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Some spectral, electrochemical and energy transformation parameters have been investi-
gated for the polymethine dye 2,4,5,7-tetranitro-9-(3-(2,4,5,7-tetranitro-9H-fluoren-9-
ylidene)prop-1-en-1-yl)-9H-fluoren-9-ide triethylammonium (D), which exhibits three absor-
bance bands. The nature of the electrode processes was elucidated and the reduction and
oxidation potentials of the dye were determined using cyclic voltammogram data recorded for
the ground state of the dye. Then they were recalculated into the corresponding photoexcited
reduction and oxidation potentials. The heterostructure (HS) titanium dioxide/dye/polye-
poxypropylcarbazole (P/D/TiO,) has been synthesized and the diffuse reflectance spectra were
recorded. Then they were transformed into the absorbance spectra for a series of HS with
different compositions. Afterwards, the main parameters of HS spectra were found: the
short-wavelength and long-wavelength polymethine absorbance maximum positions, their
widths and intensity ratio. A comparison between the spectra of D as a component of HS and
D as a solute has also been done. Photocatalytic activity (PA) of HS was determined for the
model reaction of methylene blue reduction running under irradiation with light of different
spectral ranges. The HS spectral parameters and corresponding PA values were analyzed for
the samples with different dye content. The results are analyzed in terms of the energy
transformation related to the electron exchange processes running in HS.

Keywords: anionic polymethine dye, sensitization, heterostructure, titanium dioxide.

Hogi ceitaouyramei martepianm 3 ¢oToKaTaJdiTHYHOIO AKTHUBHICTIO Yy BHUAMMOMY Ta
ommxHbOMY iHbpauyepBoHOMY AianaszoHax Ha ocHOBi TutaH(IV) okcuay i moxiMmeTMmHOBOrO
6apeHuka. [.M.Kobaca, I1.B.Kondpauyx, I.B.Kypdwrosa, O.0.Iuenko, A.A.Benuka

TIpoBemeHo MOCHiKeHHSA CIEKTPaJbHUX, €JeKTPOXIMIUHINX 1 €eHepreTUUHUX XapaKTEePUCTUK
moJiiMeTuHOBOTO GapBHMKA TpuerniaamoHnino 2,4,5,7-rerpanitpo-9-(3-(2,4,5,7-rerpaniTpo-9H-
dayopen-9-inigen)nporn-1-eu-1-in)-9H-payopen-9-iny (B) 3 Tppboma cmyraMu NOrJavHAHHS. Bus-
HAUYEHO IIPUPOJY eJeKTPOJHMX IIPOoIleciB, mMeTomom IuKJIiuHOI BosbTammepomerpii (IIBA) oxmep-
JKAHO BEJMYUHM IIOTEHI[aJiB OKHCHEHHS Ta BiJHOBJIEHHS /Jsd OCHOBHOIO CTaHy OapBHHKA i
po3paxoBaHo ix 3HAueHHs y 30ymsxenomy crani. Omepsxano rerepocrpykrypu (I'C) "rturan(IV)
oKcuJ, — 6apBHMK — mogienokcunpomninkap6ason (II)” (II/B/TiO,). anucano cuexrpu audys-
HOro BimOuBaHH#A, aAKi TpancdopmoBaui y cmexkTpu mnoramHanHs I'C pisHoro kiapkicHoro
ckaany. Busmaueno ocuHoBHi mapamerpu cruekrpiB I'C: posramryBaHHS MaKCHMyMiB, IO
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BiITIOBifal0OTH KOPOTKOXBUJILOBil (K.X.) Ta MOBrOXBUJBOBi#l (J.X.) cMyram IOTJIMHAHHA ¥
MOJIEKYJII ToJiMeTHHY, IX IIWPUHY Ta CIiBBigHOIIeHHA iHTeHcuBHOCTell. IIpoBeneHo 3icraB-
JIeHHd TapameTpiB cuekTpiB B, mo sHaxoxaThea y ckaani I'C, is mapamerpamm iX crmexkTpiB
y posumHi. [ocaigmkeno dororaranrituuny aktuBHicTs (PA) I'C y MogennbHill peakiii BigHOB-
JIEHHS MeTUJIeHOBOTO OJIaKUTHOTO IpH il cBiTja pi8HUX CIIEKTPaJbHUX AiJIAHOK. IIpoBegeHo
sicTaBjeHHA [JaHUX PO 3MiHY chnexkTpanbHuUX mapamerpiB I'C sajelxHO Bix BMicTy B HEUX
6apBHUKa i3 manumMu npo PA nux MarepianiB. Ha ocHOBI posrifny eHepreTUKU eJIeKTPOH-
HUX TIPOIIECiB 3aIIPOIIOHOBAHO I OOTPYHTOBAHO TPAKTYBAHHA OJEePrKaHUX Pe3yJbTaTiB.

