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Abstract: Anatase nanoparticles synthesized by the sol-gel method were
surface-functionalized with long alkyl chain coupling agents as compatibilizers for a
nonpolar environment, containing different anchor groups for surface interaction namely
phosphonate (dodecyl phosphonate), carboxylate (dodecanoic acid), sulfate (sodium
dodecyl sulphate), and amine (dodecyl amine). It was shown that the surface of the
nanoparticles can be functionalized with the various surface groups applying similar
reaction conditions. The kind of surface interaction was analyzed applying FTIR
spectroscopy. The phosphonate and the carboxylate groups interact with the surface via
quite strong covalent or coordinative interactions, respectively. The sulfate and amine
based coupling agents on the other hand exhibit electrostatic interactions. UV stability
studies of the surface bound groups revealed different degradation mechanisms for the
various functionalities and moreover showed that phosphonates are the most stable among
the investigated surface capping groups.
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1. Introduction

Semiconductor photocatalysis represents a versatile tool for the removal of pollutants from water
and air and has thus gained considerable interest in the field of Green Chemistry in recent decades [1-4].
Titanium dioxide nanoparticles have been applied extensively for this purpose, because their band gap
energy and the redox potentials of the photo-generated electrons and holes allow the degradation of
organic pollutants upon illumination with solar light. Anatase is generally accepted to exhibit highest
photocatalytic activity among the crystalline phases of titanium dioxide [4,5]. However, an enhancing
effect of both, rutile and brookite on the photocatalytic activity of anatase has been reported [6,7].

The modification of metal oxide nanoparticles with organic ligands, coupling agents and surfactants
is also a hot topic these days [8]. A large variety of investigations have been conducted in the past
regarding the adsorption of surfactants to metal oxides for specific interaction with molecules or
materials, to prevent agglomeration or to induce self-organization [9]. Organic compounds, which are
majorly used as metal oxide modifiers, are carboxylic acids, thiols, silanes, phosphonates, and rarely
amines [8,10-12]. There are many discussions about the mechanism of interaction of ionic surfactants
to the metal oxide nanoparticles. Some proposed models suggest the presence of electrostatic
interaction, covalent bonding, formation of bilayers and micelles at higher concentrations [13,14]. The
factors that are important in surface-functionalization of metal oxides with the above mentioned
organic compounds are pH conditions and surface properties of the metal oxides.

It is known that the anatase surface exhibits amphoteric properties [15-17]. The adsorption of acidic
compounds has been proven to take place via acid-base reaction on Brensted basic sites. The
adsorption of basic compounds on the other hand does not take place on Brensted acidic sites, but
rather on Lewis acidic sites [16,18]. However, Brensted acidity has often been created on titanium
dioxide surfaces by introduction of nitrates or sulfates [18,19].

In the first part of the present work, different functionalities were attached to the surface of anatase
nanoparticles, taking advantage of the acidic as well as the basic sites. It is known from literature that
phosphonic acid (DPA) and dodecanoic acid (DDA) usually interact by formation of strong chemical
bonds with the TiO, surface [20,21]. As far as we know no systematic studies of dodecylsulphate (SDS)
and amines were carried out and compared to the bonding scheme of the previously mentioned groups.

The different interactions of the organic molecules with the surface of the titania nanoparticles
might lead to unequal photocatalytic properties. The question that arises is whether the photocatalytic
activity can even be stopped by a high surface coverage because a bare TiO, surface is usually
necessary for the oxidation and reduction processes. Previous studies on the photocatalytic
decomposition of phosphonates, carboxylic acids, sulfates and amines were conducted with regard to
environmental applications and hence the preclusion of the release of toxic intermediates was
aimed [22-27]. Numerous investigations focused on the so-called Photo-Kolbe reaction, the
decarboxylation of carboxylic acids over TiO, for the production of alkanes [28]. However, only few
publications exist where the degradation was studied with regard to the anchoring of these species to
the titanium dioxide surface [14,29]. Experiments on the stability of phenyl phosphonate on titanium
dioxide under photocatalytic conditions by Vioux and coworkers indicated the degradation of organic
species and the formation of a phosphate species [14]. Franch et al. [29] studied the degradation of
maleic acid with regard to its adsorption on the TiO; surface. They found a complete disappearance of
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the carboxylate vibrational signals indicating that the bonding between the carboxylate group and the
TiO, surface is instable.

The goal of the present study was the attachment of various coupling agents containing different
anchor groups but the same organic alkyl chains to the surface of anatase nanoparticles under the
identical reaction conditions. The interaction of the organic groups with the inorganic surface was
systematically studied by FT-IR spectroscopy. Subsequent investigations involved studies on the
photocatalytic stability of the different capping molecules. The effect of different kinds of chemical
interactions of the chemisorbed molecules on their photocatalytic decomposition was also investigated
in the study.

2. Results and Discussion

Titania nanoparticles were prepared by the hydrolysis and condensation of titanium isopropoxide
under highly acidic conditions achieved by addition of nitric acid according to Choi et al. [30]. Particle
size of the titania nanoparticles was investigated using dynamic light scattering (DLS) from the dried
sample redispersed in water. DLS analysis revealed particle diameters of 5 0.2 nm (supporting
information, Figure S1). These results were confirmed by HR-TEM shown in Figure 1 where
crystalline particles of ~5 nm are circled.

Figure 1. TEM micrograph of titania nanoparticles.

Surface properties of the particles were investigated by FT-IR analysis (Figure S2). Intense
vibrational signals at 1380 and 1620 cm * indicated the presence of nitrate and water on the surface,
which is in agreement with literature reports [30,31].

XRD patterns of titania nanoparticles (Figure S3) revealed pure anatase phase (2001-JCPDS file
number 21-1272) exhibiting a crystallite size of 3.9 nm. Nitrogen sorption experiments revealed a
surface area of 144 m?/g for the prepared titanium dioxide nanoparticles.

In a subsequent step, titania nanoparticles were functionalized with sodium dodecyl sulfate (SDS),
dodecanoic acid (DDA), dodecyl amine (DDAmine) and dodecylphosphonic acid (DPA). The
modification reactions were carried out by stirring at room temperature in an ethanol/water mixture
containing the respective capping agent. The experiments were conducted in acidic pH conditions
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keeping in view the investigations of Dunphy-Guzman et al. [32] which proved that suspensions of
titanium dioxide particles in water are more stable in acidic conditions than in basic conditions owing
to the tendency of titania nanoparticles to carry positive surface charge. Nitrates present on surface
might not be involved in the surface functionalization of acidic surfactants like carboxylates,
phosphonates and sulfates but they can play a role in the surface functionalization of titania with basic
surfactants like amines. In case of SDS the concentration was kept under its critical micelles
concentration, i.e., 8.12 x10~> M to make all molecules available for surface functionalization [33].

The influence of the pH and the concentration of capping molecules on the surface coverage and
bonding properties were investigated and the photocatalytic stability of the modified particles was
tested. The bonding of the anchoring molecules to the titanium dioxide surface was investigated by
infrared spectroscopy. Thermogravimetric analysis and elemental analysis were applied to study the
surface coverage.

