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Structural and electrochemical studies of TiO2

complexes with (4,4’-((1E,1’E)-(2,5-bis(octyloxy)-
1,4-phenylene)bis(ethene-2,1-diyl))bis-(E)-N-(2,5-
bis(octyloxy)benzylidene)) imine derivative bases
towards organic devices†

Anna Rozycka,a Agnieszka Iwan, *b Krzysztof Artur Bogdanowicz, c

Michal Filapek,d Natalia Górska,e Agnieszka Hreniakf and Monika Marzec*a

Three (4,4’-((1E,1’E)-(2,5-bis(octyloxy)-1,4-phenylene)bis(ethene-2,1-diyl))bis-(E)-N-(2,5-bis(octyloxy)

benzylidene)) imine derivatives were synthesized via a condensation reaction with p-toluenesulfonic acid

as a catalyst. The effects of the end groups and vinylene (–HCvCH–) moieties on the structural, thermal,

optical, electrochemical and photovoltaic properties of imines were investigated to check the influence of

TiO2 on the imine properties. The thermal behavior of imines and their complexes with TiO2 was widely

investigated using FT-IR, XRD, DSC and POM methods in order to determine the order type in the imine

structure. All imines present the highest occupied molecular orbital (HOMO) levels of about −5.39 eV

(SAI1 and SAI2) and −5.27 eV (SAI3) and the lowest unoccupied molecular orbital (LUMO) levels at about

−3.17 eV. The difference of the end groups in the imines in each case did not affect redox properties.

Generally, both oxidation and reduction are easier after TiO2 addition and it also changes the HOMO–

LUMO levels of imines. Moreover, changes in the characteristic bands for imines in the region

1500–1700 cm−1 observed as a drastic decrease of intensity or even disappearance of bands in the

imine : TiO2 mixture suggest the formation of a complex (CvN)–TiO2. Organic devices with the configur-

ation of ITO/TiO2/SAIx (or SAIx : TiO2)/Au were fabricated and investigated in the presence and absence of

visible light irradiation with an intensity of 93 mW cm−2. In all imines and complexes with TiO2, the gene-

ration of the photocurrent indicates their use as photodiodes and the best result was observed for

SAI3 : TiO2 complexes.

Introduction

Unique characteristics of organic devices offer a wide-range
implementation in numerous technologies, including photo-

voltaics and OLEDs.1,2 The primary aspects of organic elec-
tronics that influence the performance of the device are con-
nected mainly to the properties of the active semiconducting
layer such as charge mobility, energy levels and compatibility
with other components.3,4

There is current interest in the development of new organic
complexes suitable for nanotechnology applications. The
advantage of using low molecular weight organic molecules is
their ability to assemble into ordered structures that can
improve the charge mobility combined with the formation of
complexes thus improving the original properties of ligands,
i.e. changing the HOMO–LUMO response by the addition of
different ions.5,6

As is well known, in order to reduce the self-quenching
chromophore molecule of the active compound the guest,
used in OLEDs, can be incorporated into the host layer.
Already in 1989, Tang et al. reported improvement by a factor
of 2 of the emitter efficiency by doping the 8-hydroxyquinoline
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aluminum host with Coumarin 540, DCM1, or DCM2.7 The
entrapment of carriers between host and guest molecules, as a
result of the energy-level offsets, can alter the carrier balance
simultaneously: the carrier mobility imbalance of the active
component can be significantly improved by using another
component with suitable energy levels. The beneficial effect of
the balanced electron and hole mobilities would result in
keeping the recombination zone close to the emissive layer’s
center, hence improving the device efficiency.8

In recent years, a trend of using titanium dioxide (TiO2) in
various photovoltaic applications, mainly in perovskite and
dye-sensitized solar cells, has been observed. TiO2 has a wide
energy gap, and a lower recombination rate of electron–hole
pairs that can be modified by addition for instance of an
organic molecule which in turn could change also the inter-
actions with other components in the device.9,10

Despite the fact of the proven interaction between TiO2 and
N-donor organic molecules and the improved efficiency of
photovoltaic devices,11,12 to the best of our knowledge, no sys-
tematic studies have been presented till now.

Therefore, in this study, we investigated three new imines
containing (4,4′-((1E,1′E)-(2,5-bis(octyloxy)-1,4-phenylene)bis
(ethene-2,1-diyl))bis-(E)-N-(2,5-bis(octyloxy)benzylidene)) as the
main core together with three new complexes of TiO2 and the
synthesized imine. We report the influence of both molecular
and supramolecular interaction effects on the structural and
electrochemical behaviour of imines with vinylene moieties.
We paid a lot of attention to investigate TiO2 : imine inter-
actions, by using XRD, FT-MIR and electrochemical methods,
towards applications in organic devices with long-term stabi-
lity. Symmetrical imino-vinylene compounds with various end
groups were analysed for the first time taking into consider-
ation their complexes with titanium dioxide, the polarity of the
end groups and the order of the molecules.

Results and discussion
Synthesis and characterization of SAI1–SAI3

Imines SAI1, SAI2 and SAI3 were prepared by condensation
reactions of 2,5-bis(hexyloxy)-1,4-bis[2,5-bis(hexyloxy)-4-formyl-
phenylenevinylene]benzene with 4-(4-aminophenyl)benzo-
nitrile, 4-(heptadecafluorooctyl)aniline and 4-hexadecylaniline,
respectively (see Fig. S1 in the ESI†). All synthesized imines
have a symmetrical and plain structure that as the main core
contains three conjugated aromatic rings, with two hexyloxy
units each, and are connected with two vinyl bridges. The
difference between three imines lies in connected groups via a
new imine bond; 4-cyano-biphenyl (SAI1), 4-(heptadecafluor-
ooctyl)phenyl (SAI2) and 4-hexadecyl phenyl (SAI3) are shown
in Fig. 1.

The obtained products were characterized by 1H, 13C NMR
and 1H–13C HMQC, FT-IR (see the ESI†) and electronic absorp-
tion in chloroform solution (UV-Vis spectroscopy) (see Fig. 2).
In the UV-Vis spectra of the imines, the absorption maxima for
all imines in the visible region are similar to each other (ca.

450 nm). In addition, for all compounds, peaks at about
341 nm were observed. In each case, the lowest energy band is
ascribed to the π–π* transition of the conjugated p-phenylene
vinylene chain (sp2 hybridized bond). The substituents do not
affect visibly this transition, as expected.