WccnenoBaubl CIEKTPaJbHBIE, 3JIEKTPOXUMUUECKNE VW JHEPreTudYecKue XapaKTePUCTUKU
MOJIUMETHUHOBOTO KpacuTesnsd TpusTmiaamMmonua 2,4,5,7-rerpanutpo-9-(3-(2,4,5,7-TeTpanur-
po-9H-dpayopen-9-unugen)upon-1-eu-1-un)-9H-payopen-9-uga (K) ¢ Tpems mosmocamu morio-
mwenusd. OnpepeseHa mpupoja 9J€KTPOAHBIX IIPOIECCOB, METOJOM IIMKJIWYECKON BOJIbTAMIIE-
POMETPUU IOJIYYEHBl BeJIMUYNHBI ITOTEHI[NAJOB OKVCJIEHUS W BOCCTAHOBJIEHUS JIJIsI OCHOBHOTO
COCTOSHUS KPAaCUTeJs U PACCYNTAHBI UX 3HAUEHUS B BO3OYKAEHHOM cocTofgHuU. IlosyueHbr
rerepocTpyKTypsl (I'C) "AUMOKCHA TUTaHA — KPAaCUTENb — MOJUINOKcUNponuikapbasomn (II)"
(II/B/TiO,). Bamucansl cneKTpsl Au(@PY3HOro OTpaskeHHs, KOTOPhIe TPaHC(HOPMHUPOBAHEI B
cuekTpsl moruomenusa ['C pasjinuyHOro KOJMYEeCTBEHHOro cocraBa. OmpeneseHbl OCHOBHBIE
napamerpsl creKTpoB I'C: mosiosKeHrne MaKCHMYMOB, OTBEUAKOIUX KOPOTKOBOJHOBON U IJIMH-
HOBOJIHOBOM I10JIOCAM IIOIJIOIEHWS B MOJIEKyJie IIOJIJMMETHHA, WX IINPHHA M COOTHOIIIEHUE
uHTeHcuBHOCTell. IIpoBegeno comocraBiieHre IIapaMeTpPoB CIeKTPoB K, HaXOAAIMXCA B COCTaBe
I'C, ¢ mapamerpamu ux crmeKTpoB B pacrtBope. Ompenenena (POTOKATAIUTAYECKAS AKTUBHOCTD
(PA) I'C B MozenbHON PeaKIUM BOCCTAHOBJIEHHUS METUJIEHOBOIO IoJiy0oro mpu JeMCTBUU CBETa
Pa3IMYHOr0 CIIEKTPAJIbHOIO AHMamnasoHa. IIpoBeeHO coIlocTaBieHre NAaHHBIX 00 M3MEeHEeHHN
cueKkTpanbHux mnapamerpoB I'C or comep:kaHus B HHUX Kpacuress ¢ pedyabraramu PA sTtux
marepuasioB. Ha oCHOBaHMHM PACCMOTPEHUS €HEePreTHKM dJ€KTPOHHBIX IIPOIECCOB IIPEIJIOKEHO U
000CHOBAHO TPAKTOBKY IIOJYYEHHBLIX PE3yJIbLTATOB.

