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Electron injection and back-electron-transfer dynamics of 7-diethyl amino coumarin 3-carboxylic acid (D-
1421) and coumarin 343 (C-343) dyes adsorbed on, i@hoparticles have been studied by picosecond
transient absorption and time-resolved fluorescence spectroscopy. Electron injection has been observed by
direct detection of electron in the conduction band of nanoparticle and cation radical of the dyes as detected
by picosecond transient absorption spectroscopy. Electron injection efficiency has been found to be much
higher for D-1421-sensitized TiManoparticle compared to C-343-sensitized;M@noparticle system. Steady

state and time-resolved fluorescence measurements show that in high polar solvent, the excited state of D-1421
dye molecule predominantly exits as twisted intramolecular charge transfer (TICT) state, whereas excited
C-343 exists as intramolecular charge transfer (ICT) state. On excitation with a laser pulse, D-1421 dye
molecule in a highly polar solvent (water) goes to the ICT state and then relaxes very fast to the TICT state.
Electron injection for D-1421 dye can take place both from ICT state and TICT state. As TICT is a highly
charge-separated state, it can inject electrons very efficiently to the Ma@oparticle. Quantum vyield for
electron injection for D-1421 dye has been found to be 0.90 compared to 0.60 for C-343.

1. Introduction during or prior to electronic and vibrational relaxation of the

o ) ) sensitizer molecules in the excited state.
Dye sensitization of wide band semiconductor electrodes has  (actron injection process in dye-sensitized nanoparticle can

gained sufficient attention in recent years, largely because of
the demo_nstration Qf the dye-sensitized sola_r cells with conver- gioe of the dye molecule. To understand the mechanism of
sion efficiency as high as 10%. The mechanism of solar cell - gjectron injection, it is very important to know the property of
devices is based upon the injection of an electron from a {he gye molecule in the excited state. The structural effect of
photoexcited state of the sensitized dye into the conduction bandjtferent Ru-dye molecules on charge separation (CS) process
of the semiconductor. The efficiency of the dye-sensitized solar ¢ photoinduced dye-Ti® systems has been compared by
cells depends critically on the rates of the forward (dye t0 Gratzel et aB* They have observed that the charge separation
semiconductor) and back (semiconductor to dye) electron- efficiency depends on the localization of the electron in the
transfer reactions. For an efficient solar energy conversion it is excited state of the chromophore. The best CS vyield was
necessary to establish the conditions of both fast electron gptained for the system in which the localization occurs on the
injection and slow recombination. High yield of long-lived |igand bound to the semiconductor surface. The behaviors of
charge separation is expected for the useful conversion ofthe excited-state dye molecules can be monitored by transient
sunlight into electric charge. However, detailed mechanisms, absorption and fluorescence spectroscopy. Aromatic compounds
the nature, and the rate of electron injection into the semicon- possessing two chromophores and exhibiting dual fluorescence
ductor, and factors determining the rate of back-electron-transfer,are of great intere3t 38 because the additional fluorescence is
are not well understood. Reports are available on back ET ratesfrequently associated with the formation of a highly polar excited
for different adsorbate dyes on nanoparticles ranging from pico- electronic structure. Such polar forms usually originate in the
seconds; 1223-30 nanoseconds®3-18 up to microseconds!®-2? transfer of an electron from a chromophore to another within
and even millisecond¥:2! On the contrary, not many experi-  the molecular structure, a process that is involved in some highly
mental reports are available on injection kinetics, except for significant, naturally occurring mechanisms such as vision and
some reports by Durrant et &k where they have shown that photosynthesi&® Every charge separation process in a chro-
injection kinetics are insensitive to variation of experimental mophore is favored by a polar environment, solvent polarity is
conditions such as electrolyte concentration and application of believed to facilitate the formation of the more polar forms
electrical bias! Effect of bridge length of the binding ligand  through increased viability of a twisted intramolecular charge
of Re-polypyridyl complexes on electron injection kinetics in transfer (TICT) mechanism. In any case, it is obvious that if
TiO, nanocrystalline thin film was studied by Asbury et®al.  the solvent polarity induces a change in the excited electronic
They have observed that the introduction of th€H, group state leading to high polar form through charge separation within
in the bridging length can retard the electron injection process. the molecule, then that can induce electron injection in to the
Evidence of hot excited-state electron injection from sensitizer conduction band of the Tinanoparticle.
to TiO, nanocrystalline thin film was also studied by Asbury In the present investigation we have studied electron injection
et al3® They have reported that electron injection occurred and back-electron-transfer dynamics of 7-diethyl amino cou-
marin-3-carboxylic acid (D-1421) and coumarin 343 (C-343)
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takes place followed by charge separation within the excited
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tion. Zirconium (1V) isopropoxide 2-propanol complex Zr[OCH-
(CH3)2]4 (CH3)2,CHOH (Aldrich, 99.9%) was used without
further purification. Nanopure water was used for making
aqueous solutions