Room-temperature FT-IR spectra of SAI1–SAI3

The molecular structure of the investigated SAI1, SAI2 and
SAI3 compounds was studied by infrared absorption spec-
troscopy applied at room temperature. Positions of the most
characteristic bands observed in the spectra for all investigated

Fig. 1 Chemical structure of the synthesized SAI1–SAI3 imines: where
in green frame-main core; purple 4-cyano-biphenyl (SAI1); blue 4-(hep-
tadecafluorooctyl)phenyl (SAI2) and orange 4-hexadecyl phenyl (SAI3).
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imines are collected in Table 1 and the spectra are shown in
Fig. S3.† The spectra of all three compounds contain bands
assigned to the stretching and bending vibrations of aliphatic
chains, aromatic rings and the –HCvCH– units located
between aromatic rings. The intense bands connected to the
ν(O–C–O) stretching modes of aryl alkyl ether groups are

observed at about 1205 and 1050 cm−1. In contrast, the band
of medium intensity attributed to the ν(HCvN) stretching
mode of the imine groups is located at 1648, 1652, and
1651 cm−1 in the case of SAI1, SAI2, and SAI3, respectively.
Considering trans-substituted –HCvCH– units between aro-
matic rings, the CvC stretching and vC–H out of plane
wagging vibrations are observed between 1660–1680 cm−1 and
955–970 cm−1, respectively. In contrast, the bands connected
to the ω(CH)ar out of plane wagging modes of 1,4- and 1,2,4,5-
substituted aromatic rings are located at lower wavenumbers
(between 760–875 cm−1).

Additionally, the IR spectrum of SAI1 contains a very
characteristic sharp band at 2226 cm−1 associated with the
ν(CuN) stretching vibration of the nitrile functional group. As
the SAI2 compound contains terminal fluorinated chains, very
strong bands located in the spectral ranges of 1150–1250 cm−1

and 529–656 cm−1 and ascribed to the ν(CF2) stretching and
δ(CF2) bending vibrations, respectively, can be observed in the
IR spectrum. However, some of the ν(CF2) modes can overlap
with the νas(COC) mode. Summing up, all functional groups
expected in the IR spectra of SAI1, SAI3 and SAI3 could be
identified. It confirms appropriate compositions of all three
investigated compounds.

Thermal analyses of imines

The determination of the transition temperatures and the
identification of the phases were done by complementary
methods: POM and DSC. Textures of SAI1–SAI3 registered
during heating and cooling with a rate of 10 °C min−1 are
shown in Fig. 3 while DSC results are presented in Table 2 and
in Fig. S4.† The DSC parameters of TiO2–imine mixture are
also presented in Table 2 and discussed below.

As can be seen from the DSC heating result for SAI1 (see
Table 2 and Fig. S4†), four different phases were observed.
There are the glassy phase, the crystal phase (after cold crystal-
lization) and the liquid crystalline phase before the isotropic
liquid. Similar results were obtained from POM measure-
ments. As an example, the SAI1 optical texture of the glassy
phase at 25.6 °C, the crystal phase at 50.7 °C and the liquid
crystalline one at 77.6 °C registered on heating are presented
in Fig. 3a. The texture of SAI1 registered on heating at 150.9 °C
shows the beginning of the phase transition between the
liquid crystal and isotropic liquid. At cooling for SAI1, the
liquid crystalline phase is well visible at 57.4 °C (Fig. 3b for
SAI1) while the transition between liquid crystalline and glassy
phases is presented in Fig. 3b for SAI1 at 51.2 °C. At 24.8 °C,
the glassy state was registered (Fig. 3a for SAI1).

On the other hand, results for SAI2 and SAI3 do not indi-
cate the liquid crystalline phase which means that SAI1 differs
from the series of the studied compounds. In DSC curves for
both SAI2 and SAI3, there are two small peaks before the
phase transition to an isotropic liquid, which may indicate
that there are three different crystalline phases. All the phase
transition temperatures for SAI3 are lower than those for SAI2.
The change of the texture colour was observed for SAI3 during
heating and cooling. It may be caused by the occurrence of

Fig. 2 Electronic absorption spectra of SAI1–SAI3 in CHCl3.

Table 1 List of band positions (cm−1) of the FT-IR spectra of SAI1–SAI3
with tentative assignments based on the literature.13–15

SAI1 SAI2 SAI3 Tentative assignments

3059 m; 3032 sh 3059 3081 ν(CH)ar + ν(vCH)al
3058 ν(CH)ar + ν(vCH)al
3024 ν(CH)ar + ν(vCH)al

2953 sh 2958 sh 2953 sh νas(CH3)
2925 s 2928 s 2922 s νas(CH2)
2870 sh ∼2875 sh 2868 sh νs(CH3)
2855 s 2857 s 2852 s νs(CH2)
2226 m ν(CuN)
1676 s 1679 m 1679 m ν(CvC)al
1648 m 1652 w 1651 m ν(HCvN)
1596 s; 1589 s 1587 s ν(CvC)ar
1583 s 1506 m; 1506 m; ν(CvC)ar
1504 m; 1490 m 1490 m ν(CvC)ar
1490 s ν(CvC)ar
1466 m 1467 m 1466 s σ(CH2)
1424 s 1429 s 1424 s δ(vCH)al ip
1386 m 1389 m 1388 m ρ(CH3)
1260 m 1264 sh 1263 m
1206 vs 1205 vs 1205 vs νas(COC)
1122 m 1116 m 1125 m

1244 s; 1219 vs ν(CF2)
1205 vs; 1151 s ν(CF2)

1072 m 1072 m 1071 m δ(CH)ar ip
1047 m 1048 m 1049 m νs(COC)
1030 m 1029 m 1032 m δ(CH)ar ip
1015 m 1013 m 1013 m δ(CH)ar ip
964 m 966 s 965 m ω(vCH)al oop
869 m 870 m 875 m ω(CH)ar oop
849 m 850 m 850 m ω(CH)ar oop
823 m 837 m 835 m ω(CH)ar oop
760 m 760 m 760 m ω(CH)ar oop
727 m 735 m; 727 m 722 m ρ(CH2)long chain
705 m 705 m 703 m
— 656 m; 560 m — δ(CF2)

529 m δ(CF2)
476 w 476 w 476 w δ(ring)ar oop

(w – weak; sh – shoulder; m – medium; s – strong; vs – very strong; ν –
stretching; δ – bending; ρ – rocking; σ – scissoring, ω – wagging; ar –
aromatic; al – aliphatic; ip – in plane; oop – out of plane).
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different crystalline phases or it is due to the change of the vis-
cosity and refractive index with temperature. In the case of
SAI2, the colour of textures does not change with temperature
and textures at cooling and heating are almost the same.

