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Pentylcyanobiphenyl as Test Molecule for the Acid
Sites of Powdered Titanium(IV) Oxides: Sensitivity
of Core Levels to the Local Structure

FLORICA UNGUREANU,! ADRIAN S. MANEA,!

LIGIA FRUNZA,"* STEFAN FRUNZA,! C. PAUL GANEA,!
FLORIN COTOROBAL! LUCIAN DIAMANDESCU,!

AND ANDREAS SCHONHALS?

National Institute of Materials Physics, Magurele, Romania
2BAM Federal Institute for Materials Research and Testing, Berlin, Germany

Pentylcyanobiphenyl was used successfully as a test molecule to show the acid sites upon
some commercial nanoscaled titanium dioxide materials. The surface interactions were
investigated in detail using methods sensitive to the surface or to the bulk material, e.g.,
X-ray photoelectron spectroscopy (XPS), infrared spectroscopy, and thermal analysis.
Different oxidation states of surface Ti ions were revealed. Several species were found:
the majority were bonded through the nitrogen lone pair of the cyano group, but bonding
to the surface OH groups by benzene 1 electrons might also appear. The N 1s lines of
adsorbed 5CB were able to distinguish between Lewis acid and relatively weak Brgnsted
acid sites.

Keywords Infrared spectra; pentylcyanobiphenyl; size dependence; titanium dioxide;
XPS

Introduction

Titanium dioxide (or titania) is widely used for antireflection coatings, gas sensors, as
biomaterial, acting as promoter in catalytic reactions, as support for metals and metal
oxides, and additive. Especially, it is used as photocatalyst (for a review see, for example,
[1]). In addition, the ability of TiO; films to align liquid crystal (LC) molecules because of
anisotropic dipole—dipole interactions was also investigated [2, 3]. Thus, among the various
other potential high dielectric constant oxides, TiO, shows an outstanding chemical stability,
a high refractive index and UV adsorption.

From the investigation of composite samples containing TiO, and 4-pentyl-4'-
cyanobiphenyl (5CB) [4] using broadband dielectric spectroscopy, we found that on some
titania samples the relaxation rate of the cyanobiphenyl molecules in a surface layer is
higher than that of the cyanobiphenyl molecules in the bulk state. Such behavior is not
commonly observed for other systems (see e.g., [5]), while other titania composites behave

*Address correspondence to Ligia Frunza, National Institute of Materials Physics, PO box Mg
07, 077125 Magurele, Romania. Tel.: +40 21 3690185; Fax: +4021 3690177. E-mail: lfrunza@
infim.ro
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Table 1. Bare TiO, samples

Calculated SCB  Physisorbed

Sample SBET Phase content leading to water?

label Source (m?g')  composition*  a monolayer (%) (%)

TiK Kronos 288.0  Anatase (100%) 85.2 2.7

TiG Degussa P25 53.2  Anatase (85%) 51.4 0.7
Rutile (15%)

TiD Riedel-de Haén 8.2  Anatase (100%) 14.2 < 0.1

?Obtained from a detailed analysis of XRD data.
As mass loss up to 400 K by thermogravimetric measurements.

normally as most of the oxide materials, molecular sieves, or aerosil [6, 7], namely the
relaxation rate of the molecules in the surface layer is lower than that in the bulk SCB.

On the other hand, pentylcyanobiphenyl molecules that are adsorbed on the surface of
TiO, (anatase) nanoparticles result in species hydrogen bonded through the nitrogen lone
pair of the cyano group and species bonded by 7 electrons of the benzene rings [8], as
observed by infrared spectroscopy.

Assuming a selective behavior of the multifunctional organic molecules at the TiO,
surface, this article considers in detail the surface species of SCB/TiO, composites by
a combination of methods, such as thermal analysis, infrared spectroscopy, and X-ray
photoelectron spectroscopy (XPS), sensitive either to the bulk material or to a surface layer
with a thickness of a few nm. This behavior was expected to discriminate between the
species bonded by aromatic 7 electrons, the nitrogen electron lone pair, 7 electrons of the
CN group, or the benzoimine-like species as it was found for adsorbed benzonitrile [9]. A
core-level XPS study is reported, which focuses on the detailed analysis of the O 1s, N 1s,
C 1s, and Ti 2p peaks. The quantitative evaluation reveals different oxidation states of the
surface Ti ions on the TiO, samples; the samples with higher Ti binding energies lead to
chemical modifications of the SCB molecules.

