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Abstract

The effect of semiconductor titania—silica colloids on the fluorescent properties of adsorbed,H-fethylaminophenyl-3,5-dimethyl-
1,7-diphenyl-bis-pyrazolo-[3,4-b;-&]-pyridine (DEA-DMPP) has been studied by steady-state and time-resolved fluorescence spectroscopy.
3,5-dimethyl-1,7-diphenyl-bis-pyrazolo-[3,4-b&-pyridine (DMPP) in presence of,N-dimethylaniline has been employed as the system
simulating the separate electron acceptor and electron donor subunits of DEA-DMPP molecule. Silica and titania—silica colloid surfaces
inhibited the formation of the intramolecular charge transfer state (ICT) of adsorbed DEA-DMPP due to formation of H-bonds between the
amino group of DEA-DMPP and OH-groups localized on the surface.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Semiconductor titania—silica colloids; Fluorescence of DEA-DMPP; Charge transfer state

1. Introduction Titanium ions in mixed silica—titania compositions are
available to the local electron—acceptor interaction with
utilization of semiconductor titania particulate systems the adsorbed excited organic molecules. It can create a
in the colloid and powder forms as reactive heterogeneouscompeting deactivation pathway for the excited donor-
media has been and remains intensively studied in carryingacceptor pair. Recently, we have studied the photophysics of
out of photochemical transformations of adsorbed organic polyacenes (anthracene, pyrene) adsorbed on photocatalytic
compounds. Mixed silica—titania compositions can be often silica—titania mixed oxide systen§,7]. It was shown that
more efficient photocatalysts than pure titania. Interfacial electron transfer from excited anthracene t6*Tions of
photoinduced electron transfer reactions on the surface ofsilica—titania compositions caused effective fluorescence
disperse solids are governing stages in processes involvingquenching.
storage of the light energy and separation of chaffey. The possibility of intermolecular electron transfer
Actually, the electron-transfer dynamic of organic dyes from tertiary amine to excited polyacene on the silica and
bound to the semiconductor patrticles (powders, films) have silica—titania surfaces has been studig€l2]. Photoinduced
been intensively investigated for nearly two decafBes]. electron transfer reactions between adsorbed anthracene
(pyrene) andV,N-dimethylaniline (DMA) in porous silica
* Corresponding author. Tel.: +48 22 6323221, fax: +48 22 6325276. gel have peen examm?d by ﬂuo.rescence quencﬁmig_O]
E-mail addresses: smimat@i.com.ua (N. Smimova), and transient absorption techniqiil]. The quenching
krysiar@ichf.edu.pl (K. Rotkiewicz). on silica surfaces is found to be diffusion controlled
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and gives rise to exciplex formation on silica surfaces time-resolved fluorescence spectroscopy. These molecules,
[8]. Coadsorption of anthracene (An) and DMA on the composed of bulkyr-electron donor and electron acceptor,
silica—titania surface caused the decrease on the quenchinghow high sensitivity on environment due to forma-
action of titanium ions on the anthracene fluorescdmh2g tion of ICT (most probably TICT) state with relatively
Analysis of intermediates formed under laser excitation high fluorescence quantum vyeld. 3,5-Dimethyl-1,7-
revealed the absence of the intermolecular electron transferdiphenyl-bis-pyrazolo-[3,4-b,&]-pyridine  (DMPP) in
from tertiary amine to excited anthracene in this case. presence of N,N-dimethylaniline has been employed