Temperature dependent FT-IR spectra of SAI1–SAI3

The DSC and POM results show that SAI1 undergoes two
phase transitions in the temperature range between 20 and
200 °C: one from the ordered crystal to the liquid crystal (LC)
phase (at 77.1 °C) and another into the isotropic phase (at
168.6 °C). In the investigated temperature range, the other two
compounds, SAI2 and SAI3, possess different ordered crystal
phases and their melting occurs at a much lower temperature

(ca. 123 °C and 88 °C, respectively). In order to obtain more
information about the nature of the discovered phases, temp-
erature-dependent FT-IR spectra were obtained. It should be
mentioned that the highest possible temperature, which we
can achieve in this experiment, is 130 °C. Thus, we could not
investigate the isotropization process of SAI1 as it occurs at
168.6 °C as the DSC measurements showed. Fig. 4b presents
the temperature evolution of the IR spectrum of SAI1 regis-
tered during heating in the spectral region (between 1360 and
1700 cm−1), where the internal vibrations connected to the ali-
phatic chains, aromatic rings, imine groups and aliphatic
double bond appear. The devitrification process and cold crys-
tallization, indicated by DSC at about 22 and 42 °C, respect-
ively, were not observed in IR spectra. The bands are well
defined and sharp starting from 0 °C which is evident for the
ordered crystal state. In contrast, the transition from the
ordered crystal phase (marked in black) into the LC phase
(marked in red) is clearly visible considering the appearance of
the bands and their distinctive positions. Splitting of the
bands connected to aliphatic chains: the ρ(CH3) mode at
1386 cm−1 into two components at 1381 and 1388 cm−1 and
the σ(CH2) mode at 1466 cm−1 into 1468 and 1473 cm−1 can
be observed above the transition to the LC phase. In contrast,

Table 2 Transition temperatures and associated enthalpy changes of
imines upon heating and cooling at a rate of 10 °C min−1

Code
Transition temperatures (°C) (ΔH, J g−1)
Heating/cooling

SAI1 21.58 (2.06), 41.89 (−27.74), 77.13 (25.69), 168.64 (0.49)
88.05 (−0.05), 25.16 (−0.13)

SAI2 58.80 (0.40), 66.62 (0.40), 123.32 (7.92)
110.44 (−24.63)

SAI3 48.90 (1.00), 62.76 (0.21), 87.82 (11.68)
61.73 (−19.86)

SAI1 : TiO2 55.13 (0.19) 136.22 (0.11)
37.14 (−6.62)

SAI2 : TiO2 28.65 (0.87), 89.04 (1.44)
79.57 (−3.52)

Fig. 4 Temperature evolution of the FT-IR spectrum of SAI1 obtained
during heating in the spectral range of 900–1300 cm−1 (a) and of
1360–1700 cm−1 (b). Ordered and liquid crystal phases are marked with
black and red colours, respectively. The bands which change signifi-
cantly at the phase transition are marked with arrows.

Fig. 3 Photomicrographs of the optical textures obtained for SAI1 (top),
SAI2 (middle) and SAI3 (bottom), during heating (a) and cooling (b) at
10 °C min−1 at various temperatures, magnification ×100.
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the bands connected to the ν(CvC)ar modes become single
and the band connected to the ν(HCvN) mode shifts slightly
toward higher wavenumbers above to transition to the LC
phase.

Some significant changes are also visible in the spectral
range between 900 and 1300 cm−1 (see Fig. 4a) during tran-
sition to the LC phase. The band attributed to the ω(vCH)al
out-of-plane bending vibration and observed at 964 cm−1

shifts toward higher wavenumbers by about 4 cm−1 and broad-
ens whereas the most intense band in the spectrum at
1206 cm−1 connected to the νas(COC) vibration shifts toward
lower wavenumbers by about 6 cm−1.

Moreover, the other νs(COC) band at 1047 cm−1 becomes
much broad. Also the group of bands, where the in-plane
δ(CH)ar bending vibrations within aromatic rings occur,
changes drastically its shape and intensity.

Additionally, in the high-wavenumber region, where the
stretching vibrations of aliphatic chains appear, the bands
interpreted as the νas(CH2) and νs(CH2) vibrations shift toward
higher wavenumbers by about 6 and 4 cm−1, respectively, and
their intensity largely increases above the transition to the LC
phase. The spectroscopic results show that practically all
functional groups of the investigated SAI1 compound: imine
and ether groups, aromatic rings as well as hydrocarbon
segments take part in the transition from the crystalline solid
into the liquid crystalline phase. On subsequently cooling the
SAI1 sample from 120 down to 10 °C, the transition from LC
back to the ordered crystal phase was observed at 60 °C (see
Fig. S5†).

In the case of SAI2 and SAI3 imines, no sudden changes in
the IR spectra of both compounds were observed in the solid
state (see Fig. S6†), which could confirm the existence of
different crystal phases as the DSC and POM results revealed.
In contrast, melting processes of SAI2 and SAI3 are clearly
visible in the IR spectra and manifest mainly as a distinct
intensity increase and broadening of some bands.
Temperatures of melting obtained by IR spectroscopy are in
good agreement with the DSC results. During cooling, the crys-
tallization processes were observed at ca. 100 and 65 °C for
SAI2 and SAI3, respectively (see Fig. S7†).

XRD of SAI1–SAI3

The diffraction pattern for SAI1 at 30 °C suggested the crystal-
line nature of the compound, as evident from the high
number of sharp reflections (Fig. 5).

The reflections located at 2θ = 4.5°, 7.8°, 8.9° and 12.3°
corresponding to d = 19.8 Å, 11.4 Å, 10.0 Å and 7.2 Å fit
roughly the columnar hexagonal pattern, which gives d-spa-
cings in the ratio 1 : 1/√3 : 1/2 : 1/3 and could be assigned to
the (100), (110), (200) and (210) planes, respectively. The pres-
ence of other numerous sharp reflections, especially the most
intense at 2θ angles 5.2° and 6.1°, gives evidence of the crystal-
line nature of the compound. Due to the broad nature of the
signal, it was not possible to assign other signals to any
pattern. When heated to 100 °C, a sharp signal at 2θ = 5.7°

appeared, which resulted from cold crystallization upon
heating, observed in DSC analysis at 42 °C (see below). The
sample restores partially its columnar-like organization when
cooled to 30 °C from isotropic melt (180 °C), which can be evi-
denced by the appearance of reflection at 2θ = 4.5°.