Experimental Techniques

The samples were TiO,-based catalyst powders provided by Kronos, Degussa, and Riedel-
de Haén. Their labels and some properties are collected in Table 1.

Nitrogen adsorption was employed to estimate the Brunauer Emmett-Teller (BET)-
specific surface area (Sggr) of these oxides. The Sggr value in TiD sample (Table 1) is
smaller and in TiG sample it is 53.2 m?> g”! as per the literature data [10—12]. The TiK
sample has the highest surface area (see Table 1).

The 5CB (Fig. 1) is a thermally stable single-component LC. In the bulk, SCB shows
the well-known phase transitions at

Cr—> 297K - N - 3085K — I,

Figure 1. Chemical structure of SCB.
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where Cr symbolizes the crystalline state, N is the nematic, and [ is the isotropic state. The
5CB was purchased from Aldrich and was used without further purification.

Dispersal of the SCB molecules on the catalyst surface was performed by mixing the
TiO, powder with the appropriate amount of SCB solved in carbon tetrachloride. Details
of the method are given elsewhere [6]. The solvent was then removed in vacuum at 348 K,
for 24 h. Its complete removal was checked by blank experiments. This method allows to
reach high values of the TiO,/5CB ratio leading to 5CB monolayer.

To obtain samples with different loading levels, different concentrations of the 5CB
solution were prepared. The content of SCB in the composites was determined by thermo-
gravimetric (TG) measurements as already described for other composites [13]. The amount
of the organic material is measured by the weight loss up to 723 K, while the inorganic
oxide remains stable up to much higher temperatures (the weight should be almost constant
by increasing the temperature up to 973 K or higher). From that weight loss the layer thick-
ness was estimated. The TG measurements were performed with a Perkin—Elmer Diamond
TG-DTA equipment, under dry air atmosphere with a heating rate of 10 K min~!. In the
following, the composite samples were labeled by SCB(n)/TiM, where n is the SCB/TiO,
ratio and M labels the source of the TiO, material (see Table 1). Table 2 shows the codes
and the TG data of the composites.

The structure of titanium dioxide materials was investigated by X-ray diffraction using
a Bruker D8 Advance Diffractometer (Cuk, radiation with A = 1.5406 A).

X-ray photoelectron spectroscopy was used to characterize the surface of the nanos-
tructured TiO, materials and their composites. The studies were carried out with an updated
spectrophotometer VG ESCA MKII, with an Al source (K, = 1486.6 eV), at a take-off
angle of 55° [14], using SDP 32 and S-PROBE software. Peak positions were assigned by
referencing the C s peak (adventitious carbon) to a binding energy of 285 eV and a linear
shift of all other peaks by an equal value, as customary. Both survey and narrow window
scans of Ti 2p, C 1s, N 1s, and O 1s peaks were conducted at 50 eV pass energy, with an
energy increment of 1 eV for survey and 0.05 eV for the narrow window scans [15,16].
Shirley backgrounds were used in all fits to the narrow scan spectra. Fits were carried out
where line shape, peak width and binding energy were adjustable parameters. Because of
the conducting properties of TiO,, electrons were not supplied for charge compensation.
No in situ cleaning was applied to the samples before measuring.