The four coupling agents with four different functional groups used for modification of titania
nanoparticles are presented in Figure 2.

Figure 2. Four surface capping molecules used for titania (a) sodium dodecy! sulfate;
(b) dodecanoic acid; (c) dodecyl amine; (d) dodecyl phosphonic acid.
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2.1. Infrared Spectroscopy
2.1.1. SDS@TIiO,

Changes in vibrational frequencies of the sulphate group have previously been used to determine its
bonding mode [34]. For free sulphate only one signal for the S—-O asymmetric stretching vibration can
be observed at ~1100 cm'. In outer-sphere complexes the band is shifted to higher wavenumbers
owing to distortion and the symmetric stretching band at ~970 cm™' becomes visible. For inner-sphere
complexes the symmetry is lowered and the vas band splits into two or three signals between 1050 and
1250 cm' depending on the bonding mode. In monodentate complexes two signals are identified,
while in bidentate complexes the band splits into three signals [35]. Literature reports on the
interaction of sulphate species with titanium dioxide surfaces indicate bidentate coordination after heat
treatment, while at tempartures below 200 <C only electrostatic interaction has been found [36]. The
infrared spectrum of SDS (Figure 3) exhibited a strong doublet between 1200 and 1300 cm ', which
can be assigned to the va signal of S—O. The bands between 950 and 1100 cm™' are ascribed to
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vs vibration [37]. Hence, no direct bond between the sulphate and the sodium exists. For particles
modified with SDS, the v, vibrational signals were shifted to lower wavenumbers and the doublet was
splitted into two signals (Figure 3). Hence, it is concluded that an inner sphere complex is formed upon
modification at pH 1 and 2. However, the splitting of the doublet might also be assigned to the
dissolution of Ti*" at highly acidic conditions and the formation of bulk titanium sulphate on the
surface of the particles. This result is in agreement with investigations by Kingman and
coworkers [37], who obtained similar spectra upon drying of SDS films on hematite. They found that
the vas band splitting increased upon drying and assigned this effect on the dissolution of Fe®" ions
which form bulk iron dodecylsulphate. They stated that this precipitate dominates the spectra but can
be redissolved in water and hence, in aqueous environment the doublet exhibits again smaller splitting.
In fact, it was found that upon vigorous washing of the particles in water, the splitting disappeared and
a doublet was observed at 1240 and 1208 cm ™' which is in agreement with various literature reports on
SDS on different surfaces [33,36-38]. Hence, no direct bonding of the sulphate to the titanium dioxide
surface exists, but SDS is rather adsorbed by electrostatic interactions. At pH 5 the signals are much
weaker indicating a lower surface coverage which is in good agreement to the TGA measurements.
The use of hydrochloric acid does not change the degree of modification or the resulting binding
modes (Figures S5 and S29).

Figure 3. FT-IR (1600-700 cm ') of SDS@TiO, functionalized at pH 1, 2, 3, 4 and 5
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On the bases of these evidences the proposed model of SDS@TiO, nanoparticles is an electrostatic
interaction between the negatively charged sulfate and the positively charged titania surface (Figure 4),
which is destroyed at higher pH values.
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Figure 4. Schematic representation of SDS@TiO,.
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2.1.2. DDA@TIO;

The particles modified with DDA were characterized regarding the bonding mode of DDA by
infrared spectroscopy. The FT-IR spectra of DDA@TIiO, (Figure 5) revealed a disappearance of the
C=0 vibration at 1700 cm* compared to the spectrum of DDA, while two new signals at 1519 and
1412 cm™* were identified. These vibrations are assigned to symmetric and asymmetric stretching
vibrations of COO . It is concluded that DDA is bound to the titania surface as a carboxylate species
and the free acid has been successfully removed by washing. Moreover, according to previous studies
on carboxylates, four possible types of interaction exist: monodentate, bridging bidentate, chelating
bidentate and ionic interaction. The type of interaction between the carboxylate and the metal oxide
surface can be analyzed by the wavenumber separation of the asymmetric and symmetric COO™
vibrations [13,39,40]. Largest separation is obtained for monodentate interaction [13,41]. Literature
reports on the assignment of medium and small separation regions however, are not unambiguous.
Palacios and others claim that the wavenumber separation increases with increasing covalent character
of the bond, owing to increasing asymmetricity [41,42]. Hence they assign medium separation to
bidentate interaction and the smallest separation to ionic interaction [43]. Moreover, they state that the
asymmetric vibrational signal is more intense than the symmetrical one for coordination compounds in
contrast to ionic interactions. According to them, the distinction between chelating and bridging
bidentate bonds is difficult, because the bond orders should not be different. However, it has been
stated that the wavenumber separation should be smaller for chelating than for bridging
compounds [44]. Other groups including Dobson and McQuillan stated that medium separation can be
assigned to bidentate bridging or ionic interaction (150-180 cm ™) and the smallest separation is
assigned to bidentate chelating interaction (60-110 cm ™) [13,40]. The separation in the prepared
samples was 107 cm %, which is assigned to a bidentate coordination bond in agreement with both
theories. The wavenumber separation was in the lower range for bidentate bonds, indicating
predominantly chelating interaction according to Dobson and others (Figure 6) [13]. This result is in
agreement with earlier investigations by Wang and coworkers on the bonding of DDA on anatase
nanoparticles [45]. However, it is not possible to gain information from the relative intensities of the
signals, because both vibrations are overlapping with other signals (hydrogen bonded water at 1620 cm ™'
and nitrate at 1380 cm'). The shifts of the symmetric and asymmetric COO™ vibration were the same
for all pH values, which means that there is no pH dependent change of the carboxylate binding mode.
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FT-IR spectra of DDA@TIO; in range of 3050 to 2800 cm * revealed the presence of the characteristic
alkyl signals (supporting information).

Figure 5. FT-IR spectra (1800-600 cm™') of DDA@TiO; at pH 1, 2, 3, 4 and 5.
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Figure 6. Schematic representation of DDA@TIOx.

2.1.3. DDAMIine@TiO,

It is known that amines can adsorb to titania surfaces at Lewis-acid sites, via hydrogen-bonds, or
electrostatic interaction [15,16]. The latter is more likely to occur on anatase surfaces than on rutile,
due to a higher proton acidity of the surface OH— groups [15,17]. Brensted acid sites have been shown
to be not involved in the bonding of amines to titanium dioxide, as no ammonium vibrations were
identified. However, the treatment with nitrate or sulfate induces the formation of Brensted acid sites
which subsequently undergo acid-base reaction with amines [18]. Owing to the use of HNOj3 in the
synthesis of the anatase nanoparticles in this work, the surface is nitrated. FT-IR spectra of
DDAmine@TiO, (Figures 7 and 8) revealed an intense band at 1610 cm * which is assigned to the
bending modes of adsorbed water. The N-H stretching vibration is overwhelmed by this signal in the
spectra for particles modified with DDAmine. The intense signal at 1466 cm ' and two weak
vibrations at 1378 and 1305 cm* can be assigned to C—H vibrational signals (scissor, CH, and CHs
deformation vibrations). For the particles modified with DDAmine, a signal at 1520 cm ™" is arising,
which can be assigned to the NHs" bending vibration [46]. While the NH, stretching signal is observed
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at 3374 cm! in the spectrum of DDAmine, the modified particles exhibit various broad signals
between 3100 and 3500 cm* indicating the presence of ammonium species and the formation of
hydrogen bonds [47]. Hence, electrostatic interaction takes place with Brensted acid sites induced by
the nitrates present on the particles’ surface. The formation of ammonium species and the ionic
interaction detected by infrared spectroscopy is in agreement with the results obtained by Ramis and
Forzatti [18] (Figure 9). At higher pH values, the ammonium signals disappear, indicating interaction
of the amine with Lewis acid sites. However, the absence of amine signals indicates that the
disappearance of ammonium signals might rather be attributed to a lower surface coverage.