In the case of SAI2, the wide-angle X-ray analysis at 30 °C
and 120 °C (Fig. 6) displays several signals evident for crystal-
line compounds, with the intraplanar spacings at 32.2 Å,
15.9 Å and 10.6 Å, and a broad halo centered at 5.4 Å, which
corresponds roughly to the indexation (hkl) = (100), (200), (300)
and (001) of a columnar lamellar organization. The measure-
ment at 135 °C (isotropisation temperature) resulted in the
disappearance of the lamellar-like structure, which was
restored on cooling at 120 °C. The difference in the phase tran-
sition temperatures obtained by XRD and DSC (or POM)
measurements could be connected with different heating/
cooling rates.

The diffraction pattern for SAI3 at 30 °C and 70 °C also
suggested the crystalline nature of the compound (Fig. 7). In
detail, the reflection located at 2θ = 2.6°, giving an intraplanar
distance of 34.6 Å, was roughly assigned to the (100) plane of a

Fig. 5 Visualization of the chemical structure of SAI1 by using ACD/
ChemSketch (a), 2D XRD patterns obtained for SAI1 at 30 °C (b), 100 °C
(c) and 30 °C (cooling) (d). Intensity of the X-ray signal versus the diffrac-
tion angle, obtained by the integration of 2D patterns over an azimuthal
angle for SAI1 at 30 °C, 100 °C and 30 °C (cooling) (e).
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columnar phase. The presence of only one reflexion (d100) in
the XRD pattern is not uncommon in the case of aromatic-
cored molecules with long aliphatic chains exhibiting colum-
nar mesophases, however a clear distinction between hexag-
onal or lamellar columnar mesophases cannot be done.16 The
presence of other numerous sharp and less intense reflections
gives evidence of partial crystallinity. When heated above the
melting temperature (95 °C), all sharp signals disappeared
leaving only a broad halo at 4.4 Å. The columnar-like organiz-
ation was re-established after cooling.

Electrochemistry of imines

The electrochemical properties of SAI1–SAI3 were investigated
in CH2Cl2 solution by means of cyclic voltammetry (CV). The
electrochemical oxidation and reduction onset potentials were
used for the estimation of the HOMO and LUMO energies (or
rather, ionization potentials and electron affinities) of the
materials (assuming that the IP of ferrocene equals −5.1 eV).17

The calculated HOMO and LUMO levels together with the
electrochemical energy band gap (Eg) are presented in Table 3.

The electrochemical properties of pure compounds in
diluted CH2Cl2 (1.0 × 10−6 mol dm−3) solution were examined
(see Fig. 8a). The behaviour of all compounds during reduction
and oxidation processes was investigated in order to determine
the energy levels and band gaps of imines. For all investigated
imines (SAI1–SAI3), the peak onsets of reduction (Ered) were as
follows: −1.93 V, −1.92 V and −1.93 V (thus, almost equal for
all imines). Moreover, the oxidation of the abovementioned
compounds was also very similar, with onsets lying between
0.27 V and 0.29 V in each case. Taking into consideration that
these values are quite low (in the potential area typical of con-
ducting polymers18), it is undoubtedly the oxidation of conju-
gating double bonds within the discussed species (which are
“oligomers”, in fact). Additionally, in almost each case, com-
pounds underwent quasi-reversible processes (including mix-
tures with TiO2). Thus, electrochemical properties are similar
for those observed for conjugated polymers for which oxi-
dation and reduction are not reversible from the thermo-
dynamic point of view. However, it is worth noting that the
difference in the end groups of the molecule’s chain in each
case did not affect redox properties. Nevertheless, the electro-
chemically determined band gap is approximately 2.2 eV. We
have also performed similar measurements for thin films
embedded at the electrode surface. In this case, the difference
in the peak onsets of reduction (Ered) is negligible, while the
peak onsets of oxidation are considerably shifted to lower
potentials.

Fig. 6 Visualization of the chemical structure of SAI2 by using ACD/
ChemSketch (a), 2D XRD patterns obtained for SAI2 at 30 °C (b), 120 °C
(c), 135 °C (d) and 120 °C (cooling) (e). Intensity of the X-ray signal versus
the diffraction angle, obtained by the integration of 2D patterns over an
azimuthal angle for SAI2 at 30 °C, 120 °C, 135 °C and 120 °C
(cooling) (f ).

Fig. 7 Visualization of the chemical structure of SAI3 by using ACD/
ChemSketch (a), 2D XRD patterns obtained for SAI3 at 30 °C (b), 120 °C
(c), 135 °C (d) and 120 °C (cooling) (e). Intensity of the X-ray signal versus
the diffraction angle, obtained by the integration of 2D patterns over an
azimuthal angle for SAI3 at 30 °C, 70 °C, 95 °C and 75 °C (cooling) (f ).
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The Eg values obtained from the two different methods (i.e.,
UV-Vis and CV in solution) were compared, and the results
indicate that these values from the UV-Vis studies (using: Eg =
1240/λabs formula) are slightly higher than from the CV experi-
ment (EgUV-Vis = 2.76 eV, EgCV = 2.20 eV) suggesting that the
HOMO and LUMO are located at the same part of the mole-
cule. It is known that the energy differences between these
methods are typically not identical, and differences as large as
1 eV have been reported. It should be empathizing that during
the UV–vis spectra measurement, the generation of “Frenkel
exciton” occurs (electron/hole pair creation). This fundamen-
tally differentiates this technique from the electrochemical
measurement. During the electrochemical reduction, the elec-
tron is delivered “to the system” (from the electrode surface).
Similarly, during the oxidation of the molecule, the electron is
“derived” from the electrode.

Characterization of TiO2 complexes
with imines
XRD study of SAIx : TiO2 complexes

In all cases, the imine–TiO2 mixtures retained the original
ability to form structures observed for pure compounds,
without any alterations caused by the inorganic additive (see
Fig. 9a). Additionally, these samples were analysed in the 2θ
range from 18° to 60°, in order to observe characteristic
signals coming from the TiO2 anatase structure (see Fig. 9b).

As is seen, the analysis did not reveal any changes in the orig-
inal structure of the oxide.