Vibrational spectra were recorded at room temperature with a FTIR Spectrum BX
(Perkin—Elmer) spectrometer in KBr, or using self-supported pellets. A standard measuring

Table 2. Properties of the composites

Sample 5CB/TiO, 5CB content” Physisorbed
label weight ratio® (%) water® (%)
5CB(0.200)/TiD 0.200 17.4 -
5CB(0.067)/TiD 0.067 5.7 -
5CB(0.227)/TiG 0.227 18.5 0.4
5CB(0.120)/TiG 0.120 10.4 0.5
5CB(0.200)/TiK 0.200 31.8 2.6
5CB(0.067)/TiK 0.067 13.6 3.7

“At the preparing stage.
"By thermogravimetric analysis.
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Figure 2. X-ray patterns of (a) TiD; (b) TiK samples. The asterisks give the positions of the anatase
peaks among the main observed peaks.

of a sample/KBr pellet (the same amount of sample and KBr, the same pressure value,
etc.) was adopted for a first comparison of the spectra. The obtained spectra were analyzed
in detail by fitting Gaussians to the data. Attenuated total reflection (ATR) measurements
were also performed.

Results and Discussion

The results are discussed in the following sequence: the crystalline structure of the pow-
dered oxides is considered. Then, the data obtained by thermal analysis, XPS, and FTIR
spectroscopy were described for both bare oxides and for composites. When possible, these
results were correlated to give a unified view on the surface interactions.

XRD Investigation of the Bare TiO, Powders

Figure 2 presents a comparison of the XRD patterns obtained for TiD and TiK samples. The
most intensive diffraction peaks in these XRD patterns are assigned to the anatase crystal
structure (SG 141, 141/amdZ). The absence of peaks at 260 = 27.5° and 30.8° due to (110)
and (121) reflections of rutile (SG 136, P42/mnm) and brookite [17], respectively, indicates
that these phases are not present. The intense lines of the TiD sample reveal a high degree
of crystallinity, while the broad diffraction peaks of TiK sample indicate the nanometric
dimensions of the particles.

Detailed structure determination was performed by the Rietveld method [18] in order
to obtain quantitative results related to the properties of TiO, nanopowder. The crystallite
size was calculated using the Scherer’s equation, and the sequence of the estimated values
is in good agreement with Sggt specific areas (see Table 1). The obtained average crystallite
size and lattice parameters are summarized in Table 3. Two phases (anatase and rutile) were
found to exist simultaneously for the TiG sample (Degussa P-25), which was also reported
in [19,20]. But the main part of the material (85%) has an anatase phase as in the case of
two other samples. The weighted average particle size was calculated to 38.1 nm.
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Table 3. Results of Rietveld refinement of the oxide structure

Lattice parameters

Sample a(A) c(A) Particle size (nm)
TiD 3.7828 9.5068 140
TiG 3.7892% 9.5172% 33
4.5978° 2.9600° 67
Weighted average 38.1
TiK 3.7986 9.5165 9.4
Errors 40.0005 40.0005 +0.2
?Anatase.
"Rutile.
TG Investigations

TG analysis of bare TiO, samples was employed to detect the total weight loss due to
physically and chemically bound water. TG curves are shown in Fig. 3: heating up to 400 K
removes the physically adsorbed water (e.g., [21] and references cited therein). This first
step is not crucial for characterization of the powders as it depends on humidity during
sample keeping and handling. As expected, the amount of the desorbed water (estimated by
the weight loss up to 400 K) scales with the specific surface area (see Table 1). The second
step of the weight loss (heating up to ~800 K) generally represents the removal of OH
groups from the surface, and possibly desorption of volatile organic compounds associated
with powder processing. The last step is used to determine the carbon content of the oxide
powder. At higher temperature, a phase transformation from anatase to rutile [17] takes
place and the heat flow curve (not shown here) shows an exothermal peak. Additionally,
the oxidation of some Ti** ions to Ti** might as well slightly increase the mass.

The density of the OH groups at surface (leading to the desorption of bound water
at temperatures higher than 500 K) for a fully hydroxylated titania powder consisting of

Mass loss, %

-0.3

T T T T T
400 600 800
Temperature, K

Figure 3. TG plots of the bare samples: [J — TiD (right y-scale), o — TiG (left y-scale), and A — TiK
(left y-scale).
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anatase with a (111) lattice structure was found to be 12—-14 OH/nm? [22], while for a
Degussa P25 sample it is 3.3 OH/nm? (by XPS analysis) [11]. Such a picture of the surface
composition should be realistic in the case of our sample TiG because these samples are
based on P25 material.