Figure 7. FT-IR spectra of DDAmMine@TiOz at pH 1, 2, 3, 4, and 5.
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Figure 8. FT-IR spectra of DDAmMine@TiO, at pH 1, 2, 3, 4 and 5.
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Figure 9. Schematic representation of bonding of DDAMine@TiO..

2.1.4. DPA@TIO;

The interaction of the phosphonate group with TiO, was characterized by infrared spectroscopy.
The heterocondensation of P-OH groups with surface hydroxyl groups and the coordination of
phosphoryl oxygen to titanium lead to the formation of covalent bonds. The connection can be mono-,
bi- or trivalent and also hydrogen bonds have been shown to be involved [21,48]. FT-IR spectra of
DPA@TIiO, modified at pH 1, 2, 3, 4 and 5 (Figure 10) show strong bands for the coupling agents
which is due to the high specific surface area of the particles in combination with the relatively high
surface activity concerning attachment reactions resulting in a high degree of functionalization
(see also surface coverage calculations in Sl). The spectra reveal the disappearance of the P=0O
vibrational signal at 1220 cm™* and the P—O-H signal at 950 cm*. Moreover, a broad band was
identified between 970 and 1180 cm ™, which can be assigned to P—O-Ti bonds [14]. These results are
in good agreement with literature reports on the modification of titania with organic phosphonates and
prove the covalent connection of DPA to the titanium dioxide surface [10]. However, investigations on
the bonding modes of such species are difficult. Due to the formation of hydrogen bonds, the
disappearance of P-OH and P=0 vibrational signals do not prove trivalent bonding. Furthermore, due
to a variety of factors that influence the phosphorus shift, only limited conclusions about the bonding
mode can be drawn from ¥P MAS NMR. Mutin and coworkers conducted 'O MAS experiments in
order to determine the bonding mode of organophosphonates to titanium dioxide surfaces [21]. They
observed chemical shifts consistent with bridging P-O-Ti bonds. Moreover, they concluded from the
presence of residual P=O and P-OH bonds that several different binding modes are co-existent
(Figure 11). The predominant bonding mode depends strongly on the studied system.

Hence, the bonding mode cannot be identified by infrared spectroscopy for the studied particles.
However, covalent connection could be proven by the characteristic P-O-Ti signal.
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Figure 10. FT-IR spectra of DPA@TiOz at pH 1, 2, 3, 4 and 5.
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2.2. Thermogravimetric Analysis and Elemental Analysis
2.2.1. Effect of pH on the Surface Coverage

Surface coverage of the titania nanoparticles with all coupling agents at pH 1, 2, 3, 4 and 5 was
investigated by thermogravimetric and elemental analysis. Percentage surface coverage and number of
molecules per square nanometer of titania were calculated from the thermogravimetric results and the
surface area of the anatase nanoparticles obtained by nitrogen sorption measurements
(supporting information).

Thermogravimetric analysis of SDS@TiO, revealed two different onset temperatures. The first
onset at 250 <T is assigned to the loss of the organic part of the SDS, while the second one at 570 <C
can be ascribed to the loss of SO, as determined from TG-MS analysis. Mass losses below 200 <C are
assigned to the desorption of volatiles and the condensation of surface hydroxyl groups. The mass loss
between 200 and 700 <C was applied for determining the surface coverage.

At pH 2 the highest surface coverage was obtained for SDS as observed from Figure 12. The
surface coverage decreased upon increasing pH, owing to a decreasing positive surface charge, which
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leads to weaker ionic interaction with negative sulfate ions. At pH 5 no organic species were detected on
the particles’ surface, because it is close to the point of zero charge of titania (pHpzc ~ 5.9
for TiOy) [49]. However, a lower surface coverage was also detected for particles modified at pH 1
compared to pH 2. This effect might be assigned to better association of protons to the sulfate at highly
acidic conditions. Elemental analysis of the five samples of titania functionalized with SDS at different
pH conditions confirmed the observations from TGA and maximum amount of sulfur was found at
pH 2 and minimum for the sample at pH 5 (supporting information).

Thermogravimetric analysis of DDA@TIiO, revealed one onset temperature at 300 <C, which is
assigned to the oxidation of the alkyl chain. The surface coverage was calculated from the mass loss
between 200 and 700 <C.

Highest surface coverage for DDA could be achieved by modification at pH 3 (Figure 12). The
surface coverage is decreasing at higher pH values, which is assigned to a decreasing positive surface
charge and hence lower interaction with the dissociated carboxylic acid. At pH values below 3,
however, the surface coverage is also decreasing. This effect might be attributed to worse dissociation
of the acid at extremely low pH values. The influence of the pH on the surface coverage is much lower
for DDA compared to SDS (Figure 12). This observation is attributed to a higher influence of the
surface charge on the ionic interaction with SDS compared to the covalent interaction with DDA.

For DDAmine@TiO, thermogravimetric analysis exhibited one onset temperature at 280 <C. Owing
to the weak electrostatic interaction detected for the amine, the mass loss might be ascribed to the
desorption of DDAmine. However, the onset temperature is in the range of the alkyl chain oxidation
temperature (compare with DDA and SDS). Hence, it is assumed that the alkyl chain is rather degraded
than desorbed. The surface coverage was calculated from the mass loss between 200 and 700 <C.

Highest surface coverage was detected for particles modified at pH 2 (Figure 12). The coverage is
decreasing at lower pH owing to an increasing positive surface charge inhibiting the interaction with
the basic compound. However, surface coverage is also decreasing when the pH is elevated above 2.
This effect might be assigned to the removal of nitrate from the titanium dioxide surface and hence the
decrease of Brensted acid sites. Elemental analysis confirmed the results obtained by TGA and
revealed maximum N content for particles modified at pH 2.

Figure 12. Effect of pH on surface coverage of titania by the four coupling agents.
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Thermogravimetric analysis of DPA@TIiO, revealed one onset temperature at 300 <C, which can be
assigned to the oxidation of the alkyl chain. The surface coverage calculated from the mass loss
between 200 and 700 <T was highest for particles modified at pH 3 (Figure 12). At higher pH values
the surface coverage was decreasing, which is assigned to a lower positive surface charge leading to
weaker interaction with the dissociated phosphonic acid. However, also at pH values below 3 the surface
coverage decreased. This effect might be assigned to lower tendency for dissociation of the phosphonic
acid at highly acidic conditions. Elemental analysis confirmed the results obtained by TGA and
revealed the highest phosphorus content at pH 3.

