALOs, DHN/AI,O5, CA/Al,03, DOPA/ALO;, GA/AILO3, SA/AI,Os, 5-ASA/ALLO;
and AA/AlL,O3 are shown in Figure &he coordination of each of the above eight liganded

to coat the surface of AD; powder, induced the photon absorption in visilplecsral range due

to formation of CTCs as can be seen in Figure £ddfse, depending on the ligands used,
specific optical properties of obtained hybriddelif and their effective band gap energies,
determined from the absorption onset, are colleateblisted in Table 1. Bearing in mind that
the band gap value for pristineAl O3 is 8.7 eV [43], it is clear that CTC formation Wwiany of

the above ligands induces considerable red-shifieronset of optical absorption. The largest
shift was obtained for CAT (7.4 eV), while the shast one was observed for SA (5.5 eV). The
influence of functional side groups attached tolihsic backbone structure of CAT is found to
be relatively small. The largest difference in éfiective band gap energies for inorganic/organic
hybrids, prepared using catecholate-type of ligands found to be 200 meV (see Table 1 and
compare data for CAT/AD; and DHN/ALO3) leaving limited ability to tune the optical
properties by introducing different functional sgl®ups to basic backbone structure of CAT.
However, this is not the case with SA-type ligarttie: difference between effective band gap
energies of SA/AO; and 5-ASA/ALO; is much larger (about 1.6 eV) in comparison to

10



differences observed among surface-modifiegDAbowders with CAT-type of ligands. It
should be stressed that, upon surface modificatiocompanied by CTC formation, the optical
properties of AlO3, a typical insulator material, rank comparablyhatiie optical properties of a
semiconductor material.

The coordination, or the manner of attachmentigainds to the AlO; surface was studied using
FTIR spectroscopy. The FTIR spectra of free anddsl CAT and SA — i.e., ligands from
which all other catecholate- and salicylate-typégends can be derived — are shown in Figure 5.
In addition, the FTIR spectra of AA are also in@ddn Figure 5. The FTIR spectra of other
ligands, free and adsorbed, used in this study (PEW DOPA, GA and 5-ASA) are provided in
Supporting Information 1. The FTIR spectrum of dri,O3 displays its characteristic broad
bands in 4000-400 cfregion, and, consequently, it is possible to campaectra of free and
adsorbed ligands (CAT, SA and AA) in the desireglcsal region. To this we turn now.

The fingerprint spectral region for CAT is from T0f 1700 crit, and the main vibration bands
and their assignments for free ligand (Figure S5Aye a) are: stretching vibrations of the
aromatic ringv(C—C)M(C=C) at 1625, 1606, 1530, and 1475stretching vibrations of the
phenolic group/(C-OH) at 1288, 128, and 1250 cih bending vibrations of the phenolic group
§(C-OH) at 1374, 1201, 1169, and 1150 Grand bending(C—H) at 1100 and 1043 ¢h{54—
56]. Upon adsorption of CAT onto AD; (curve b), the difference between FTIR spectrines
and adsorbed modifier is observed, signaling tim&tion of surface complex. Bending
8(C-OH) vibrations in the region below 1200 tmnd pronounced band at 1374 trearly
disappeared. Three bands of stretching vibratg@sOH) merged into one prominent band at
1257 cni. The binding of CAT to AlO; via two adjacent phenolic groups even affected the
stretching of the aromatic ring (bands above 1480)c