Thus, we found that the main decomposition peak of bulk S5CB is at 615 K; two other
processes of small intensity appear before (460 K) and after this temperature (845 K) as ex-
pected [23]. Representative TG plots of samples loaded with 5CB are given in Fig. 4. There
are several steps in the mass loss, which can be seen in the derivative thermogravimetry
(DTG) curves. These DTG peaks are asymmetric, which reveals that several species that are
differently bonded to surface contribute to the mass loss. Additionally, the processes have
a higher or lower rate depending on the surface interactions, which in turn are due to the
nature of the catalyst and the thickness of the CB layer. Thus, for the same TiO,/5CB ratio,
different samples have a similar decomposition pattern but with different relative intensities
for different processes. One process is found at lower temperatures (process 1) than the main
decomposition for bulk SCB (below 600 K), while the second process (process 2) is found
at higher temperatures above 700 K. The temperature positions and the relative intensities
of these two processes depend on the specific surface areas or the sizes of the particles (see
Table 3). Decreasing the layer thickness (higher TiO,/5CB ratio) leads to a decrease in the
relative intensity of the low temperature peak and an increase of the second peak.

To discuss the decomposition behavior of different samples the DTG curves are plotted
together for the same TiO,/5CB ratio in Fig. 5. With increasing specific surface area of the
particles (decreasing particle size), process 1 shift to lower temperatures and decreases in
its relative intensity. Process 2 increases in its relative intensity with increasing surface area
and also slightly shifts to lower temperatures. Moreover, because the samples with the same
5CB content are compared and the amount of SCB used for the formation of a monolayer
increases with increasing surface area, process 2 is used for the decomposition of a layer of
5CB molecules close (in strong interaction) to the surface of TiO,, while process 1 is more
of bulk-like because of the distance of molecules from the surface. Process 1 is shifted to
lower temperatures in comparison to bulk 5CB because of the absence of layer interactions
in liquid and stabilized molecule. Therefore, process 1 shifts to lower temperatures when
there is a decrease in the number of bulk-like molecules.

Furthermore, when the behavior of these SCB/TiO, samples is compared with that of
the 8CB/SiO, composite systems containing a homolog of SCB deposited onto aerosil [13],
one observes that although the temperature of the main decomposition process takes place
at 636 K for the bulk cyanobiphenyl, it appears at up to 70 K for the composites with the
monolayer coverage. DTG curves are also asymmetrical and depend on the cyanobiphenyl
amount. Hydrogen bonding of the cyanobiphenyl molecules with the surface was verified
in all these 8CB/SiO, cases. However, a variety of interactions of SCB with TiO, surface
are expected from spectroscopic investigations [8] of related composites. These bondings
lead to differently shaped DTG curves and hamper a quantitative comparison.

A more unambiguous assignment of the above-mentioned thermal processes can be
done only by coupling the TG measurements with investigations that identify the desorption
products. Such investigations are proposed but not yet in progress.

The loading degree calculated on the basis of the thermograms (see Table 2) is low
and ensures a thin layer approaching the thickness of a monolayer. The amount of 5CB
necessary to form a monolayer can be estimated by considering the specific surface area
of the TiO, material, assuming the orientation of the SCB molecules perpendicular to the
surface and using the length of unfolded SCB molecule as the layer thickness [13]. The
as-calculated values are given in Table 1. Thus, due to the large surface-to-volume ratio of
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Figure 4. TG-DTG plots for the samples as follows: (A) SCB (0.200)/TiD; (B) 5CB (0.227)/TiG;
and (C) 5CB (0.200)/TiK. The insert shows the main processes in the DTG curves for composites
with different TiD/5CB ratios: (1) 5; (2) 15.
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Figure 5. Comparison of the DTG curves for representative samples: solid line — SCB (0.200)/TiD;
dashed line — 5CB (0.227)/TiG; and dotted line — 5CB (0.200)/TiK. The behavior of bulk 5CB
(dash-dot line) is also added where the absolute values where scaled by a factor Of 0.5 for sake of
clearness.

the composites, the SCB molecules in the surface layer have the largest contribution to the
observed behavior.