POM study of SAIx : TiO2 complexes

Textures of SAI1 : TiO2–SAI3 : TiO2 registered during heating
and cooling at the rate of 10 °C min−1 are shown in Fig. 10.
Textures for mixtures are different from that for pure imines
(Fig. 3). Moreover, the transition temperatures of mixtures are
much lower. For SAI1 : TiO2, the change of textures with temp-
erature during heating and cooling was observed. On the other
hand for SAI2 : TiO2, there was only one texture registered
during heating while the change of texture colour was
observed at cooling. In contrast for SAI3 : TiO2, only one
texture during cooling was visible and the change of texture
colour was observed at heating up to the phase transition to
the isotropic liquid at ca. 52 °C.

As is seen from the DSC results, the phase transition temp-
eratures for all mixtures are lower than those for pure imines
(see Table 2). It is connected with the creation of complexes
and interactions of oxygen vacancies existing on the TiO2

surface with SAI1–SAI3, as is confirmed from the FT-IR and
AFM results (see Fig. S9†).

For SAI1 : TiO2, crystallization was observed at cooling,
unlike for pure SAI1, where cold crystallization was registered.
For SAI3, no phase transition was registered at DSC curves
during cooling and heating as well, which means that very low
enthalpy changes are connected with the phase transition.

Fig. 8 Cyclic voltammograms for SAI1–SAI3 (a), and some reversible scans for SAI2 imine (b). CV sweep rate ν = 100 mV s−1, 0.1 M Bu4NPF6 in
CH2Cl2.

Table 3 Electrochemical and energy level parameters of SAI1–SAI3 in solution and thin film

Code Eox (onset, CV) [V] Ered (onset, CV) [V] ECVg
a [eV] HOMOb [eV] LUMOc [eV]

SAI1 (sol.) 0.29 −1.93 2.22 −5.39 −3.17
SAI1 (th) 0.12 −1.93 2.05 −5.22 −3.17
SAI2 (sol.) 0.28 −1.92 2.20 −5.38 −3.18
SAI2 (th) 0.07 −1.92 1.99 −5.17 −3.18
SAI3 (sol.) 0.27 −1.93 2.20 −5.27 −3.17
SAI3 (th) 0.14 −1.92 2.06 −5.24 −3.18

a ECVg = Eox (onset) − Ered1 (onset).
bHOMO = −5.1 − Eox.

c LUMO = −5.1 − Ered, sol: solution, th: thin film.
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FT-IR study of SAIx : TiO2 complexes

Fig. 11 presents the FT-IR spectra of the SAI1–SAI3 imines and
their mixtures with TiO2, obtained at room temperature.

All three spectra of mixtures with TiO2 are very similar to
each other and differ significantly from the spectra of pure
azomethine components, especially in the middle-infrared
region. Most of the bands observed in pure components are
also present in their mixtures with TiO2 but the intensities of
these bands are much lower. Taking into consideration the
imine spectral range and the presence of new bands, all
spectra of mixtures contain a very intense and sharp band at
1724 cm−1 and a drastic decrease of intensity or even the dis-
appearance of characteristic bands for imines in the range of
1500–1700 cm−1 could be observed, which suggests the for-
mation of a complex (CvN)–TiO2. Alyea et al. reported a shift
in infrared spectra in the imine specific range for the Ti(SSP)2
complexes.19 Taking into consideration these findings and the
difference in the studied system by Alyea et al., a new band at
1724 cm−1 could most likely be assigned to the ν(CvN)
stretching vibration of the formed complex. Additionally, two

pairs of intensive double bands can be observed at 1269,
1249 cm−1 and 1118, 1103 cm−1 and are most probably con-
nected to the ν(C–O) modes also affected by complex for-
mation. In the high wavenumber range between
2800–3100 cm−1, the bands connected to the ν(CH2) and
ν(CH3) stretching modes in aliphatic chains are present in all
mixtures and have intensities comparable to the pure azo-
methines. The ν(CH)ar stretching modes of aromatic rings are
still present in all mixtures but have much lower intensities.

Fig. 11 Comparison of room-temperature FT-IR spectra of pure TiO2

and three pairs of compounds: pure SAI1, SAI2, and SAI3 components
and their mixtures with TiO2, marked with different colours.

Fig. 9 (a) Intensity of the X-ray signal versus the diffraction angle,
obtained by the integration of 2D patterns over the azimuthal angle for
mixtures of TiO2 with different imines at 30 °C. D-Spacings correspond
to azomethine structures. (b) Intensity of the X-ray signal versus the
diffraction angle ranged from 18° to 60°, obtained by the integration of
2D patterns over the azimuthal angle for pure TiO2 and mixtures of TiO2

with different imines at 30 °C.

Fig. 10 Photomicrographs of the optical textures obtained for the
SAI1 : TiO2 (top), SAI2 : TiO2 (middle) and SAI3 : TiO2 (bottom), during
heating (a) and cooling (b) at 10 °C min−1 at various temperatures, mag-
nification ×100.
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The observed changes confirmed a large influence of tita-
nium dioxide on the structural properties of SAI1, SAI2 and
SAI3. The interactions of oxygen vacancies located on the TiO2

surface with the studied compounds are evident and are of the
same type in all three investigated compounds.

Electrochemistry of SAIx : TiO2 complexes

Next, we carried out a series of measurements for imine : TiO2

mixtures (with different ratios). Measurements were done in
solution and in thin films. The shift in redox properties for the
imine : TiO2 mixture is remarkable. TiO2 affects both the value
and the shape of the peak. The change in redox behaviour is
almost negligible in solution, while for the thin film the band
gap is lowered by approx. 150 mV. Generally, both oxidation
and reduction are easier after TiO2 addition (see Table 4 and
Fig. 12).

No differences were found along with the change in the
amount of TiO2 in the mixture. However, it should be stressed
that the value of Eg for the imine : TiO2 mixture was about
0.7–0.8 eV lower than that for TiO2 (see Table 4).