2.2.2. Effect of Capping Agent Concentration on the Surface Coverage

A set of experiments were conducted to functionalize titania nanoparticles with different
concentrations of coupling molecules at the best suitable pH conditions for each molecule to
investigate the effect of the concentration of capping agent on the surface coverage of titania
nanoparticles. For SDS and DDAmine, these experiments were conducted at pH 2 whereas pH 3 was
selected for DDA and DPA. Figure 13 shows the relation of surface coverage and concentration
calculated with the help of surface area of the titania nanoparticles and thermogravimetric analysis of
the surface-functionalized samples. It is clear that with the increase in concentration from 0.125 to
0.5 mmol of each coupling molecule, the surface coverage increases in the same order.

Figure 13. Effect of concentration on surface coverage of titania by the coupling molecules.
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2.3. Stability of Capping Agents under Photocatalytic Conditions

It is assumed that the different interactions of the coupling agents with the titania surface can lead to
unequal photodegradation mechanisms and kinetics. For this reason, anatase nanoparticles modified
with DPA, DDA, SDS and DDAmine were illuminated under the same conditions. 0.2 wt%
dispersions of DPA@TiO,, DDA@TIO,, SDS@TiO, and DDAmMine@TiO; in mixtures of ethanol and
water (4:1) were prepared and illuminated for 2 days in a water-cooled chamber equipped with two 9 W
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UVA black light lamps (Sylvana UVA BLB Lynx) as presented in Figure 14. Samples were withdrawn
after 2, 4, 8, 24 and 48 h to investigate the degradation of the surface groups. The particles were
centrifuged, washed with ethanol and dried under reduced pressure before FT-IR characterization.

Figure 14. Experimental setup for the illumination experiments.
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After the functionalization with the different coupling agents, the nitrate signal at 1303 cm™'
disappeared in all cases. Exemplarily we also modified TiO, synthesized with HCI as acid for the
weakest bonding surface groups, namely SDS and the FT-IR spectra after modification were identical
(Figure S5). Therefore, an influence of nitrate ions in the photocatalytic process can be neglected. We
also compared the functionalization of P25 with SDS, however here we observed a modification which
is drastically reduced, most likely because of the inactive P25 surface [50].

The absorbance maximum at 2921 cm™ (asymmetric aliphatic CH stretching vibration) can be
taken as a measure for the amount of alkyl chains present on the particles’ surface. Thus, the
absorbance intensity (A) change of this signal under UV illumination was tracked. Assuming 1st order
kinetics the rate law is:

A= -2 )

After integration the following equation is obtained:
A
kt =In(—
( A) (2)

Thus, In(Ao¢/A) is plotted versus time to determine the reaction rate constant k. The kinetic plots and
reaction rate constants obtained for the different capping agents are presented in Figure 15. The
CH-signal decreased with increasing illumination time for all studied groups (detailed spectra in
supporting information). It is concluded that the alkyl chain is degraded in all studied cases. However,
as seen from the slopes in the graphs, the degradation proceeds much slower for DPA than it does in
case of carboxylate, sulfate and amine.
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Figure 15. Absorbance at 2921 cm™' of DPA @ TiO,, DDA @ TiO, SDS @ TiO, and

DDAmine @ TiO, after different times of illumination.
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No conclusions on the mechanism of degradation can be drawn from the CH stretching region.
For this reason, the region between 700 and 1800 cm™* was studied, where the characteristic
vibrational signals of the studied head groups are located.

In Figure 16 the FT-IR spectra of DPA@TIO, after different illumination times normalized to the
Ti—O-Ti band at 800 cm™ are presented. The spectra revealed that the CH5 vibration at 1462 cm ™
(asymmetric CH deformation) was decreasing while the broad signal at 1050 cm™, which is assigned
to the P-O-Ti bond, did not lose intensity during illumination. Hence, it is concluded that the P-O-Ti
bond was stable against UV-irradiation, while the alkyl chain was degraded. It is assumed that
a phosphate species was left on the particles’ surface after illumination. In fact, after prolonged
illumination for 16 days *!P MAS NMR investigations revealed the presence of a phosphate species
(supporting information).

Figure 16. FT-IR spectra (KBr: 2mg sample, 150 mg KBr) of DPA @ TiO, after different

times of illumination.
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From the FT-IR spectra of DDA@TiO; (Figure 17) it can be concluded that the nitrate signal at
1384 cm* as well as the band at 1620 cm ™ (which is assigned to the bending vibrations of adsorbed
water and thus increasing during illumination due to the photo-induced hydrophilicity effect [51]) were
overlapping with the stretching modes of the carboxylate anion signals. Thus, an eventual change in
intensity of the COO™ band cannot be definitely excluded. Nevertheless, it is assumed that the C-O-Ti
interaction was stable against UV-irradiation, because no change in intensity was observed for the
bands at 1412 and 1519 cm™ after the interfering nitrate signal had disappeared (after 8 h).
Furthermore, the bonding mode did not change as no shifting of the carboxylate bands was observed.
Unfortunately, **C CPMAS NMR could not confirm this assumption, because such species cannot be
distinguished from the chemisorbed dodecanoic acid. The UV-stability of the C-O-Ti bond confirmed
the assumption that the interaction is a chemical one. An electrostatic interaction between COO™ and a
positively charged titania surface would be weakened upon illumination due to the extensive formation
of radicals, which react with ions present on the surface of the particles. The fast degradation of DDA
compared to DPA can be assigned to the effective charge transfer over the carboxy-group as found by
Kaletas et al. [52]. However, another explanation could be the hindrance of the direct hole oxidation
pathway by the presence of phosphate species as stated by Zhao and coworkers [53].

Figure 17. FT-IR spectra (KBr: 2 mg sample, 150 mg KBr) of DDA@TIO, after different
times of illumination.
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For SDS@TIO, the degradation was measured observing the CH signal at 1425 cm* as well as the
0SO; bands at 1248 and 1178 cm ™. The infrared spectra for various illumination times are presented
in the supporting information (Figure S27). The CH signal was decreasing very fast upon illumination,
while at the same time the OSO3; bands disappeared. Thus, the radicals formed upon illumination
reacted with the ionic species present on the titania surface and the electrostatic interaction
was broken.

In case of DDAmMine@TiO; the illumination experiments were carried out with the sample modified
at pH 1, which showed mainly electrostatic interaction. FT-IR spectra of DDAmMine@TiO, after
different times of illumination (normalized to the Ti-O-Ti band at 800 cm ™) (see supporting
information, Figure S28) revealed that the CH signal at 1460 cm * was decreasing as it did also for the
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above discussed coupling agents. At the same time the NHs" vibration at 1510 cm™* were
decreasing [15,54]. Thus, it is concluded that the interaction between titania and amine was not stable
upon UV illumination and the electrostatic interaction between NHs" and the Ti—O groups was broken
due to reaction of photogenerated radicals with the ionic species. Hence, the degradation of covalently
bound coupling agents proceeds by sequential degradation of the alkyl chain while the covalent
interactions between the TiO, surface and phosphate or carboxylate are stable under UV illumination.
On the other hand, coupling agents which exhibit electrostatic interaction with the anatase surface, are
‘desorbed’ from the TiO; surface due to the formation of radicals which react with the ionic species
present on the surface.