11



The FTIR spectra of SA, free and adsorbed a®Aparticles, are shown in Figure 5B. The main
bands and their assignments in free SA (curveeayvetl described in literature [57—61], and they
are as follows: stretching vibrations of the aramang v(C-C),(C=C) at 1621, 1583, 1492,
1472, and 1453 c stretching vibrations of the phenolic grol(£-OH) at 1265 ci, bending
vibrations of the phenolic grouffC-OH) at 1386, 1329, 1217, and 1196 endings(C—H) at
1161, 1090, and 1031 énstretching vibrations of CO in COOKMCO/COOH) at 1217 and
1196 cni* (both bands are coupled wiitC—OH)), bending vibrations of CO in COOH
5(CO/COOH) at 1312 cth and pronounced stretching vibration of the caybgroupv(C=0) at
1693 cnt', existing only in the protonated form of acid. Tusorption of SA onto AD;

particles (curve b) leads to complete disappearahtiee bands at 1693, 1492, 1329, 1265, and
1196 cni. Since these bands correspond to vibrations aiglee-OH and carboxylic ~-COOH
group, it is obvious that both groups are cooraidgattached) to the surface Al atoms. The
disappearance of stretching vibration of the caybgroupv(C=0) at 1693 c affirms the
deprotonation of COOH group as the consequends bfnding to the surface Al atoms with the
formation of delocalized carboxylate group [62]eTdppearance of new band at 1580 @an

be attributed to carboxylate asymmetric and symimstretching vibrations [57, 58].

Surface modification of ADs with AA induces disappearance of the four stretghiibrations of
the —OH groups that belong to the 2,3 enediol@énregion from 3000 to 3500 ¢nand the
stretching vibration of the lactone grouf€=0) at 1755 cm (compare curves a and b in Figure
5C). On the other hand, the stretching vibrati¢®=C) at 1665 crhwas not affected, although
its position was slightly shifted toward lower egies after the adsorption. Also, the complex
semicircle stretch mode at 1380 trwhere the top half of the ring stretches while blottom

half is contracting [63],[63] shows a slight incsean the energy of vibration. These results
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indicate that AA is coordinated to the surface &34 over two neighboring —OH groups of the
five-membered ring.

Based on the FTIR data, some general featuresecagaldily recognized. First, upon
coordination of ligands (CAT, SA, and AA) to theface of ALO3, the observed changes
(disappearance, appearance, and shift of vibrdtizarads) are in agreement with published FTIR
data concerning surface-modified Bi@anoparticles with the same set of ligands [14, 15
Second, the vibrational bands of catecholate-typigands (DHN, CA, DOPA, and GA) and 5-
ASA changed in the same fashion as those of CATS#dpon coordination to the AD;
surface, respectively (see Supporting Informatiprrhird, from the FTIR data it is not possible
to discriminate with certainty whether chelatingooidging mode of coordination between
ligands and surface of the &)z actually occurs. The existence of bridging coaaitlon between
these ligands and the surface in the case of m@doparticles was established by additional
measurements that can only be performed with dal@olutions [15-20], and, although
bridging coordination is intuitively expected inraase, a more substantial evidence for this

claim is needed.

3.2 DFT Calculations

On the theoretical side, the comprehensive DFTuations were performed with periodic
boundary conditions (PBC) in order to estimateittterfacial energy gaps of various LA8k
complexes considered in this work. The calculatwase performed by using Heyd-Scuseria-
Ernzerhof screened-hybrid functional (HSEO6) [49], 4nd the rationale for the choice of
functional is discussed further below. It is knotlat the standard semi-local PBE functional

underestimates the bandgaps for insulators andceaductors [64, 65], although, this functional
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describes with a high accuracy energy levels @frfatial charge-transfer between Fi@nhd
catecholate-type of ligands [21]. On the other hame screened-hybrid density functional (HSE)
predicts band-gaps for semiconductors and solide meecisely with no significant increase of
the computational burden [66, 67]. However, it dHdae noted that all standard LDA and GGA
functionals are not able to reproduce the bandoféyuilk y-Al O3, and a proper electronic
description has been achieved by using the modski-local Becke-Johnson exchange
potential (mBJ) [68].