In detail, our CV study showed changes in the electro-
chemical parameters of the investigated imines along with the
addition of TiO2. First, we analyzed the HOMO–LUMO levels
of imines and the imine : TiO2 mixture (3 : 2 w/w, as an
example) in solution. For imines containing 4-cyano-biphenyl
moieties (SAI1) and 4-(heptadecafluorooctyl)phenyl moieties
(SAI2) HOMO–LUMO levels investigated in solution show only
a little change after TiO2 addition. Differing behaviours were
found for imines with 4-hexadecyl phenyl moieties (SAI3)
where the HOMO level was shifted up about 0.15 eV, while the
LUMO level was shifted down about 0.17 eV along with TiO2

addition to the SAI3 imine. This behavior suggests that long
terminal aliphatic chains in SAI3 change probably the con-
figuration of imines and the influence of TiO2 on the imine
center is probably greater. Next, we analyzed the HOMO–
LUMO levels for the same compounds in the thin film. More
spectacular changes were found for all investigated com-
pounds after doping with TiO2. For example, the SAI2 imine
has 4-(heptadecafluorooctyl)phenyl moieties exhibiting the
shift up of the HOMO–LUMO level about 0.20 eV and 0.13 eV,
respectively, after TiO2 doping. Similar behavior was found for

the SAI1 compound (see Table 4). For the SAI3 imine, the
HOMO level after TiO2 doping shifted up about 0.14 eV
(similar to that in solution), while the LUMO level shifted
down a little (0.02 eV).

Similar interactions of SAI1–SAI3 with TiO2 can be
explained by the presence of imine bonds in all compounds
with a low electron pair on nitrogen atoms (–NvCH–) and the
formation of the ≥N–Ti bond in imine : TiO2 composites (see
Fig. S9†). As was shown in CV experiments, all imines doped
with TiO2 exhibited similar HOMO levels (from −5.38 to −5.42

Fig. 12 Cyclic voltammograms of the mixture of SAI1, SAI2 and SAI3
with different TiO2 ratios (in the solution or for the GC electrode coated
with a thin film). CV sweep rate ν = 100 mV s−1, 0.1 M Bu4NPF6 in
CH2Cl2.

Table 4 Electrochemical and energy level parameters of SAI1–SAI3 mixed with TiO2

Code Eox (onset, CV) [V] Ered (onset, CV) [V] Eg
CV a [eV] HOMO b [eV] LUMOc [eV]

TiO2 2.1 −0.91 3.01 −7.20 −4.19
SAI1 : TiO2 (3 : 1) 0.32 (0.23) −1.92 (−1.86) 2.24 (2.09) −5.42 (−5.33) −3.18 (−3.24)
SAI1 : TiO2 (3 : 2) 0.33 (0.30) −1.91 (−1.84) 2.24 (2.14) −5.43 (−5.4) −3.19 (−3.26)
SAI1 : TiO2 (1 : 1) 0.33 (0.27) −1.89 (−1.80) 2.22 (2.07) −5.43 (−5.37) −3.21 (−3.3)
SAI2 : TiO2 (3 : 1) 0.28 (0.21) −1.91 (−1.81) 2.19 (2.02) −5.38 (−5.31) −3.19 (3.29)
SAI2 : TiO2 (3 : 2) 0.30 (0.27) −1.90 (−1.79) 2.20 (2.06) −5.40 (−5.37) −3.20 (−3.31)
SAI2 : TiO2 (1 : 1) 0.32 (0.28) −1.89 (−1.77) 2.21 (2.05) −5.42 (−5.38) −3.21 (−3.33)
SAI3 : TiO2 (3 : 1) 0.31 (0.28) −2.00 (−1.97) 2.31 (2.25) −5.41 (−5.38) −3.10 (3.13)
SAI3 : TiO2 (3 : 2) 0.32 (0.28) −2.01 (−1.94) 2.33 (2.22) −5.42 (−5.38) −3.09 (−3.16)
SAI3 : TiO2 (1 : 1) 0.33 (0.28) −2.01 (−1.94) 2.34 (2.22) −5.43 (−5.38) −3.09 (−3.16)

a ECVg = Eox (onset) − Ered1 (onset).
bHOMO = −5.1 − Eox.

c LUMO = −5.1 − Ered; values in the bracket are determined for thin films.
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eV in solution), however, the value of the LUMO was different
for the SAI3 : TiO2 mixture compared with SAI1 and
SAI2 mixtures with TiO2 (see Table 4). Some differences were
also observed in the value of Eg of the SAIx : TiO2 mixture
along with the change in the imine structure. The highest
value of Eg equal to 2.34 eV was found for SAI3 : TiO2 (1 : 1
w/w) in the thin film where the imine used has 4-hexadecyl
phenyl moieties. The lowest value of Eg was found for the
SAI2 : TiO2 mixture (Eg = 2.19 eV for 3 : 1 w/w) where 4-(hepta-
decafluorooctyl)phenyl moieties were incorporated to the
imine structure. The value of the SAI1 : TiO2 mixture contain-
ing 4-cyano-biphenyl moieties in the imine structure was
found between the values of Eg for SAI2 : TiO2 and SAI3 : TiO2

mixtures. This behavior suggested that the interactions of
oxygen vacancies existing on the TiO2 surface with SAI1–SAI3
occurred in a different way, depending on the terminal groups.

Organic devices

To investigate the electrical properties and the application of
the synthesized imines and their mixtures with TiO2, two-layer
cells with the configuration of ITO/TiO2/imine (or
imine : TiO2)/Au were fabricated and characterized to evaluate
the photovoltaic properties. Fig. 13 shows the current–voltage
characteristics of devices with SAI1–SAI3 imines and SAI1–
SAI3 with TiO2 mixtures as the active layer measured under
solar illumination.

Our study showed that for all of the investigated imines and
their mixtures with TiO2, the generations of the photocurrent

occurs, as there is a significant difference between dark and
light I–V characteristics (see Fig. S9†). The highest value of the
photocurrent was observed for SAI3 : TiO2 and it is higher than
the photocurrent for pure SAI3 (see Fig. 13). In the case of
SAI1 and SAI2, characteristics are comparable to SAI1 : TiO2

and SAI2 : TiO2, respectively.
In our case, the devices with the configuration ITO/TiO2/

SAIx (or SAIx : TiO2)/Au were constructed and investigated
without and under illumination taking into consideration the
type of device active layer. The turn-on voltage of the devices
was observed at about 2.5 V at room temperature under illumi-
nation. Moreover, at 10 V, the highest current equal to 0.5
mA cm−2 was registered for the device with imine SAI3 : TiO2

compared with SAI3 (I ∼ 0.1 mA cm−2 for SAI3). For SAI2 and
SAI2 : TiO2, a similar behavior was found, while for the SAI1
imine with 4-cyano-biphenyl moieties at 10 V, the highest
current was 0.12 mA cm−2 and 0.08 mA cm−2 for SAI1 and
SAI1 : TiO2, respectively. The forward voltage corresponding to
Au was negative for all investigated devices and the organic
layer/Au interface forms probably a blocking or Schottky
barrier, while the TiO2/organic layer interface arrangement as
an ohmic contact. The effect on I–V characteristics suggested
differences in the planarity and conformation of the imine or
in the mixture with TiO2 and depends on the chemical struc-
ture of the investigated imines.