However in spite of weak electron donor properties of for the comparative purposes as the system simu-
N,N-dimethylaniline relatively to titania when adsorbed lating separate electron acceptor and electron donor
alone, kation-radical DMA® and ions T¥* formation has  subunits.
been observed when DMA and An were coadsorbed. We
suggested the formation of exciplex ZDMA*® and
electron transfer from this complex (exciplex) td*Tions 2. Experimental
on the surfaces. In such way the effect of silica—titania
surface on the mechanism of bimolecular electron transfer  Titania—silica colloids (Ti/Si) with titania content 0—5 wt%
reaction has been revealed. Thus, the inhibition of diffusion- were prepared by low temperature sol-gel method with con-
controlled photoreaction in presence of Ti in silica took trolled hydrolysis of titanium(IV)-propoxide in stable silica
place. colloid Ludox AS 40 (Aldrich) in presence of HCI, EtOH and
The photoinduced ICT processes of adsorbed twisted water (in proportion 6:1:800,000). The freshly prepared col-
intramolecular charge transfer (TICT) molecules, eV, loid binaries are stable during several days. Ethanol (Aldrich)
N-dimethylaminobenzonitrile have been studied on the has been used as received.
dielectric surfaces: silica gel and zeolif¢4,15] The DEA-DMPP and 3,5-dimethyl-1,7-diphenyl-bis-pyrazo-
hydrogen-bonding effect on the ICT process of the adsorbedlo-[3,4-b;43'-] pyridine (DMPP) has been synthesized
TICT molecule has been found due to formation of strong in Agricultural University, Cracow, Poland. DEA-DMPP,
Si-O-H. . .NR3 hydrogen bonds. Similar effect of T{BIO, DMPP and DMA (Aldrich) in ethanol solutions were added
composites on intramolecular charge transfer has beento titania—silica colloids. After precipitation of colloid, DEA-
observed for adsorbed TICT molecules push—pull stil- DMPP was not found in solution that confirmed DEA-DMPP
benes[13]. Investigation of ICT molecules on the semi- adsorption on the surface of colloidal particles.
conductor surfaces can provide the information on the  For [4-(3,5-dimethyl-1,7-diphenyl-1,7-dihydro-dipy-
interfacial electron-transfer effect of the TICT molecules razolo[3,4-b;4 3 -e]pyridine-4-yl)-phenyl]-diethyl-amine
containing an electron-acceptor and electron-donor group.(DEA-DMPP)  synthesis 0.01mol of N,N-diethyl-
The electron transfer processes between CdS or, TiO benzaldehyde and 0.02mol of 5-amino-1-phenyl-3-
colloids andp-N,N-dimethylaminobenzoic acid (DMABA)  methylpyrazole were heated together at 260for 3 h in
have been studied16]. It has been established that sulfolane (10 ml). After cooling the reaction mixture was
CdS interacts with DMABA in the ICT excited state, digested with ethanol (20 ml) to give a yellow precipitate,
while TiO, interacts with DMABA in the local excited which was purified by column chromatography (Merck
state. The formation of the ICT state of DMABA was Silica Gel 60; toluene/ethyl acetate; 3:1). Light yellow
observed to become more favorable for the electron trans-crystals (2.4 g, 49%), m.p. 212-216 (toluene).
fer from CdS to DMABA at the DMABA-CdS inter- H NMR (300 MHz, CDC4): § 8.42(4H, d,J=8.7Hz,
face, while the electron transfer at the DMABA-BHO  2,6-Hiang7-p); 7.53(4H, t, J=7.4Hz, 3,5-H ang 7-P};
interface inhibited the formation of ICT excited state of 7.30-7.18(4H, m, 4-Hang7-pn BB’, 3,5-Hipp); 6.82;

DMABA. 6.75(AA, 2,6-Hy.pp); 3.46(4H, q,/=7, 1Hz, NAH,CHsg);
Photophysical properties of 4:(&,N-dimethylamin- 2.22(6H, s, 2 Me); 1.25 (6H, tJ=7, 1Hz, NCHCH3).
ophenyl-3,5-dimethyl-1,7-diphenyl-bis-pyrazolo-[3,4b,3 Anal. Calcd. for GiH3oNg: C 76.52; H 6.21; N 17.27.