Our preliminary results for L/ADs hybrids indicated reasonably good agreement betwee
experimental and calculated band-gap values olttaismg HSEQ6 functional and model
systems based on bidentate coordination of ligar{d O 1) crystal surface [40]. Therefore,
sophisticated model associated with (1 0 1) plareyiously benchmarked against CAT/B%
system, at HSE06/6-31G(d,p) level, was used taitke the position of electronic levels, as well
as effective band gaps for the variety of @4 complexes. The optimized structures of eight
ligands anchored to the surfaceyehl ,O5; are shown in Figure 6, while the data concerniireg t
relevant energy levels and band-gaps for these lexepare listed in Table 1. The data of the
free ligands and unmodifigdAl ,Os; are also presented in Table 1. It should be ndtatdthe
valence band maximum (VBM) and the conduction bamdmum (CBM) of unmodified-
Al,Osare located at -7.18 and -4.39 @&/ AVS, respectively, yielding band-gap of 2.79 eV.
Similar to other DFT-based methods (LDA[69] and B functionals), HSEO06 functional
also failed to reproduce the band gap energy & Wl ,Os. It is evident that HOMO and
HOMO-1 molecular levels of all ligands are posigdrwithin the band gap regiongfl ;03

with exception of ascorbic acid (see Table 1), tihefining the two types of donor levets f).
Accordingly, the origin of interfacial charge-tré@stransitions can be ascribed to excitation

14



from the donor levelo) to CBM ofy-Al,Os. In the case of ascorbic acid, the HOMO-1 orlufal
free ligand lies below VBM, while associated dolewel of AA/AI,O;complex is slightly
destabilized and positioned inside the band gajpmegf y-Al ,0s. In addition, the position of
calculated LUMO orbitals for all ligands is sig@idintly higher than CBM of-Al O3 (Table 1).
The description of energy structures of L84 complexes, and origin of interfacial charge-
transfer transitions, are in agreement with previ@ports concerning surface-modified titanium
dioxide with catecholate-type of ligands [21].

The excellent agreement between the calculateggoerimental band-gap values was found for
DOPA/AIL,O3, CA/AI,O3 and DHN/ALO; inorganic/organic hybrids with deviation smalleam
5%. Practically, there is no difference betweerdated and experimental band-gap values
(compare, for example, 1.56 and 1.55 eV for DOPADA). The small difference between
calculated and experimental values was also foandA/Al ;03 system — the calculated band-
gap value is underestimated by only 0.06 eV contpaith experimentally observed value.
Larger discrepancies were found for two remainiregers of studied catecholate’s ligand
family (less than 10 and 20% for CATA&8); and GA/ALO;, respectively). However, significant
differences between the calculated and experiméatad-gap values were found for hybrids
prepared using salicylate-type of ligands. Thewated band-gap values were underestimated by
31.6 and 18.7% compared to experimental ones féAlSB; and 5-ASA/ALOs, respectively. It
should be emphasized that all calculations werlopaed assuming bidentate bridging
coordination of ligands. Most likely, the reason $aynificant discrepancies between calculated
and experimental band gap data for SAG8land 5-ASA/AbO3; might be due to different
coordination of salicylate-type of ligands onto %igO; surface (chelating coordination and/or
three points attachments including carboxylic fioral group). Of course, the energies of

15



interfacial transitions are expected to be diffefenligand molecules attached on different ways
to they-Al,O3 surface.

In addition, the calculated band-gap data corrdotlpw ascending/descending order of
experimentally determined band-gap values with ptioe of SA/ALO; hybrid, whose calculated
value for interfacial energy transition is sign#itly underestimated compared to experimental
one. The ability of electron-donating and/or electwithdrawing side functional groups to
decrease/increase the band-gap energy of inorgageeiic hybrids is well-established in
literature [21, 27]. In this particular case, cédted band-gap values for CAT/A); and

CA/AIl,O3 are very close to each other (1.38 and 1.34 epetively), and only this pair of
hybrids has inverse order of band-gap values coedparexperimental ones (1.26 and 1.41 eV
for CAT/AI,O3 and CA/ALO;, respectively). At present, we do not have conmgargument to
explain such findings.