1. Introduction

The photocatalytic systems based on
some inorganic oxides (in particular, TiO,)
exhibiting light-sensitivity in the visible
and near-IR ranges are promising materials
for solar light energy conversion and accu-
mulation [1-8], decontamination of some in-
dustrial wastes [9], development of novel,
non-traditional synthesis technologies [10]
etc. All these challenges require an im-
proved light efficiency and higher quantum
yields of the photocatalytic processes. This
raises the question of the development of
new advanced photocatalysts and photocata-
lytic systems. The heterostructure (HS) con-
sisting of a semiconductor, the dye-sensi-
tizer and, optionally, some other components
(photocatalytic blocks) are known as a way-
forward solution for the development of ad-
vanced wide-range photosensitive materials.

The photocatalytic blocks built of the HS
Dye/TiO,, containing cationic [11], anionic
[12], merocyanine [13], squaraine [14] dye-
sensitizer with one chromophore and cyan-
ine dye with two chromophores [15—-17] are
known as active compounds in the photo-
catalytic processes of methylene blue (MB)
reduction, iodide ions oxidation and produc-
tion of hydrogen gas from the water-alcohol
mixtures [18]. However, the range of their
photoactivity is restricted by the visible
part of spectrum [14-17] and it does not
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cover a practically important adjacent near-
IR part.

Tetranitrofluorene is a strong electron
acceptor that can be used as a sensitizer for
the photocatalytic blocks [19]. The dyes
with such moiety exhibit quite intense absor-
bance bands located in different spectral
ranges. They appear due to the electron
transfer processes involving the electron lev-
els of the nitrogroups participating in the
common T-conjugated system [20]. These ab-
sorption bands cover almost entire visible and
the near IR spectral ranges, which means
that a wider array of light quanta can poten-
tially take part in the photoprocesses.

This work deals with an investigation of
the sensitizing activity of such a polymethine
dye that has not been checked before.

2. Experimental

The P25 titania by Degussa, polye-
poxypropylcarbazole (P) and the po-
lymethine dye (D) [20] (see the formula
below) were used to build a light sensitive
HS P/D/TiO,.

The HS were obtained by the treatment
of the TiO, suspension with the dimethyl-
formamide solution of D at room tempera-
ture, followed by slow evaporation of the
solvent [21]. Then the HS were covered with
the protective polymer film deposited from
the benzene solution. As reported in [18], if
the content of P in the HS is ranged within
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0.02-0.20 mg/g, the film can efficiently
protect D from the wash-off, while no ob-
stacles arise for the photocatalytic processes
running between the solvent, TiO, and the
dye adsorbed on its surface.

An Ocean USB 2000+XR spectro-
photometer was used to record the absorp-
tion spectra of the solutions of D and MB.
The HS diffuse reflectance spectra were ob-
tained using a spectrophotometer Perkin
Elmer Lambda Bio-40 equipped with an in-
tegrating sphere. Then the latter spectra
were transformed into the absorption spec-
tra by the Kubelka-Munk method. Oxidation
ED/D+. and reduction ED/Di. potentials of
the dye were determined according to the
method given in [22]; CVA were obtained
with a BAS 100B/W Electrochemical Work-
station potentiometer equipped with a
standard three-electrode cell in argon at-
mosphere. The potential scan rate was
kept 100 mV-s~! throughout the entire ex-
perimental series. The HS PA was evalu-
ated in the process of MB discoloration
caused by reduction of the dye [23]. A
500 W incandescent lamp and a mercury
lamp DRT-230 were used to irradiate the
samples while all required spectral
ranges were cut off using the appropri-
ate light filter sets (UFS-6, A = 310—400 nm
and KS-19, A > 700 nm).

3. Results and discussion

There are two absorbance bands of the
polymethine dye: one is in the visible part
of the spectrum at 595 nm and the other is
in the near-IR part at 872 nm (Fig. la). The
absorbance bandwidths have been determined at

2/3 of their height (Fig. 1a) and these val-
ues were 32 nm for the short-wavelength
"sw" and 133 nm the long-wavelength "lw"
bands.