e]-pyridine (DMA-DMPP), homological with DEA-DMPP,  Found C 76.45; H 6.16; N 17.11.
composed of the dimethylaniline electron donor subunitand  3,5-Dimethyl-1,7-diphenyl-1,7-dihydro-dipyrazolo[3,4-
the bulky electron acceptor one, have been shown to depend;3,4-e]pyridine was prepared according to Brack
on solvent polarity17]. The molecules with large-electron [18].
donor and acceptor subsystems could be interesting as new The absorption spectra were measured either with a Shi-
promising sensitive probes for heterogeneous photocatal-madzu or Hitachi U3300 spectrophotometer. Fluorescence
ysts. measurements were performed using Analytical Edinburgh
In this work we report the results of investigation Instruments spectrometer, with FS 900CDT steady-state
of the effect of semiconductor titania—silica colloids on T-geometry Fluorometer, FL 900 CDT Time-resolved T-
the fluorescent properties of adsorbed 4N4V-dieth- geometry Fluorometer (time resolution of the instrument
ylaminophenyl-3,5-dimethyl-1,7-diphenyl-bis-pyrazolo-[3, 0.1 ns) supplied with FLA-900 Level 2 Xe 900 Short Arc
4-b,3-e]-pyridine (DEA-DMPP) by steady-state and Lamp CD-900TE.
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2.1. Formulae
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spectrum between 400 and 450 nm is seen in addition to
3. Results and discussion the intensive long wavelengths ICT band, peeking at about
520-530 nm, similarly as in the case of DMA-DMPP in alco-

The experimental results of photophysical investigations hols [17]. The short wavelength band of DMA-DMPP was
andtheoretical calculations for DMA-DMPP suggestthe ICT ascribed to the emission from hydrogen-bonded molecules
character of its fluorescing state, most probably the TICT [19-21]
state in polar solven{d7,19] The same seems to be also for The fluorescence spectra of DEA-DMPP adsorbed on
DEA-DMPP, which exhibits the strong similarity of absorp-  the colloid titania—silica surface&ig. 2) differ dramatically
tion and fluorescence spectra to those of DMA-DMPP. Thus, from those in ethanolic solutiorfF{g. 1, spectra 2) and show
we can ascribe the fluorescence in non-polar dodecane taonly short-wave emission with max 450 nm, similar to the
the emission from locally (primarily) excited state and to the spectra in non-polar environmerftig. 1inset, curve 3) or in
emission from ICT excited state fluorescence in polar ben- acidified ethanolic solutiond={g. 1inset, curve 5). We sug-
zonitrile (Fig. 1). gest that silica and titania—silica colloid surfaces inhibit the

Absorption (curve 1) and normalized fluorescence (curve formation of the ICT state of adsorbed DEA-DMPP because
2) spectra of DEA-DMPP in ethanol solution are shown of H-bonding between of amino groups of DEA-DMPP and
in Fig. 1 The short wavelength shoulder of fluorescence OH-groups localized on the surface. Relative intensity of
the spectra with max 450 nm increased in presence of tita-
nia in the binary colloidFig. 2, spectra 2—4). OH-groups of
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Fig. 1. Absorption (1) and normalized fluorescence (2) spectra
(Aexc=340nm) of DEA-DMPP in ethanol solutioninser: fluores- Fig. 2. Fluorescence spectraef:= 340 nm) of DEA-DMPP in Ti/Si col-
cence spectra in dodecane (3), benzonitrile (4) and in acidified ethanol loids with TiO, content in: 0wt% (1), 0.6 wt% (2), 3wt% (3), 5wt% (4);
solution (5). Cpeapvpp=1.2x 1077 mol/g SIG/TiO5.
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Table 1
Effect of Ti/Si colloids on fluorescence decay time (ns), of DEA-DMPP at 1,04
monitoring wavelength 457 nma;;, A,—preexponential factors
Environment 71 (NS) Aq 72 (NS) A 0.8
EtOH 4.5 1.0
EtOH+HCI 1.4 0.97 4 0.02 S
@ 0,6