3. Experimental Section
3.1. Materials

Titanium isopropoxide (TIP), sodium dodecylsulphate (SDS), dodecanoic acid (DDA) and
dodecylamine (DDAmine) were purchased from Sigma Aldrich and used as received.
Dodecylphosphonic acid was prepared by a procedure according to Kosolapoff et al. [55,56].
Methanol and absolute ethanol were purchased from Acros and used as received. Nitric acid (65%) and
NaOH were purchased from Merck.

3.2. Measurements

Infrared spectra were recorded on a Bruker Tensor 27 instrument (Bruker, Rheinstetten, Germany)
either working in ATR Micro Focusing MVP-QL with a diamond crystal or in transmission mode
using KBr pellets as a sample matrix. Spectra were recorded with 32 scans at a resolution of 4 cm™".
The software used for analysis was OPUS"" version 4.0. For kinetic studies, a baseline correction was
carried out. Thermogravimetric analyses were performed on a Netzsch Iris TG 209 C (Netzsch Corp.,
Selb, Germany) with a 414 TASC controller in a platinum crucible with a heating rate of 10 K/min
under synthetic air. High-resolution transmission electron microscopy (HR-TEM) micrographs were
performed on a TECNAI F20 FEGTEM (Philips Electron Optics, Eindhoven, the Netherlands) at the
University Services Centre for Transmission Electron Microscopy (USTEM), Vienna University of
Technology. DLS measurements were performed with an ALV/CGS-3 compact goniometer system
(ALV-GmbH, Langen, Germany) controlled by an ALV/LSE-5003 Multiple Tau Digital Correlator
(ALV-GmbH) at a scattering angle of 90<and a temperature of 25 <C. The light source was a Uniphase
cylindrical 22-mW HeNe-laser (JDS Uniphase Corporation, Ottawa, ON, Canada) operating at a
wavelength of 632.8 nm with vertically polarized light. Elemental analysis was carried out at the
Microanalytical Laboratory at the University of Vienna. NMR spectra in solution were recorded on a
Bruker Advance 300 instrument (*H: 250.13 MHz, *C: 62.89 MHz, 3!P: 101.25 MHz) equipped with a
5 mm broadband probe head and a z-gradient unit. Solid state NMR spectra were recorded on a Bruker
AVANCE DPX300 equipped with a 4 mm broadband MAS probe head (*H: 299.87 MHz, **C: 75.40
MHz, *'P: 121.39 MHz). Spectra were acquired using magic angle spinning (MAS) and high power
proton decoupling at a rotor spinning rate of 4-9 kHz. Nitrogen sorption measurements were carried
out on a Micrometric ASAP 2000 or ASAP 2010 instrument (Micrometric Instruments Co., Cleveland,
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OH, USA). The samples were degassed for 5 h at 40 <C prior to measurement. For the interpretation of
the data, the Brunauer, Emmett and Teller (BET) model was applied. XRD experiments of powders
were carried out on a Philips X Pert diffractometer (Philips, Eindhoven, the Netherlands, Cu Ka line: A
= 1.54060, 1.54439 A) equipped with an XCelerator multi-channel detector, Bragg Brentano geometry
and a silicon single crystal sample holder. The diffraction pattern was recorded between 5° and 90° (26)
with 1 s/step and a step size of 0.02<

3.3. Syntheses
3.3.1. Synthesis of TiO, Nanoparticles

Titania nanoparticles were synthesized by slight modification of a procedure by Choi et al. [32].
500 mL of distilled water were placed in a 1000 mL round bottom flask and the pH was adjusted to 1.5
using nitric acid or hydrochloric acid, respectively. 2.5 mL (0.008 mmol) of Ti(O'Pr), were dissolved
in 50 mL absolute ethanol in a dropping funnel and added drop-wise to acidified water under
ice-cooling and vigorous stirring. The mixture was stirred overnight. The solvent was removed under
reduced pressure at 40 <C and the particles were dried under vacuum to collect a white powder. 0.6 g
(94%) of titania nanoparticles were obtained.

DLS: 5 nm #0.2 nm. TEM: 5 nm. XRD: Anatase 100%, a (A) = 3.79959, ¢ (A) = 9.4778; crystallite
size: 3.9 nm. FT-IR (v, cm '): 3244, 1638, 1413, 1310, 795. TGA (mass loss, %): 30400 <T: 15.3%,
400-700 <C: 0.5%. BET: 144 m?/g.

3.3.2. Modification of TiO, Nanoparticles with Sodium Dodecyl Sulfate (SDS)

0.1 g of titania nanoparticles were dispersed in 100 mL of distilled water in a 250 mL round bottom
flask. 0.15 g (0.5 mmol) SDS were dissolved in a mixture of 5 mL water and 5 mL ethanol. This
solution was added drop-wise to the dispersion of titania nanoparticles under vigorous stirring. The
corresponding pH was adjusted using a 1 M solution of HNO3, HCI or NaOH, respectively. The
system was stirred for two days and the particles were separated by centrifugation. The samples were
washed repeatedly with water and ethanol and dried under reduced pressure at room temperature. The
functionalization experiments were performed at pH 1, 2, 3, 4 and pH 5.

FTIR: 2951 cm ' (vas —CHs); 2922 cm ™' (vas —CHz—); 2872 ecm ' (vs —CHs); 2852cm ™' (vs CHo—);
1248 cm ™' (vas OS03 ), 1178 cm ' (vas OSO3); 1064 cm™' (vs 0SO3 ), below 800 cm™ (v Ti—0).

TGA (HNOg3), mass loss (220 <€ to 650 <C): pH 1: 15.00%; pH 2: 14.45%; pH 3: 14.05%;
pH 4: 13.80%; pH 5: 8.58%.

TGA (HCI), mass loss (220 <€ to 650 <C): pH 1. 15.95%; pH 2: 15.06%; pH 3: 14.15%;
pH 4: 13.84%; pH 5: 8.60%.

To investigate the effect of concentration of SDS on the surface coverage, a set of experiments was
conducted at pH 2, adjusted using a 1 M solution of HNOS3. For 0.1 g of titania nanoparticles 0.13 g
(0.5 mmol) of SDS were used for Sample-1, 0.1 g (0.375 mmol) for Sample-2, 0.067 g (0.25 mmol)
for Sample-3 and 0.033 g (0.125mmoles) of SDS were used for Sample-4.

TGA, mass losses (220 T to 650 <T): Sample-1: 21%; Sample-2: 20%; Sample-3: 15%;

Sample-4: 12%.
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3.3.3. Modification of TiO, Nanoparticles with Dodecanoic Acid (DDA)

0.1 g of titanium dioxide nanoparticles were dispersed in 30 mL of water in a 100 mL round bottom
flask. 0.1 g (0.5 mmol) of DDA were dissolved in 5 mL of ethanol prior to its drop-wise addition in
titania suspension. The functionalization experiments were performed at pH 1, 2, 3, 4 and 5. The pH
was adjusted using a 1 M solution of HNO3 or NaOH.