X-ray Photoelectron Spectroscopy

Bare Oxide Samples. X-ray photoelectron survey spectra (not shown here) of the bare
oxide samples reveal the surface composition of the investigated samples. The elements
present at the surface were only C, O, and Ti, indicating that the contaminations are due to
organic adsorbates.

High-resolution photoelectron spectra in the energy region, where titanium and oxygen
peaks appear, are given in Fig. 6 along with the peak decomposition in the corresponding
insets. For the fit functions, either Gaussians (in the case of Ti) or combined 60% Gaussian
—40% Lorentzian (in the case of O) are employed.

The position of Ti peaks is shifted to higher values of the binding energy according
to the sequence TiD < TiG < TiK. This means that the binding energy of Ti is higher for
smaller particles than for larger ones. This systematic shift of the binding energy correlates
well with the shift found for Ols core level (see further). Although one cannot exclude
surface charge, which might be slightly different for the investigated samples, this shift can
be more likely due to the adsorption of organic molecules on the particle surface, which
shifts the position of the peak.

The spin—orbit components (2ps;; and 2p;;) of each peak could be well described
by only one curve, corresponding to titanium dioxide [24-27]. The peak separation of
5.5-5.9 eV between the Ti 2p;/, and Ti 2ps/; signals is in agreement with literature values
[28]. The components of the Ti 2ps,, peak (three components were sufficient to describe
the data for each sample) might be attributed mainly to Ti—-OH (458 eV), and especially to
bulk TiO, (459.3 eV) [29-32]. Some species (at 457 eV) might be due to Ti,Os3. T3t is
expected because TiO, usually have oxygen vacancies and therefore Ti** ions in the lattice.
However, Ti** appears in a very low concentration for our samples. The peaks of Ti atoms
(454 eV) and of TiO (455.2 eV) seem to be absent for our materials. The peak position shifts
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Figure 6. Titanium (A) and oxygen (B) XP spectra of the investigated samples. Each spectrum has
been scaled separately for sake of clearness. The inserts show the decomposition of the peaks for the
TiD sample, Shirley background is included as solid curve at peak base.

as function of the presence of adventitious carbon (or 5CB, see below) because organic
molecules adsorb at the surface of the particles. For smaller particles, a higher amount of
molecules can adsorb. This is verified by an increased total intensity of the C 1s peak (see
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Figure 7. Total intensity of C 1s core level of the oxide samples as function of their particle size.

Fig. 7) and a larger shift in the peak position is observed. The full width at half maximum
(fwhm) is comparable for the same species using the value given in the literature for Ti
compounds. The percentage of the species is illustrated in Fig. 8 as function of the particle
size.

The locations of the binding energies for the peaks, which create the O 1s signal,
agree well with the reported values for bulk oxide (O%>) and hydroxyl (OH™) species
[11,28,33-35]. The values of the fwhm of the higher and lower binding energy peaks were
1.30 and 1.68 eV, respectively. The difference between the binding energies of the assigned
hydroxyl (OH™) and oxide (O?~) species was approximately 1.2 eV, which is close to
the reported differences of (1.24) 1.5-1.9 eV. A direct comparison with the data for soda
glasses recently discussed by Nesbitt et al. [36] cannot be done, but one can adapt their
conclusion that three (or more) different oxygen types can exist as well. Thus, the major
contribution located at 531 eV, a value usually reported for TiO, samples arises from the
bulk O?~ oxygen atoms ([37] and the literature cited therein). Also according to the cited
literature the peaks at 532.2 eV and 533.3 eV can be well addressed to the twofold and
single-fold oxygen atoms, respectively.

The difference in the binding energy (of 71.2 eV) between the peak positions of Ti
2p12 and O 1s (oxide) is also in excellent agreement with reported literature values between
72.9 eV and 71.2 eV [34, 35, 38, 39].

Composite Samples. Representative narrow scan XP spectra of the composite samples are
shown in Fig. 9 for the binding energy regions of titanium and oxygen.