SiO, TiO2 (Wt%) =

0 3 0.3 11 0.7 2

1 3.8 015 222 0.85 2 044

3 4. 0.15 20.1 0.85 -

5 3.2 0.08 17 0.92 0.2
silica—titania surface possess higtoBsted activity, because 0,0 ,

the water molecules can be dissociatively adsorbed on titania
[22]. Thus, diethylamino groups of DEA-DMPP molecules
should be bonded with acidic OH groups of Ti/Si surface and Fig. 3. Fluorescence decay curvés =457 nm) of DEA-DMPP in EtOH
do not interact with bulky electron acceptor. (1), in EtOH+ HCI (2), and adsorbed on SiTiO; colloids with TiO, con-

The average ratio of adsorbed DEA-DMPP to titania ions tentinwt%: 0 (3), 1 (4), 3 (5), 5 (6X’pea-ompp=1.2x 10~ mol/g.
(1:2000 for 1% of Ti, and 1:10,000 for 5% of Ti in sil- ) ]
ica formally calculated per gram of mixed colloids) clearly [25]- It means that DMA is even slightly weaker electron
shows that there are significant proportions of the moleculesdonor and the fluorescence quencher than DEA. Using this
adsorbed at titania sites, where protonation of DEA electron line ofreasoning we suggested that the formation of hydrogen
donor group occurs. Ifable 1 the results of DEA-DMPP bonded amine with surface OH groups is even less favorable
fluorescence decay times are collected. The lifetime data forthat in the case of DEA, and bimolecular reaction result-
DEA-DMPP in neat ethanol was calculated as monoexpo- ing in the DMPP emission quenching can favour over strong
nential ones; the lifetime data for DEA-DMPP in acidified 2dsorption of DMA on the surface OH groups. ,
ethanol Cc = 104 M can be fitted better biexponentially Th_efluorescence ofDMP_P_ls qu_enched in presence of tita-
with 11=1.4 4, =97.0),,=4.0 A2=0.2); x2=1.12. The nia (Fig. 4, curves 1, 3, 5). Thisimplies that the electron trans-
data can be compared with the lifetime data for DEA-DMPP fer takes place from the singlet excited state of the adsorbed
adsorbed on Sigsurfacd23] measured for vacuumed sam- DMPP to the titania colloid particles, by analogy with the
plesir1 =2.2 (A1 =58.0):1,= 11.0 A, = 42.0); x2 = 1.64, that interaction between anthracene and silica-titania suftice
can be described as follows: as lifetime for DEA-DMPP Co-adsorption of DMA resulted in unexpected essential
molecules hydrogen-bonded on the silica surface rara incre_ase of _fluorescence intensity of adsorbed I_DMPP on
belonging to monocation formed by protonation of amino- titania-contained surfacgﬁg. 4, curves 4 and 6) mstead_
group. Fluorescence spectra with maximum near 450 nm, Of fluorescence quenching observed for these two species
very close to maximumin acidified ethanol solution at 450 nm Mixed in ethanol solution. Competitive adsorption of DMA
confirm this suggestion.

The main component, i.e. the fast one corresponds to the
decay of the free molecules, whereas the slow companent
to strongly hydrogen bonded. Fluorescence lifetime of DEA-
DMPP increased in presence of Ti in comparison with pure
silica colloid (Table ). The comparison of decay curves in
EtOH-HCI solution with the decay curves of the fluorescence
of molecules adsorbed on colloidsig. 3) testified that acid
medium of Ti/Si colloids does not cause the DEA-DMPP
fluorescence quenching. ]

DMPP with coadsorbedv,N-dimethylaniline (DMPP + 20000
DMA) were used as fluorescent probes for comparison of ]
intermolecular charge transfer process with intramolecular 0 L5 . ‘ : _ : . .
one from DMA as donor and DMPP as bulky electron accep- 400 450 500 550 600
tor. DMA-DMPP and DEA-DMPP comprise the example of Wavelength,nm
typical intramolecular charge transfer molecules. DMA acts
as quencher of the fluorescence of excited DMPP molecule e R :
via intermolecular charge transfer procgs4. The electron- DN(I)P_P + DMA system (2, 4, 6) on SDTIO colloids \.N'th_T'OZ C_%ment n