The current characteristic of the studied devices suggests
its use rather as photodiodes than as solar cells (I–V character-
istics in the first (I) and third (III) quadrants, however in our
case breakdown point in the reverse current, characteristic of
diodes was not found). Additional work is required to improve
the electrical properties of the investigated devices.

An AFM study (see Fig. S10†) confirms that the investigated
imines and their mixture with TiO2 do not show good film
forming properties on the glass surface due to the incompati-
ble nature: the hydrophobic compound on hydrophilic glass.
For the thin films of three pure imines, we observed a continu-
ous surface build with the small domains chaotically arranged
on the surface. The size of these small domains differs for
each imine – the smallest is for SAI3 and the biggest for SAI2.
There is also a difference between the topographies of pure
imines and their mixtures with TiO2, however this difference is
not significant but the height of structures is varied. The value
of roughness (Rms) depends on the imine and the mixture.
Topographies of SAI1 : TiO2 and SAI3 : TiO2 mixtures have
higher roughness (39.64 nm and 43.57 nm, respectively) than
those for pure imines (13.67 nm and 28.7 nm, respectively)
while for SAI2 and its mixture with TiO2, the opposite behavior
was found (20.09 nm and 26.5 nm, respectively).

Experimental

All chemicals and reagents were used as received from Sigma-
Aldrich. TiO2 was synthesized by the sol–gel method (see the
ESI†) and fully described in ref 20.

Fig. 13 I–V characteristics of the systems ITO/TiO2/active layer/Au, col-
lected under an AM 1.5 solar simulator illuminated with 93 mW cm−2

power density along with the energy level diagram of the investigated
compounds based on the CV experiment and the work function of the
different electrodes.
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Preparation of imines

A mixture of aldehyde (1.0 mmol) and amine (2.5 mmol) in
N,N-dimethylacetamide (DMA) solution in the presence of
p-toluenesulfonic acid (PTS) was refluxed with stirring for
10 hours. The reaction was conducted in an argon atmosphere
and the condenser was fitted with a Dean–Stark trap. After
cooling, the mixture was precipitated with 100 ml of ethanol.
The crude product was washed three times with methanol
(1500 ml) and then twice with acetone (800 ml) to remove
unreacted monomers. Then the compound was dried at 60 °C
for 12 hours.

SAI1. (4,4′-((1E,1′E)-(2,5-Bis(octyloxy)-1,4-phenylene)bis(ethene-
2,1-diyl))bis-(E)-N-(2,5-bis(octyloxy)benzylidene))-4-amino-4′-
cyanobiphenyl (C86H106N4O6). Yield 70%. 1H NMR (400 MHz,
CDCl3), δ [ppm]: 8.98 (s, 2H, –HCvN–), 7.94–7.06 (m, 22H,
aromatic), 7.05–6.58 (d, 4H, vinyl), 4.31–3.93 (m, 12H, Ph–O–
CH2–) and 1.98–0.75 (m, 66H, aliphatic). 13C NMR (100 MHz,
CDCl3), δ [ppm]: 167.7 (–HCvN–), 156.7–153.3 (aromatic, ≥C–
O–), 151.4–150.3 (aromatic, ≥C–Nv), 145.2–135.0, 133.3–132.7
(–HCvCH–), 128.1–122.0, 119.1–118.3 (–CuN), 110.1,
69.5–69.2 (Ph–O–CH2–), 31.7 (aliphatic), 29.4 (aliphatic), 25.9
(aliphatic), 22.7 (aliphatic), 14.1 (terminal aliphatic).

SAI2. (4,4′-((1E,1′E)-(2,5-Bis(octyloxy)-1,4-phenylene)bis(ethene-
2,1-diyl))bis-(E)-N-(2,5-bis(octyloxy)benzylidene))-4-(perfluorooctyl)
benzenamine (C88H98F34N2O6). Yield 75%. 1H NMR (400 MHz,
CDCl3), δ [ppm]: 9.02 (s, 2H, –HCvN–), 7.90–7.08 (m, 14H,
aromatic), 7.06–6.38 (d, 4H, vinyl), 4.23–3.89 (m, 12H, Ph–O–
CH2–) and 1.97–0.70 (m, 66H, aliphatic). 13C NMR (100 MHz,
CDCl3), δ [ppm]: 167.7 (–HCvN–), 157.7–154.1 (aromatic, ≥C–
O–), 151.8–151.0 (aromatic, ≥C–Nv), 138.6–135.4, 132.8–132.0
(–HCvCH–), 128.1–121.3, 110.9–110.0, 69.5–69.2 (Ph–O–
CH2–), 31.7 (aliphatic), 29.4 (aliphatic), 25.9 (aliphatic), 22.7
(aliphatic), 14.1 (terminal aliphatic).

SAI3. (4,4′-((1E,1′E)-(2,5-Bis(octyloxy)-1,4-phenylene)bis
(ethene-2,1-diyl))bis-(E)-N-(2,5-bis(octyloxy)benzylidene))-4-hex-
adecylbenzenamine (C106H164N2O6). Yield 76%. 1H NMR
(400 MHz, CDCl3), δ [ppm]: 9.04 (s, 2H, –HCvN–), 8.07–7.10
(m, 14H, aromatic), 7.05–6.55 (d, 4H, vinyl), 4.24–3.95 (m,
12H, Ph–O–CH2–), 2.65 (t, 4H, Ph–CH2–CH2–), 2.48 (t, 4H, Ph–
CH2–CH2–) and 1.97–0.65 (m, 124H, aliphatic). 13C NMR
(100 MHz, CDCl3), δ [ppm]: 167.7 (–HCvN–), 155.7–153.3 (aro-
matic, ≥C–O–), 151.3–150.4 (aromatic, ≥C–Nv), 140.6, 138.3,
131.7–131.4 (–HCvCH–), 129.1, 127.6, 121.1, 110.7–110.1,
69.5–69.2 (Ph–O–CH2–), 35.7 (aliphatic), 32.2–31.5 (aliphatic),
29.7–29.2 (aliphatic), 26.0 (aliphatic), 22.7 (aliphatic), 14.2
(terminal aliphatic).