The suspension was treated in an ultrasonic bath for one hour and stirred at room temperature for
two days. The particles were separated by centrifugation, washed several times with ethanol and water
and dried under reduced pressure at room temperature.

FTIR: 2951 cm ™' (vas —CHa3); 2922 cm ™' (vas —CHy—); 2872 cm ' (vs —CHs); 2852cm ™" (vs —CHo—);
1521 cm™! (vas COO); 1412 cm™' (vs COO); below 800 cm™* (v Ti—0).

TGA, mass loss (220 <T to 550 C): pH 1: 19%; pH 2: 20%; pH 3: 21%; pH 4: 12%; pH 5: 11%.

Four samples of titania functionalized with different amounts of DDA were prepared at pH 3 to
investigate the effect of concentration of DDA on the surface coverage. For each experiment, 0.1 g of
titania nanoparticles were dispersed in 30 mL of water. 0.1 g (0.50 mmol) of DDA was used for Sample-1;
0.075 g (0.375 mmol) for Sample-2; 0.05 g (0.25 mmol) for Sample-3 and 0.025 g (0.125 mmol) of
DDA were used for Sample-4.

TGA, mass loss (220 <T to 550 <T): Sample-1: 19%; Sample-2: 18%; Sample-3: 14%; Sample-4: 12%.

3.3.4. Modification of TiO, Nanoparticles with Dodecyl Amine (DDAmMmine)

0.1 g of titania nanoparticles were dispersed in 30 mL deionized water in a 100 mL round bottom
flask. 0.093 g (0.5 mmol) of DDAmine were dissolved in 5 mL of ethanol and added drop-wise to the
titania suspension. The functionalization experiments were performed at pH 1, 2, 3, 4 and 5. The pH
was adjusted using 1 M solution of HNO3; or NaOH. The suspension was treated in an ultrasonic bath
for one hour and subsequently stirred at room temperature for two days. The particles were separated
by centrifugation and washed repeatedly with ethanol and dichloromethane. The samples were dried
under vacuum overnight at room temperature.

FTIR: 2951 cm ' (vas —CHs); 2922 cm ™' (vas —CHz—); 2872 ecm ' (vs —CHs); 2852cm ™' (vs CHo—);
1610 cm ™' (H,0); 1510 cm ™ (vasNH2); 1600 cm™ (vsNH,); below 800 cm™" (v Ti—0).

TGA, mass loss (220 T to 550 <C): pH 1: 15%; pH 2: 16%; pH 3: 15%; pH 4: 14%; pH 5: 10%.

Elemental Analysis: pH 1: 11.10% C, 2.5% H, 0.95% N; pH 2: 12.13% C, 2.91% H, 1.18% N; pH 3:
11.52% C, 2.32% H, 0.89% N; pH 4: 10.6% C, 2.40% H, 1.09% N; pH 5: 7.33% C, 1.81% H, 0.81% N.

Four samples of anatase nanoparticles functionalized with different amounts of DDAmine were
prepared at pH 2 to investigate the effect of concentration of DDAmine on the surface coverage. For
each experiment, 0.1 g of titania nanoparticles were dispersed in 30 mL of water. 0.093 g (0.50 mmol)
of DDAmine were used for Sample-1; 0.070 g (0.375 mmol) for Sample-2; 0.046 g (0.25 mmol) for
Sample-3 and 0.023 g (0.125 mmol) of DDAmine were used for Sample-4.

TGA, mass loss (220 <T to 550 <T): Sample-1: 16%; Sample-2: 15%; Sample-3: 14%; Sample-4: 13%.
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3.3.5. Modification of TiO, Nanoparticles with Dodecylphosphonic Acid (DPA)

0.1 g of titania nanoparticles were suspended in 30 mL water in a single neck round bottom flask.
0.125 g (0.5 mmol) of DPA were dissolved in 5 mL of ethanol and added drop-wise to the suspension.
The functionalization experiments were performed at pH 1, 2, 3, 4 and pH 5. The pH was adjusted
using 1 M solution of HNO3; or NaOH. The particles were separated by centrifugation and washed
repeatedly with distilled water and methanol. The samples were dried under reduced pressure at
room temperature.

FTIR: 2951 cm '(vas —CHs); 2922 cm™' (vas —CHo—); 2872 cm™' (vs —CHs); 2852cm™" (vs CHoo);
1200 to 1000 cm™" (vas P—O—Ti).

TGA, mass loss (220 T to 650 <C): pH 1: 16%; pH 2: 16%; pH 3: 17%; pH 4: 15%; pH 5: 15%.

Elemental Analysis: pH 1: 9.28% C, 2.5% H, 0.85% P; pH 2: 11.13% C, 2.85% H, 1.03% P; pH 3:
11.58% C, 2.91% H, 1.18% P; pH 4: 9.6% C, 2.32% H, 1.08% P; pH 5: 8.33% C, 2.01% H, 0.9% P.

Four samples of titania functionalized with different amounts of DPA were prepared at pH 3 to
investigate the effect of concentration of DPA on the surface coverage. For each experiment, 0.1 g of
titania nanoparticles were dispersed in 30 mL water. 0.125 g (0.50 mmol) of DPA was used for
Sample-1; 0.093 g (0.375 mmol) for Sample-2; 0.0625 g (0.25 mmol) for Sample-3 and 0.312 g (0.125
mmol) of DPA was used for Sample-4.

TGA, mass loss (220 <T to 650 <T): Sample-1: 23%; Sample-2: 21%; Sample-3: 17%; Sample-4: 15%.

3.3.6. Stability of the Capping Agents under Photocatalytic Conditions

0.2 wt% dispersions of DPA@TiO,, DDA@TIO,, SDS@TiO, and DDAmine @ TiO, in mixtures
of ethanol and water (4:1) were prepared and illuminated for 2 days in a water-cooled chamber
equipped with two 9 W UVA black light lamps (Sylvana UVA BLB Lynx). Samples were withdrawn
after 2, 4, 8, 24 and 48 h. The particles were centrifuged, washed with ethanol and dried under reduced
pressure. The samples were characterized by KBr-IR. 2 mg £0.03 of the samples were homogenized
and pressed with 150 mg %2 of KBr.

4. Conclusions

Anatase titania nanoparticles with a diameter of around 5 nm were functionalized with SDS, DDA,
DDAmine and DPA in acidic pH conditions. It was confirmed that SDS and DDAmine interact
electrostatically with the surface of titania whereas DDA bonds covalently to the titania surface
through bidentate chelating mode and DPA bond covalently to the titania in a tridentate fashion. It has
been shown that an optimal pH range exists for the modification with all studied capping molecules.
The existence of such optimum is assigned to the dependence of the surface charge of the particles on
the pH. For the interaction with acidic and anionic species, a highly positive surface charge is
favorable. For interaction with the basic amine, the presence of nitrates on the particles’ surface, which
is true at moderately low pH, increases the interaction. At highly acidic conditions, however, the acidic
compounds exhibit lower tendency for dissociation, leading to inhibition of the interaction with the
particles. For amines on the other hand, low surface coverage at low pH is assigned to the highly
positive charged surface.
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Photocatalytic investigations revealed that coupling agents exhibiting covalent interaction with the
titanium dioxide surface show degradation of the organic moiety, while the covalent connection
between TiO, and phosphate or carboxylate is stable under UV irradiation. Coupling agents which are
adsorbed by electrostatic interaction on the other hand are desorbed from the TiO, surface owing to the
extensive formation of radicals which can combine with the ionic species present on the surface.
Moreover, it was found that among the investigated coupling agents phosphonate exhibits the highest
stability under photocatalytic conditions.