Curve analysis of the O 1s signal for the composites indicated the same number of
peaks as for the unloaded oxides: Therefore, the peaks were assigned in a similar manner.
Because O 1s photoelectrons from oxide and hydroxyl ions have nearly the same kinetic
energy, the SCB surface layer does not significantly affect the ratio of the signal intensities
Ton/loxide- As a first result, the spectra appear to contain significant amount of hydroxyl
groups at the surface, although 5CB was adsorbed. Therefore, a quantitative comparison
of the percentage of hydroxyl groups at the surface of TiO, and the composite particles is
more suitable than a comparison of their intensities. This ratio increases for composites,
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Figure 9. XP spectra of (A) O 1s core level and (B) Ti 2p3,, core level for the SCB(15)/TiK sample

(continuous line) in comparison with those of the corresponding oxide sample (dash-dotted line). The
ordinate scale is shifted for one sample against the other in both cases A and B for sake of clearness.
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by decreasing the percentage of the oxide ions and also by increasing the percentage of the
OH ions—at the same time, the amount of the third oxygen species is also changed (Fig. 8).

The (organic) molecule—surface interactions may strongly influence the core-level
binding energies of the O Is core level in the titania layer. Thus, binding energy of
531.6-532.1 eV is typical of hydroxyl groups at bridging sites [40—42].

The O and Ti photoemission spectra from the composite samples are shown in Fig. 9.
However, the intensity of the O and Ti photoelectrons is slightly reduced when compared
with the oxides as expected due to the presence of the surface 5CB layer. We found that the
position of the O 1s is shifted approximately 0.2 eV as compared with those in pure oxides.
In addition, the Ti peak positions are shifted approximately 1 eV toward lower binding
energies. This shift can be understood by considering that the surface of the particles has
certain roughness with exposed parts. As a consequence, some 5SCB molecules are bonded
to these exposed centers. For this, one may conclude that the SCB molecules bonded by
the Ti ions can be better identified than those bonded by hydrogen bonding onto terminal
oxygen atoms.

Further, it was observed (not shown here) that the intensity of the C 1s signal increases
slightly but systematically for the composites when compared with the corresponding
oxide sample. This increase is due to the SCB surface layer, but unfortunately the layer
thickness cannot be estimated on this basis. Moreover, despite the fact that the C 1s peak
was resolved by curve fitting into three components, their assignment to the carbon atoms
in the CN group, to the carbon bonded to the cyano group, and to the other carbon atoms
knowing the C 1s binding energies of gaseous benzonitrile (at 292.2, 291.9, and 291.0 eV
respectively [43]) is not straightforward. The assignment of C 1s peak components to the
benzoimine species probably formed onto the oxide surface is also not obvious (see ref.[9]
and the discussion below).

Instead, the SCB coordination can be more easily seen in the N spectrum. Fig. 10
shows representative spectra for two TiD containing samples with different concentration
of 5CB.

Intensity, a.u.

T T T T T T T
410 405 400 395 390
Binding energy, eV

Figure 10. N 1s XP spectrum for samples with different concentrations of SCB: 5CB (0.020)/TiD
(solid line) and 5CB(0.067)/TiD (dotted line).
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Figure 11. Percentage of N 1s core level of the composite samples with the ratio SCB/TiO, = 0.067
(A) in comparison with the core levels of the samples with the ratio SCB/TiO, = 0.200 (B) as function
of their particle size.

At least two 5CB surface species could be found on TiO, surface taking into consider-
ation the values of the N 1s core-level binding energies of pyridine adsorbed onto molecular
sieves [44, 45], both bonded by the nitrogen electron lone pair: one species bonded to the
surface cations with an empty orbital (so called Lewis acids) leading to binding energy at
approximately 399 eV and a second one, at higher binding energy, bonded to the Bronsted
acid sites (proton donor surface OH groups). Indeed, two 5CB species were found by
deconvolution of the N 1s core level on the surface of the investigated TiO, samples: these
species put in evidence Lewis sites and weak Bronsted sites. Moreover, our composite
samples containing a very low amount of 5CB on TiK oxide material, approach values that
might be associated to less weak Bronsted acids. The dependence of the two SCB species
on the particle size appears in Fig. 11: for both loadings the distribution of the N species is
almost similar.