The comparison between the spectrum of
P/D/TiO, HS and the spectrum of a solution
of the dye shows that in the former case,
the both bands are wider (Fig. 1b). More-
over, this difference increases with a raise
in the D content (see Table 1). For instance,
for the sample 5, the "sw” bandwidth was
72 nm, while its "lw" bandwidth was
224 nm (Table 1), i.e. they are 2.25 and
1.68 times wider than the corresponding
bands in the solution. It should be noted
that neither pattern of the solution bands
nor a ratio between their intensities change
with concentration of D and the Bouguer-
Lambert-Beer law remains observed. Some
broadening of the absorption bands and a
dependence of their intensities on the sur-
face content of D in stronger association of
D with TiO, [24, 25]. As a result, the inten-
sities of the absorption band change, the
bands become wider and cover almost entire
visible and near-IR spectral ranges.

As it can be seen in Fig. 1b, a batho-
chromic shift was registered for the "lw"
band after deposition of D on TiO,. The
maxima of the HS "lw" band for the sam-
ples 5, 4, 3, 2 and 1 correspond, respec-
tively, to 921, 918, 921, 920 and 912 nm
and are shifted by 40—-49 nm relative to the
same maxima for the bands of the dissolved
dye (Fig. la, b). A further increase of the
dye content in the HS results in a deeper
association between its molecules.

Table 1. Some spectral and electrochemical characteristics of HS P/D/TiO,

Sample Dye content, M max> DI Momaxs DI I,,/1,, ED/D+. (Iw), ED/D_. (Iw), eV
No. mg/g (8, nm) (5, nm) eV
1 0.02 - 912 - -0.84 +0.80
2 0.10 590 920 0.63 -0.83 +0.79
(33) (186)
3 0.20 592 921 0.53 -0.83 +0.79
(52) (200)
4 1.00 591 918 0.74 -0.83 +0.79
(61) (213)
5 2.00 592 921 0.53 -0.83 +0.79
(72) (224)
Solution | 1.25.107¢ mol/dm3 595 872 1.33 -0.90 +0.87
(32) (133)
236 Functional materials, 28, 2, 2021
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Fig. 1. Absorbance spectra of the dimethylformamide solution of D at C = 1.25:107® M, [ = 1 cm (a)
and HS P/D/TiO, (b). The dye contents in the HS (mg/g) were: 1 — 0.02, 2 — 0.10, 3 — 0.20,

4 — 1.00, 5 — 2.00.

Besides, the hypsochromic shifts have
also been registered. Some new absorbance
bands appeared (Fig. 1b) and their maxima
corresponded to the shorter wavelengths com-
paring to those for the monomer dye. These
new maxima can be seen at 851, 844, 850,
851 and 832 nm for the samples 5, 4, 3, 2
and 1, respectively. Based on these experi-
mental data, one can summarize that both
"sandwich” and "head-tail” type associates
can be formed for this dye [26].

Another self-consistent and non-contra-
dictory explanation for the spectral changes
may be based on the effect of a semiconduc-
tor on the mutual arrangement of the ad-
sorbed D molecules on TiO,. A spatial con-
figuration of bound choromophore mole-
cules can be calculated from the ratio of the
intensities of the absorbance bands [27].
The intensity of the "sw” band is greater
than that of the "lw” band (I,/I;, > 1) if the
angle between the chromophores is sharp;
while this ratio is opposite (I ,,/I;, < 1) when
the angle is obtuse.

A similar calculation for the case of HS
gives the ratios 0.53, 0.74, 0.53 and 0.63 for
the samples 5, 4, 3 and 2, respectively
(Table 1). Thus, the obtuse spatial configura-
tion seems more stable for the deposited D.

The dye-sensitizer oxidation ED/D+. and
reduction Ep Di. potentials were +0.52 V and
—0.56 V, respectively (hereafter all poten-
tials are given vs the standard hydrogen
electrode). Then the excited state oxidation
E'ppt® and reduction E*p,p~® potentials
were calculated for the dye molecules using
the equations E*D/D+,. = ED/D+. — E* and
EwD/Di. = ED/Di. + E¥ and the energy val-
ues for the absorption band maxima (E7).
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These potentials are shown in Table 1 for
the "lw"™ absorption band.