. ) wt %: 0 (curves 1 and 2), 0.6 (3 and 4), 3 (5 and §)iep=5-10"° mol/g,

donor abilities of DEA and DMA characterised by the redox ¢y, =510 mol/g. The values of fluorescence intensities were repro-
potentials E (/D) are equal to 0.76 and 0.81 V, respectively duced with accuracy of1%.
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Fig. 4. Fluorescence spectigfc= 340 nm) of DMPP (curves 1, 3, 5) and
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Table 2 TiO> content in the binaries causes an increase of fluores-
Effect of TiO, in Ti/Si colloids on fluorescence decay time [ns] of DMPP,  ~ance intensity Rig. 2) due to decrease of the mobility of

itoring at length 442 nmz, A>— tial fact )
monitoring & waveteng N, A27—preexponential factors adsorbed molecules on the acid OH groups, and decrease of

Content TiG (wt%) 71 (ns) A1 t2 (ns) Az non-radiative energy loss from the excited molecule.

0 243 0.19 7.24 0.81 In the case of DMPP molecules fluorescence on the col-
1 3.1 0.12 8.7 087 oid surfaces, most probably the electron transfer into titania
5 45 0.30 7.9 0.70

colloids takes place from the excited state of adsorbed DMPP.
Fluorescence intensity of adsorbed DMPP decreased corre-
molecules on the Ti/Si colloid surface occurred in this case. spondingly to the titania content in the binaries due to ET
Most probably DMA molecules occupied more active “tita- quenching effect and, in contrary, increased in presence of
nia” sites causing the remove of DMPP molecules to the coadsorbed quencher DMA due to competitive adsorption of
weaker OH-groups located on the silica part. H-bonded DMA DMA on the Ti-OH-centers. In this case, H-bonded DMA
molecules prevent electron transfer from DMPP to the titania prevents ET from DMPP to the titania particles. It should
particles. mean that we measured lifetimes of non-quenched DMPP
The lifetime of fluorescence of DMPP adsorbed on colloid molecules adsorbed on the silica part of colloid binaries.
surface is shorter than even in neat polar solver&0(ns)
[26]. It did not demonstrate direct dependence on titania con-
tent (Table 2. 4. Summary
Time correlated single photon counting measurements
have shown that the fluorescence decay is non-exponential gjectron transfer from DEA-DMPP to Tikxolloid parti-
but the fluorescence decay profiles are insignificantly influ- cles embedded within silica becomes less favorable due to
enced by fitania content{g. 9). It confirmed the static  jmmopilization of amino groups on the acid surface OH-
mechanism of DMPP fluorescence quenching and the impli- gy6ps; It should protect direct ET from fluorophore to titania.
cation therefore is that fluorescence is observed from DMPP 15 sjlica and titania—silica colloid surfaces inhibited the
molecules adsorbed on silica rather than titania sites. Staticiqmation of the ICT state of adsorbed DEA-DMPP because
character of the fluorescence quenching therefore shows thagt H_ponding between of amino group of DEA-DMPP and
there are a significant amount of DMPP molecules adsorbedoH.groups localized on the surface. The position of the max-
on or near titania sites. The most probable quenching mech-jmym of the spectrum and the fluorescence lifetime hint to
anism is electron transfer mediated. _ . highly emissive non-CT fluorescence. Long-wavelength ICT
The decay of DEA-DMPP s attributed to the emission panq did not occur in the spectra. Lifetime of DEA-DMPP
from the primarily excited non-polar excited state from H- ang pMPP slightly increased in presence of Ti in compari-
bonded form. The long wavelength ICT emission is totally -son with pure silica colloid due to immobilization of adsorbed

quenched due to strong adsorption of electron donor (DEA ypjecules and the reduce of their mobility and variations.
group) on the surface caused by interaction with OH groups.

This means that the DEA-DMPP molecules are adsorbed on
the Ti/Si and silica colloid surfaces via free electron pair
of the nitrogen atom of amino group. An increase of the
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