Preparation of imine : TiO2 complexes

To prepare a mixture of SAI1–SAI3 imines and TiO2, appropri-
ate amounts of imine and TiO2 (with the ratio imine : TiO2

equal to 3 : 2) were mixed in chloroform to obtain a 5 mg ml−1

solution. The solution was stirred on a magnetic stirrer for
30 min and then dropped onto a microscopic glass slide and
heated up to ca. 60 °C and kept at this temperature for ca. 3 h
to evaporate chloroform. For POM measurements, the glass

slide was covered with a cover slide, and for DSC, the mixture
was scratched with a spatula and put into an aluminum pan.

Characterization techniques

The wide angle X-ray diffraction patterns (WAXRD) were col-
lected with a Bruker GADDS system (a parallel beam of CuKα
radiation formed by using a Goebel mirror monochromator
and a 0.5 mm point collimator, an area detector VANTEC 2000)
equipped with a modified Linkam heating stage. Samples were
prepared by adding dropwise 5 mg mL−1 of imine solution in
chloroform onto a microscope glass slide. In the case of mixed
samples of the imine with TiO2, the mixture was prepared by
replacing 2 mg of the corresponding imine with TiO2, main-
taining the overall concentration of 5 mg mL−1. The samples
after deposition on the glass substrate were annealed at 60 °C
for 3 h to remove chloroform.

Textures of imines and their mixtures with TiO2 were regis-
tered by using a Nikon Eclipse LV100 POL polarizing microscope
equipped with a Fine Instruments WTMS-14C heating stage. All
microphotographs were taken with cross polarizers configur-
ation (90°). POM experiment was done on the bulk samples.

A PerkinElmer DSC8000 calorimeter was used to do calori-
metric measurements. The temperature calibration procedure
was done based on the onsets of melting points of water and
indium. The sample was hermetically sealed in an aluminum
pan of 30 μl. Measurements were conducted at cooling and
heating at a rate equal to 10 °C min−1.

Samples were characterized with 1H NMR, using deuterated
chloroform (CDCl3) as a solvent with a Jeol ECZ-400 S spectro-
meter (1H – 400 MHz and 13C – 100 MHz) with a delay time of
5 s for protons. Measurements were carried out at room temp-
erature on 10–15% (w/v) sample solutions.

Temperature-dependent Fourier transform middle-infrared
absorption measurements (FT-MIR) were performed using a
Bruker VERTEX 70v vacuum spectrometer equipped with an
Advanced Research System liquid helium DE-202A cryostat and
a water cooled helium compressor ARS-2HW working in a
closed cycle manner. The set temperature was measured with
an accuracy of ±0.1 K. The spectra were obtained in the spec-
tral range of 500–4000 cm−1 with a resolution of 2 cm−1 and
32 scans per spectrum. The pure imine samples mixed with
KBr and compressed into pellets were measured first during
heating and then subsequent cooling. The SAI1, SAI2, and
SAI3 samples were measured at temperatures between 0 °C
and 120 °C, 20 °C and 135 °C, and 20 °C and 120 °C, respect-
ively. Additionally, room-temperature FT-MIR spectra of pure
components (SAI1, SAI2, SAI3, and TiO2) and their mixtures
(SAI1 : TiO2, SAI2 : TiO2, and SAI3 : TiO2) were obtained.

Electrochemical measurements were carried out using an
Eco Chemie Autolab PGSTAT128n potentiostat, a glassy carbon
electrode (diam. 2 mm), a platinum coil and silver wire as
working, auxiliary and reference electrodes, respectively.
Potentials are referenced with respect to ferrocene (Fc), which
was used as the internal standard. Cyclic voltammetry experi-
ments were conducted in a standard one-compartment cell, in
CH2Cl2 (Carlo Erba, HPLC grade), under argon. 0.2 M Bu4NPF6
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(Aldrich, 99%) was used as the supporting electrolyte. The con-
centration of compounds was equal to 1.0 × 10−6 mol dm−3.
The deaeration of the solution was achieved by argon bubbling
through the solution for about 10 min before the measure-
ment. All electrochemical experiments were carried out under
ambient conditions.

Construction and characterization of organic devices

Samples for photocurrent measurement were prepared on an
ITO patterned glass substrate (Osilla S211) to form a ITO/TiO2/
SAIx (or SAIx : TiO2)/Au multilayer structure. First, the ITO-coated
glass substrate was cleaned by ultrasonication in acetone and iso-
propanol for 20 min and oxygen plasma for 30 s. TiO2 (3D nano
P25 average particle size 21 ± 5 nm) was mixed with ethanol for
3 h on a magnetic stirrer to form a homogeneous suspension. A
ready suspension was spun cast (2000 rpm, 40 s) to form a
uniform film and the TiO2 layer was annealed for 60 min at
650 °C. Then, SAIx or a mixture of SAIx with TiO2 (3 : 2 w/w) in a
chlorobenzene solution was spun cast on top of the TiO2 layer.
The gold electrode was deposited by thermal evaporation in a
vacuum (5 × 10−6 mbar). The current–voltage (I–V) characteristics
were measured under the illumination of an AM1.5 solar simu-
lator (Oriel 150 W). The light power density was measured by
using a Newport Oriel P/N 91150V reference solar cell.

Conclusions

Starting from 2,5-bis(hexyloxy)-1,4-bis[2,5-bis(hexyloxy)-4-
formyl-phenylenevinylene]benzene, three new vinylene imines
SAI1, SAI2, and SAI3 containing 4′-biphenyl-4-carbonitrile,
4-(heptadecafluorooctyl)-phenyl, or 4-hexadecyl-phenyl substi-
tuents, respectively, were successfully prepared by conden-
sation reaction in solution. Taking into consideration different
polarities of end groups together with columnar ordering of
the studied imines, three new complexes based on imines and
titanium dioxide (in the anatase form) were easily prepared in
solution and as a thin film on the glass substrate. The
observed changes in the structural (FT-IR, XRD), thermal
(DSC, POM) and electrochemical properties of the investigated
organic–inorganic hybrid based on imine : TiO2 suggested that
the interactions of oxygen vacancies existing on the TiO2

surface occur mainly in the same way for all examined imines.
These interactions can be explained by the presence of imine
moieties in SAIx compounds and the formation of the ≥N–Ti
bond in imine : TiO2 composites.
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