The diagrams of energy transformation
and the schemes of light-induced electron
transfer were built for the HS using the
edge potentials of the conductivity Eqg =
—0.54 V and the valence Eyp=2.66V
bands of TiO, at pH = 7 [28], the reduction
potential of MB EMB/MB_. = +0.011 V [29]
and the oxidation potentials of formalde-
hyde EF F+.:—0.50 V [30] and P EP/P+. -
+1.28 V [31]. These diagrams are shown in
Fig. 2 for the HS sample containing
0.20 mg/g of the polymethine dye.

Photocatalytic activity of various HS
samples under irradiation by the light from
different spectral ranges is given in
Table 2.

It is important to develop highly ordered
photocatalytic systems [32] to obtain highly
efficient photocatalysts, and the following
requirements must be met: a high level of
the functional organization (correct selec-
tion of the photocatalytic and sensitizing
compounds); the energy exchange organiza-
tion (the correct choice of the components
with the correct energy parameters — oxida-
tion and reduction potentials) and, finally,
the structural organization (elimination of
the kinetic obstacles associated with the
short lifetime of the photo-generated charge
carriers — proper construction of the het-
erostructure blocks).

As it is seen from the energy transfor-
mation diagram (Fig. 2), the P/D/TiO, HS
meets all the requirements for the block
components — functional, energy exchange
and structural organization. These compli-
ances are observed both at absorption of
light by the dye (Fig. 2a) and at photoexcita-
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Fig. 2. Energy transformation diagrams for P/D/TiO, based photocatalytic systems and schemes of the
electron transfer processes induced by the light absorption by polymethine (a) and semiconductor (b).

tion of the semiconductor component of the
HS (Fig. 2b). A transfer of the excited elec-
trons from dye molecules towards the con-
ductivity zone of TiO, is a key stage govern-
ing the processes, if light is absorbed by D.
An ability of the sensitizer to donate its elec-
trons depends on the energy gap between the
excited oxidation potential E*D D+. and the
edge potential Eqp of the semiconductor con-
ductivity band [32]. As it can be seen from
the diagram in Fig. 2a (see process 2), this
gap is wide enough to maintain the elec-
trons transfer as a thermodynamically al-
lowed transformation. Moreover, there is no
thermodynamic obstacles (AE = 0.53 V) for
the further transfer of electrons to MB (proc-
ess 3). Since formaldehyde is a strong reduc-
tion agent, the regeneration of the dye-sensi-
tizer molecules from the cation-radicals
D/D™® (formed as a result of the electrons
transfer to TiO,; this process is shown by
the dotted lines in Fig. 2a) should also run
smoothly.

If light is absorbed by TiO, (Fig. 2b), a
transfer of electrons from the conductivity
band to the molecules of MB (process 2)
becomes possible after generation of the
electron-hole pair (process 1). This results
in reduction of the MB molecules. The photo-
catalytic loop closes when a hole in the va-
lence band of TiO, will be filled with an elec-
tron coming from the reduction agent. This
process may run either directly (process 3) or
involving the polymer (processes 4 and 5, see
Fig. 2b). It is important to note that a com-
petition between the two processes is possible
in the photocatalytic system. This competi-
tion is supported by the proximity of the gaps
ED/D_.- These values are related to the mo-
tive forces of the reaction 2 and the processes
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6 and 7 resulting in deactivation of the ex-
cited HS. In our opinion, these processes are
responsible for the gradual decrease in the HS
photoactivity with an increase in the dye con-
tent.

An analysis of the energy transformation
diagrams built for the HS P/D/TiO, proves
that there are no complications for the elec-
tron transfer processes required both for
the direct or sensitized photocatalytic re-
duction of MB. Therefore, this reduction
meets no thermodynamic barriers and
should run with high efficiency.

Comparing an influence of the heterosys-
tems on photoreduction of MB and D (Table 2),
one can note that they may act in a differ-
ent way depending on the wavelength of the
photoexcitation light. The visible light can
be absorbed by both D as a component of HS

Table 2. Photocatalytic activity (PA) of the
HS P/D/TiO, at various dye contents and
under irradiation by the light of different
spectral ranges

No. | Dye content PA, mg/ml-min-m?2
in the HS,
mg/g 7u4303111?n— A > 700 nm

1 0 1.4.1071 0
2 0.02 9.8.102 4.510°2
3 0.10 4.710°2 2.1.1071
4 0.20 2.8.10°2 5.4.1071
5 1.00 7.2.1073 2.8.1071
6 2.00 5.7.1073 7.71073

* HS P/D/TiO, were stable during at least 18 h
after the UV irradiation with the 230 W lamp.
The loss of activity was less than 5 %.