Supporting Information

Supporting information includes XRD and DLS data, thermogravimetric analysis, and elemental
analysis along with FTIR spectra above 2800 cm ™.

Acknowledgments

Mohsin Raza acknowledges financial and technical support from Higher Education Commission of
Pakistan (HEC). The authors also thank the University Service Center for Transmission Electron
Microscopy, Vienna University of Technology for their help in recording the TEM-images.

Author Contributions

Mohsin Raza and Nina Zahn prepared titania nanoparticles, functionalized them with various
coupling agents, characterized them, and analyzed the data. Angelika Bachinger carried out the
photocatalytic studies and analyzed the data. Guido Kickelbick provided the resources and
infrastructure that allowed the development of this work. He also provided mentoring with data
analysis and sample characterization. All co-authors compiled and discussed the manuscript.

Conflicts of Interest
The authors declare no conflict of interest.
References

1. Paz, Y. Application of TiO; photocatalysis for air treatment: Patents’ overview. Appl. Catal. B
2010, 99, 448-460.

2. Ravelli, D.; Dondi, D.; Fagnoni, M.; Albini, A. Photocatalysis. A multi-faceted concept for green
chemistry. Chem. Soc. Rev. 2009, 38, 1999-2011.

3. Herrmann, J.M. Heterogeneous photocatalysis: Fundamentals and applications to the removal of
various types of aqueous pollutants. Catal. Today 1999, 53, 115-129.

4. Fujishima, A.; Rao, T.N.; Tryk, D.A. Titanium dioxide photocatalysis. J. Photochem. Photobiol. C
2000, 1, 1-21.

5. Carp, O.; Huisman, C.L.; Reller, A. Photoinduced reactivity of titanium dioxide. Prog. Solid State
Chem. 2004, 32, 33-177.



Materials 2014, 7 2910

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

Ohno, T.; Tokieda, K.; Higashida, S.; Matsumura, M. Synergism between rutile and anatase TiO;
particles in photocatalytic oxidation of naphthalene. Appl. Catal. A 2003, 244, 383-391.

Ozawa, T.; lwasaki, M.; Tada, H.; Akita, T.; Tanaka, K.; Ito, S. Low-temperature synthesis of
anatase—brookite composite nanocrystals: The junction effect on photocatalytic activity. J. Colloid
Interface Sci. 2005, 281, 510-513.

Neouze, M.-A.; Schubert, U. Surface modification and functionalization of metal and metal oxide
nanoparticles by organic ligands. Monatsh. Chem. 2008, 139,183-195.

Kickelbick, G.; Schubert, U. Organic functionalization of metal oxide nanoparticles. In Synthesis,
Functionalization and Surface Treatment of Nanoparticles; Baraton, M.-l., Ed.; American
Scientific Publishers: Stevenson Ranch, CA, USA, 2003; p. 91.

Mutin, P.H.; Guerrero, G.; Vioux, A. Hybrid materials from organophosphorus coupling
molecules. J. Mater. Chem. 2005, 15, 3761-3768.

Schubert, U. Inorganic-Organic hybrid polymers based on surface-modified metal oxide clusters.
Macromol. Symp. 2008, 267, 1-8.

Wu, Y.; Liao, S. Review of SO,* /M,O, solid superacid catalysts. Front. Chem. Eng. China 2009,
3, 330-342.

Dobson, K.D.; McQuillan, A.J. In situ infrared spectroscopic analysis of the adsorption of
aromatic carboxylic acids to TiO,, ZrO,, Al,03 and Ta,Os from aqueous solutions. Spectrochim.
Acta A 2000, 56, 557-565.

Guerrero, G.; Mutin, P.H.; Vioux, A. Anchoring of phosphonate and phosphinate coupling
molecules on titania particles. Chem. Mater. 2001, 13, 4367—4373.

Hermann, M.; Boehm, H.P. Uber die Chemie der Oberfl&he des Titandioxids. 1l. Saure
Hydroxylgruppen auf der Oberfl&he. Z. Anorg. Allg. Chem. 1969, 368, 73-86. (In German)

Mathieu, M.V.; Primet, M.; Pichat, P. Infrared study of the surface of titanium dioxides. Il. Acidic
and basic properties. J. Phys. Chem. 1971, 75, 1221-1226.

Primet, M.; Pichat, P.; Mathieu, M.V. Infrared study of the surface of titanium dioxides. I.
Hydroxyl groups. J. Phys. Chem. 1971, 75, 1216-1220.

Ramis, G.; Busca, G.; Lorenzelli, V.; Forzatti, P. Fourier transform infrared study of the
adsorption and coadsorption of nitric oxide, nitrogen dioxide and ammonia on TiO, anatase. Appl.
Catal. 1990, 64, 243-257.

Yang, R.T.; Li, W.B.; Chen, N. Reversible chemisorption of nitric oxide in the presence of
oxygen on titania and titania modified with surface sulfate. Appl. Catal. A 1998, 169, 215-225.
Kakihana, M.; Nagumo, T.; Okamoto, M.; Kakihana, H. Coordination structures for uranyl
carboxylate complexes in aqueous solution studied by IR and carbon-13 NMR spectra. J. Phys.
Chem. 1987, 91, 6128-6136.

Brodard-Severac, F.; Guerrero, G.; Maquet, J.; Florian, P.; Gervais, C.; Mutin, P.H. High-Field
70 MAS NMR investigation of phosphonic acid monolayers on titania. Chem. Mater. 2008, 20,
5191-5196.

Besov, A.S.; Vorontsov, A.V.; Parmon, V.N. Fast adsorptive and photocatalytic purification of air
from acetone and dimethyl methylphosphonate by TiO, aerosol. Appl. Catal. B 2009, 89, 602-612.
Kozlova, E.A.; Vorontsov, A.V. Noble metal and sulfuric acid modified TiO, photocatalysts:
Mineralization of organophosphorous compounds. Appl. Catal. B 2006, 63, 114-123.



Materials 2014, 7 2911

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Meichtry, J.M.; Quici, N.; Mailhot, G.; Litter, M.l. Heterogeneous photocatalytic degradation of
citric acid over TiO,. I: Mechanism of 3-oxoglutaric acid degradation. Appl. Catal. B 2011, 102,
454-463.

Sojic, D.V.; Despotovic, V.N.; Abazovic, N.D.; Comor, M.l.; Abramovic, B.F. Photocatalytic
degradation of selected herbicides in aqueous suspensions of doped titania under visible light
irradiation. J. Hazard. Mater. 2010, 179, 49-56.