FTIR Investigations

A representative infrared spectrum of a TiO, oxide (TiD) and a corresponding composite
sample is presented in Fig. 12.

There are strong and overlapping absorptions between 400 cm™' and 1000 cm™' [not
shown in Fig. 12(A)] in the spectrum of TiO, oxides. In this region, the stretching vibrations
of the Ti—O bonds (550653 cm™") and of the Ti—O-Ti bonds (436-495 cm~") [46] appear.
In addition, in the same wave number range there are the vibrations of the surface groups
(700-1300 cm™~!), hydroxyl and metal-oxygen bonds, and different dopants. Between
1000 cm~" and 1300 cm™!, a broad absorption [Fig. 12(A)] includes the peaks appearing at
1048 cm™!, 1137 cm™!, and 1222 cm™! related to the §(Ti—-O—H) deformation vibrations,
also called longitudinal and transverse optical phonons [47]. However, the assignment of
the peaks due to the vibrations of the groups of the TiO, framework is beyond the scope of
this work, therefore we focus only on the bands, which are involved in the interactions of
5CB molecules with the surface groups of TiO;.

Figure 12(A) shows a narrow peak at 3695 cm~' (which is due to the stretching
mode vOH of free hydroxyl groups) followed by a broad adsorption region at lower wave
numbers down to approximately 3000 cm™'; the latter band can be decomposed into several
components owing to vVOH of hydrogen bonded hydroxyl groups and to the symmetric and
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Figure 12. FTIR spectrum of the TiD sample (A) and of a corresponding composite SCB (0.200)/TiD
(B). The insert gives the spectrum for bulk SCB together with the assignments of its main peaks.

antisymmetric vVOH modes of molecular water coordinated by different types of Ti** ions
[48-55]. Free OH (unbounded) groups do not appear any longer in the spectra of the
composites [Fig. 12(B)].

The IR spectra of the composites are containing peaks due to both TiO, and 5CB.
Similar to TiO,, the composite [Fig. 12(B)] also shows a strong and broad OH stretching
peak between 3000 cm~! and 3800 cm ™~ but with a different spectral shape than for the case
of bare oxide. This change in the spectra is due to the OH stretching vibration: hydroxyl
groups of the titania material can be bonded in the composite either to the nitrogen lone
pair of the cyano groups or to the 7 electrons of the aromatic rings in the cyanobiphenyl
molecules. These bondings shift the stretching OH frequency to lower wave numbers and
explain the disappearance of the peak characteristic to free OH groups.

0.010

0.008

0.006

0.004

Intensity, a.u.

0.002

0.000

T T T T
2200 2220 2240 2260 2280

-1
Wavenumber, cm

Figure 13. Analysis of the absorption in the CN stretching region for the sample SCB (0.200)/TiK.
Points are experimental data; the dotted lines show the Gaussian components; and the solid line is
the sum of these components.
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Figure 14. Area of the characteristic cyano bands in the composite samples with thicker 5CB layer,
as function of the particle size: ¢ — SCB species coordinated to Ti ions; A — SCB species hydrogen
bonded to OH groups.

In the wave number, region between 2000 cm~! and 2500 cm~! of the oxide framework
does not have strong IR absorptions. Therefore, some peaks can be clearly identified [Fig.
12(B)] as belonging to SCB, and according to the rich literature on bulk cyanobiphenyls,
they are related to nitrile compounds and also to their interaction with different surface
adsorption sites [7, 23, 56-62]. This identification first concerns the C=N stretch (at ca.
2226 cm™!). Other peaks that can be well observed and assigned are the peaks due to
asymmetrical and symmetrical stretch of CH bonds in CH3 and CH, groups (between
2956 cm~! and 2857 cm™!), those due to CC aromatic ring stretch (at 1606 cm~! and
1494 cm™1), to alkyl deformation (at 1460 cm~!, 1397 cm™!, and 1378 cm™!), and those
due to the stretch of C—C biphenyl bridge (at 1285 cm™' cm™!). It is worth noting that
the C=N stretching mode at 1629 cm™! cannot be easily distinguished in the spectra of
our samples due to its overlapping with the TiO, matrix band and with water deformation
appearing at the same position.