Functional materials, 28, 2, 2021
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and dissolved MB. In this case, the photore-
duction of MB is caused by the photocata-
lytic action of HS. This conclusion is proved
by the fact that the MB photoreduction ef-
ficiency is practically zero in systems that
do not contain HS or contain only pure TiO,
and are irradiated with visible light. When
a content of D in the HS is increasing, the
PA is also growing, reaches some maximum
and then turns to a decrease. The situation
is different when the light is absorbed by
TiO,. In this case, the PA is gradually de-
creases with an increase in the sensitizer
content (see Table 2). As it can be seen in
Fig. 2b, the dye competes with MB for the
electrons coming from the conductivity
band, and this indirect electron-hole recom-
bination results in a partial deactivation of
the photoexcited semiconductor. The rate of
this process increases with growth of the D
content in TiO, causing further deceleration
of the MB reduction. Besides, the spectral
data prove that D exhibits absorption near
400 nm. This effect can cause some lower-
ing in the PA of the HS when it is irradi-
ated by UV light. This assumption is in
good agreement with the experimental data
(Table 2).

It should be emphasized that D exhibits a
rather high photoactivity in the near-IR
range. Usually, the dye photoactivity can be
extended to this range through increasing
the length of its polymethine chain [33].
However, the LUMO energy level would ad-
versely decrease at this process [34] and it
can drop below the TiO, conductivity zone
edge. As a result, the dye photoactivity
would either decrease significantly or even
disappear completely.

In this context, it should be mentioned
that the reported dye exhibits some absor-
bance in the near-IR range, while its po-
lymethine chain length remains compara-
tively short. It consists of only three
methine groups, while other dyes require at
least seven groups to absorb the light from
that spectral range [35]. A deep coloring of
D is due to the well-developed m-system of
the fluorene nucleus [20].

Therefore, it is expected that this group
of polymethine dyes will be used as various
highly effective sensitizers of the hybrid or-
ganic-inorganic heterostructures exhibiting
activity in the near-IR range and usable in
the field of photocatalysis and the others
related to conversion of the solar energy.
They can be used for development of the
Gratzel cells [36], which require various
dyes that absorb light in the visible range
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[4, 86, 37]. Higher photo- and thermo-
stability of the short-chain polymethine
dyes bring extra perspectives for this class
of the dyes [26, 33].

A general scheme of the thermodynami-
cally adjusted mechanism of the photocata-
lytic process can be outlined on the basis of
an analysis the absorption spectra pattern
and changes in the PA occurring under irra-
diation with the light absorbed by D. When
irradiated with IR light, it was found that
the PA rose at first and then decreased with
the dye content increase. There are two pos-
sible reasons for such a pattern of the de-
pendence of the PA on the HS composition.
First, a greater number of the photoexcited
D molecules are generated if their concen-
tration is growing. This process leads to a
slight increase in light absorption, promotes
a better level of sensitization and supports
PA growth. On the other hand, application of
each new D molecular layer gradually increases
the distance between the layer and the sub-
strate; this leads to a weakening of the inter-
action between them. This process attenuates
the transfer of electrons from the molecules of
the photoexcited sensitizer and promotes more
active electron-hole recombination.

4. Conclusion

Some new heterostructures (HS) contain-
ing TiO,, anionic polymethine dye-sensitizer
with three chromophores and a polymer pro-
tective cover have been synthesized. They
are photosensitive over the visible and near-
IR spectral ranges and can be used as highly
effective redox-catalysts for reduction of
methylene blue (MB). The dependence of the
HS activity on its composition has been estab-
lished, energy transfer processes occurring
upon absorption of light have been outlined
and the mechanism of the photocatalytic ac-
tion (PA) has been discussed.
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