Lu, C.-S.; Chen, C.-C.; Mai, F.-D.; Li, H.-K. Identification of the degradation pathways of
alkanolamines with TiO, photocatalysis. J. Hazard. Mater. 2009, 165, 306-316.

Amat, A.M.; Arques, A.; Lopez, F.; Miranda, M.A. Solar photo-catalysis to remove paper mill
wastewater pollutants. Sol. Energy 2005, 79, 393-401.

Kraeutler, B.; Bard, A.J. Heterogeneous photocatalytic decomposition of saturated carboxylic
acids on titanium dioxide powder. Decarboxylative route to alkanes. J. Am. Chem. Soc. 1978, 100,
5985-5992.

Franch, M.1.; Ayllon, J.A.; Peral, J.; Domenech, X. Enhanced photocatalytic degradation of
maleic acid by Fe(l11) adsorption onto the TiO, surface. Catal. Today 2005, 101, 245-252.

Choi, W.; Termin, A.; Hoffmann, M.R. The role of metal ion dopants in quantum-sized TiO:
Correlation between photoreactivity and charge carrier recombination dynamics. J. Phys. Chem.
1994, 98, 13669-13679.

Ivanovici, S. Synthetic Methods to Control the Structure of Titania—Polymer Hybrid Materials
and Nanocomposites; Vienna University of Technology: Vienna, Austria, 2008.

Dunphy Guzman, K.A.; Finnegan, M.P.; Banfield, J.F. Influence of surface potential on
aggregation and transport of titania nanoparticles. Environ. Sci. Technol. 2006, 40, 7688-1793.
Dobson, K.D.; Roddick-Lanzilotta, A.D.; McQuillan, AJ. An in situ infrared spectroscopic
investigation of adsorption of sodium dodecylsulfate and of cetyltrimethylammonium bromide
surfactants to TiO,, ZrO, Al,O3 and Ta,Os particle films from aqueous solutions. Vib. Spectrosc.
2000, 24, 287-295.

Li, H.; Tripp, C.P. Use of infrared bands of the surfactant headgroup to identify mixed surfactant
structures adsorbed on titania. J. Phys. Chem. B 2004, 108, 18318-18326.

Peak, D.; Ford, R.G.; Sparks, D.L. An in situ ATR-FTIR investigation of sulfate bonding
mechanisms on goethite. J. Colloid Interface Sci. 1999, 218, 289-299.

Amin, H.; Yacoub, N.; Ramadan, A.; Ragai, R.J. A comparative study of sulfated and phosphated
titanium oxides prepared by hydrolysis from titanium ethoxide. Spec. Publ. R. Soc. Chem. 2009,
318, 326-333.

Bai, B.; Hankins, N.P.; Hey, M.J.; Kingman, S.W. In situ mechanistic study of sds adsorption on
hematite for optimized froth flotation. Ind. Eng. Chem. Res. 2004, 43, 5326-5338.

Gao, X.; Chorover, J. Adsorption of sodium dodecyl sulfate (SDS) at ZnSe and a-Fe,O3 surfaces:
Combining infrared spectroscopy and batch uptake studies. J. Colloid Interface Sci. 2010, 348,
167-176.

Deacon, G.B.; Phillips, R.J. Relationships between the carbon-oxygen stretching frequencies of
carboxylato complexes and the type of carboxylate coordination. Coord. Chem. Rev. 1980, 33,
227-250.



Materials 2014, 7 2912

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.
56.

Nara, M.; Torii, H.; Tasumi, M. Correlation between the vibrational frequencies of the
carboxylate group and the types of its coordination to a metal ion: An ab initio molecular orbital
study. J. Phys. Chem. 1996, 100, 19812-19817.

Palacios, E.G.; Juarez-Lopez, G.; Monhemius, A.J. Infrared spectroscopy of metal carboxylates:
I1. Analysis of Fe(ll1), Ni and Zn carboxylate solutions. Hydrometallurgy 2004, 72, 139-148.
Nakamoto, K.; Morimoto, Y.; Martell, A.E. Infrared spectra of aqueous solutions. I. Metal chelate
compounds of amino acids. J. Am. Chem. Soc. 1961, 83, 4528-4532.

Nakamoto, K. Infrared and Raman Spectra of Inorganic and Coordination Compounds;
Wiley: New York, NY, USA, 1997.

Mehrotra, R.C.; Bohra, R. Metal Carboxylates; Academic Press: London, UK, 1983.

Qu, Q.; Geng, H.; Peng, R.; Cui, Q.; Gu, X.; Li, F.; Wang, M. Chemically binding carboxylic
acids onto TiO, nanoparticles with adjustable coverage by solvothermal strategy. Langmuir 2010,
26, 9539-9546.

Zeroka, D.; Jensen, J.O. Infrared spectra of some isotopomers of methylamine and the
methylammonium ion: a theoretical study. J. Mol. Struct. THEOCHEM 1998, 425, 181-192.
Onida, B.; Gabelica, Z.; Lourenco, J.; Garrone, E. Spectroscopic characterization of hydroxyl
groups in SAPO-40. 1. Study of the template-free samples and their interaction with ammonia.
J. Phys. Chem. 1996, 100, 11072-11079.

Pawsey, S.; McCormick, M.; De Paul, S.; Graf, R.; Lee, Y.S.; Reven, L.; Spiess, H.W.
'H fast MAS NMR studies of hydrogen-bonding interactions in self-assembled monolayers. J. Am.
Chem. Soc. 2003, 125, 4174-4184.

Nagamine, S.; Sasaoka, E. Synthesis of nanostructured titania templated by anionic surfactant in
acidic conditions. J. Porous Mater. 2002, 9, 167-173.

Jensen, H.; Soloviev, A.; Li, Z.; Segaard, E.G. XPS and FTIR investigation of the surface
properties of different prepared titania nano-powders. Appl. Surf. Sci. 2005, 246, 239-249.

Wang, R.; Hashimoto, K.; Fujishima, A.; Chikuni, M.; Kojima, E.; Kitamura, A.; Shimohigoshi,
M.; Watanabe, T. Light-induced amphiphilic surfaces. Nature 1997, 388, 431-432.

Kaletas, B.K.; Kozhevnikov, V.N.; Zimine, M.; Williams, R.M.; Koenig, B.; De Cola, L.
Sensitization of nanocrystalline TiO, films with carboxy-functionalized bis(indolyl)maleimide.
Eur. J. Org. Chem. 2005, 3443-3449.

Zhao, D.; Chen, C.; Wang, Y.; Ji, H.; Ma, W.; Zang, L.; Zhao, J. Surface modification of TiO, by
phosphate: Effect on photocatalytic activity and mechanism implication. J. Phys. Chem. C 2008,
112, 5993-6001.

Mapes, J.E.; Eischens, R.P. The infrared spectra of ammonia chemisorbed on cracking catalysts.
J. Phys. Chem. 1954, 58, 1059-1062.

Kosolapoff, G.M. Isomerization of tri-alkyl phosphites. J. Am. Chem. Soc. 1944, 66, 109-111.
Kosolapoff, G.M. Isomerization of alkylphosphites. I11. The synthesis of n-alkylphosphonic acids.
J. Am. Chem. Soc. 1945, 67, 1180-1182.

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).