The complex peak due to stretching vibration of the CN group is analyzed by fitting
Gaussians to the data where the number of applied Gaussians depends on the sample.
Representative example of the fitting process is given in Fig. 13.

This band shape analysis has shown that there are several peaks assigned to SCB
molecules as follows: a peak at ca. 2226 cm™' broader than the band of the monomers [56]
is due to bulk-like dimers. It is known that dimers of SCB molecules in the bulk are well
proved [63], mostly by XRD studies. A narrow peak at 2227 cm ™! is assigned to bulk-like
monomers while the one at ca. 2235 cm ™! is related to hydrogen bonded molecules Ti-OH
... NC-. Here, the bonding takes place through the lone nitrogen pair of the cyano group.
The peak at ca. 2265 cm™! is due to coordinately bonded molecules Ti ... NC—: For
example, for benzonitrile complex with Ti ions the upward shift is of ca. 40 cm™' [64].
Coordination through the v system of the CN group [8] generally results in a decrease of
the CN stretching frequency to ~2222 cm™'; however, this type of bonding is less evident
in our samples. The benzene rings of adsorbed SCB molecule might be oriented parallel to
the oxide surface [65], but this behavior is still undetermined from our experiments. More
systematic investigations would be necessary to unravel all the surface species developed
by the molecules of SCB onto the catalytically active powdered TiO, samples.
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Figure 14 shows the dependence of the amount of 5CB species as function of the
particle size of the pure oxides: it seems that the large particles have less exposed Ti ions
to bond the cyano groups of 5CB molecules, whereas they have more OH groups that are
able to form hydrogen bonds in these SCB molecules. These data show another finding
for the thermodynamic correlation of the size effect with the adsorption of molecules in
nanocrystals [66].

Conclusions

Pentylcyanobiphenyl has been chosen to interact with the surface of some powdered com-
mercial TiO; catalysts because of its multifunctional molecules with high thermal stability.
Before the interaction with this test molecule is considered, titania materials were well char-
acterized by XRD coupled with Rietveld analysis, nitrogen absorption, thermal analysis,
and XPS. Different oxidation states of the surface Ti ions were revealed, as expected.

The features of the surface species of SCB were determined from the investigations by
infrared spectroscopy, XPS, and thermal analysis.

Thermal analysis applied to composites containing TiO, and 5CB did not reveal
interactions at the microscopic level, but allowed inferring some information concerning
the structure of the surface layer. The profiles of TG curves obtained in the case of composite
samples presumably reflect desorption and decomposition from different types of surface
microdomains, that is, with different SCB—substrate interactions. However, it is now difficult
to identify such domains.

The complex shape of the TG curves for the composite samples shows differences in
the temperature at the maximal loss for each temperature interval, and dependence on the
TiO,/5CB ratio.

Core level XPS lines were well resolved into components. The analysis of N Is core
level put in evidence different acid sites on the surface of our TiO, samples: coordinatively
unsaturated titanium Lewis sites and weak proton donor OH groups as Bronsted sites.

Band shape analysis was performed for characteristic IR peaks (especially to those
due to CN or OH stretching vibrations). Several species resulted from SCB by interaction
with the surface and were clearly put in evidence in the region of CN stretching, such as
hydrogen bonded molecules and coordinately bonded molecules through the nitrogen lone
pair, species that correlate well were found from XPS analysis.

Bonding of 5CB molecule through  -electron clouds of benzene rings is quite possible
but was not clearly demonstrated in our experiments.

Due to the particular interaction with the TiO, surface, pentylcyanobiphenyl can be
taken as a test molecule, because it has good affinity for the surface of oxide nanocrystals
and spectroscopic properties to distinguish the nature and the distribution of the acid sites.
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