The spatial distribution of crystal orbitals of 2803, AA/Al O3, CA/Al,O3, and unmodified-
Al,O3, as well as frontier orbitals of the free SA malecare shown in Figure 7, whereas the
results concerning the orbital electron densitiestloer CTCs are presented in Supporting
Information 2. It is evident from the Figure 7 tiia¢ VBM and CBM orbitals of unmodified
Al,Oscoincide with those of coordinated»®&; complexes. The ligand orbitals related with
HOMO-1 and HOMO, which mostly consist of aromatiorbitals, are positioned between VBM
and CBM. In the case of CAT/XD;, CA/Al,O3 and DOPA/A}Os, thep-levels are not composed
of only HOMO orbitals of ligands, but it is somewldilocalized over the lattice atoms (see
Figure 7 and Supporting Information 2), which maythe likely cause for their additional

stabilization.
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It is well-known that the efficient photocatalyst,addition to its capability to harvest large
portion of solar spectrum, determined by the baaqa @nergy, must have a proper position of the
valence and conduction bands, because the poteatighlence and conduction band are the
measure of its oxidation and reduction ability pesdively. For this purpose, the DFT results
obtained at the HSE06/6-31G(d,p) level of theorydonor level and CBM potentials are
presented at electrochemical scale with respawbimal hydrogen electrode, as illustrated in
Figure 8. Our preliminary results indicate thatface-modified AJO3; particles with 5-ASA have
the ability to induce photocatalytic degradatiorogfanic dye methylene blue [40]. However, our
attempt to produce hydrogen using synthesized amoedprganic hybrids failed. These results
support calculated energy alignment of studied CT@g obtained experimental results,
supported with detailed DFT calculations, represieatsolid basis to further extend these studies

to a variety of photo-driven processes.

4 Conclusions

In conclusion, we have synthesized a number gDAdrganic/inorganic hybrids and thoroughly
analyzed their optical properties by experimental etheoretical methods. Our results indicate
that the CTC formation, accompanied with the reiftesth onset of optical absorption, is not
exclusive to solar light absorbing oxides (7i@n0O, NaTizO;, Mg,TiO4 and BaTiQ). We have
demonstrated that coordination of small colorlegmnic molecules with specific functionality
(catecholate- and salicylate-type of ligands, alé ageascorbic acid) to solar light non-absorbing
Al O3 insulator with proper structure and morphologyketo the formation of inorganic/organic

hybrids whose optical properties can be tuned girout Vis and even high-energy part of NIR
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spectral region. The additional advantage of tiese! low-cost hybrid materials is that the

procedure needed for their synthesis is quite grmapb reproducible.

Supporting Information

Supporting Information 1: Vibrational bands of cdtelate-type of ligands (DHN, CA, DOPA,
and GA) and 5-ASA changed upon coordination toAh€©s surface, respectively (see Figure
S1. FTIR spectra of free (a) and adsorbed (b) dgam AbO; powders: (A) DHN, and (B) CA,
(C) DOPA, (D) GA , and (E) 5-ASA).

Supporting Information 2: The spatial distributigincrystal orbitals of CAT/AIO3;, GA/AILO3,
DOPA/AIL,O3, DHN/AI,O3, and 5-ASA /A}Os. (see Figure S2. The frontier crystal orbitalsadra
over a single repeated unit for LA8l; complexes (L = CAT, GA, DOPA, DHN, 5-ASA). HOCO

and LUCO represent highest occupied and lowestaupoed crystal orbitals.
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Table 1. The energies of frontier orbitals (in ef)eight different ligandsy-Al,O3 and L/ALOs
complexes calculated by DFT using PBC model, ad a®lenergy gaps of free ligands and
corresponding inorganic/organic hybrids. For congmer reasons experimentally determined
optical gaps are included. (VBMvalence band maximum; CBMconduction band minimum).

Donor Donor
STRUCTURE | VBM | levd | HOMO- | level | HOMO | CBM | LUMO | E;®° | ES?
(o) 1 (B)
CAT/AILO3 | -7.64| -6.39 - -6.14 - -5.01 - 1.38 1.26
CAT| - - -6.33 - -5.48 i 0.02 | 550
SA/ALO; | -7.62] -7.21 - -6.72 - -5.00 - 221 3.23
SA| - i -7.20 - -6.39 ; -1.57 | 4.82
AA/AIOz | -7.45| -7.25 - -5.96 - -4.83 - 242 248
AA | - - -7.63 - -5.97 < -0.84 | 5.13
CA/AlL,O3 | -7.80| -6.62 - -6.50 - -5.28 - 134 141
CA| - - -6.64 - -5.89 i -2.04 | 3.85
GA/AlL,O; | -7.24| -6.56 - -6.21 - -4.82 - 1.74 2.10
GA| - - -6.26 - -5.82 ; -1.40 | 4.42
DOPA/AI,O;3 | -7.48| -6.61 - -6.18 - -5.0% - 156 1.55
DOPA | - - -6.22 - -5.41 i -0.26 | 5.15
DHN/AI,O;3 | -7.58| -6.57 - -6.49 - -5.14 - 143 145
DHN | - - -5.76 - -5.62 ; -1.23 | 4.39
5-ASA/Al,O5 | -7.51| -7.04 - -6.56 - -5.07 - 1.97 1.66
5-ASA | - - -6.80 - -6.21 ; 153 | 4.68
v-Al,O3 | -7.18 - - - - -4.39 - 279 87
"HOMO-LUMO gaps.
“The band gap value for bulk A; was taken from reference [43].
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Figure Captions

Figure 1. The wide-angle XRD patterns of,®@4 particles prepared by a sol-gel process via
hydrolysis of aluminum isopropoxide, followed withlcination at: (A) 700 °C, and (B) 1100 °C
with the corresponding JCPDS cards.

Figure 2. TEM data from-Al O3 powders: typical bright- (A) and dark-field (B) WEimages of
v-Al,03 powders, high-magnification TEM image (C), andresponding SAED pattern (D).

Figure 3. The nitrogen adsorption-desorption isotise(a), and pore size distribution (b)ef
Al,O3 powders.

Figure 4. Kubelka—Munk transformations of UV-VisRI diffuse reflection data of
inorganic/organic hybrids: CAT/ADs, DHN/AI,O3, CA/AI,O3, DOPA/ALOs;, GA/AILO;3,
SA/A|203, 5-ASA/A|203 and AA/AI203.

Figure 5. FTIR spectra of free (a) and adsorbedigbhds on AlO3; powders: (A) CAT, and (B)
SA, and (C) AA.

Figure 6. The optimized geometries of eight diffeéré/Al,O; complexes used in periodic
calculations. The alignment of molecular slabs(idx1)-surface is also presented.

Figure 7. The frontier crystal orbitals drawn oaesingle repeated unit for L/AD; complexes (L

= SA, AA, CA). The orbitals of free SA molecule, asll as VBM and CBM of unmodifieg-
Al,0O3 are also presented. HOCO and LUCO represent higleespied and lowest unoccupied
crystal orbitals.

Figure 8. The donor level and CBM energy alignnmfentthe considered CTCs with respect to
the band gap redox potential fog Bhd Q evolution.

Figure S1. FTIR spectra of free (a) and adsorbgdigands on AlO3; powders: (A) DHN, and
(B) CA, (C) DOPA, (D) GA, and (E) 5-ASA.

Figure S2. The frontier crystal orbitals drawn ogesingle repeated unit for L/&D; complexes

(L = CAT, GA, DOPA, DHN, 5-ASA). HOCO and LUCO regment highest occupied and lowest
unoccupied crystal orbitals.
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Surface modification of mesoporous Al,O3; powder with benzene derivatives
Charge transfer complex formation between Al,O3; and small colorless organic
molecules

Visible-light activity of surface-modified Al,O3; powders

Large-scale quantum chemical calculations based on density functional theory