(b) Sample Preparation.Nanometer-size Tigwas prepared
C343 by controlled hydrolysis of titanium (IV) tetraisopropoxigié?-4
A solution of 5 mL of T{OCH(CH),]4 (Aldrich, 97%) dissolved
with 95 mL of isopropyl alcohol (Aldich) was added dropwise

0
| (1 mL/min) to 900 mL of Nanopure water (Z) at pH 1.5
C (adjusted with HN@). The solution was continuously stirred
H; z\T COOH
Gl

for 10—-12 h until a transparent colloid was formed. The
colloidal solution was concentrated at-3%0 °C with a rotary
evaporator and then dried with nitrogen stream to yield a white
powder. ZrQ nanoparticle was also prepared by adopting the

D 1421 above procedure. In the present work all colloidal samples were
Figure 1. Molecular structure of the coumarin dyes studied in the prepared after dispersing the dry Li@anoparticles in water
present work. (15 g/L). A transparent clear solution of Ti@anoparticle was

o ) ) formed. To prepare sensitized nanopatrticles, coumarin dyes were
scopy. The electron injections to the TLi®anoparticle by  a4ded to TiQ colloid and sonicated for 1 min. For all the
D-1421 and C-343 have been confirmed by picosecond measurements the sample solutions were deoxygenated by

transient absorption studies, where the cation of the dye continuously bubbling high purity nitrogen (99.95 IOLAR grade
molecule and conduction band electron in the nanoparticle havesom Indian Oxygen Co. Ltd., India) through the solutions. The
been detected in the visible region. To see the effect of molecular g tions were passed thrdug 1 cmx 1 cm quartz cell during

structure of the dye on electron injection, these two dyes are 4| the measurements.
chosen. Both the dyes have the same anchoring groups, which
bind to the TiQ nanoparticle with a similar structure, except

that D-1421 has the diethyl amino group, and the nitrogen atom spectrometer, described elsewh&@riefly, the second har-

is in the ring for C-343 (Figure 1). Steady-state gnd time- monic output (532 nm, 8 mJ, 35 ps) of an active-passive mode
resolved fluorescence measurements show that excited D-142][OCked Nd:YAG laser (Continuum, USA, model 501-C-10) was
molecule predominantly exists as twisted intramolecular charge used for tHe excitation of the sam’ples 1I'he transients produced
transfer (TICT) state after photoexcitation, whereas excited . . ) : . .

C-343 exists as an intramolecular charge transfer (ICT) state.'tnoahep'\rrag.'gﬁq ﬁ??c?r:(tei Wer:]e dfgaitggob%::e'rrg%“?el datt))sorp-
Time-resolved absorption studies show that electron injection flocdsingvtr:e rtlagsidual fulnlcji:me(;]tal (1064 nm)) gf thlzja Nd'Y),iAG
efficiency is much higher (1.5 times) in the case of D-1421- ;- e
sensitzed T nanovaricle compared to C-343sensized {155 11 % 10 101 Q8T ) contanng 2050 (00
nanoparticle in a similar condition. The results have been The probe light was passed through a variable optical delay

explained in the following fashion. On excitation by a laser . S - )
pulse, the C-343 molecule goes to the excited state and thenIIne (1 m long) and then split into two parts using a 50:50 beam

the electron injection takes place from the excited state of the spliter. One part of the monitoring light was used as the
dye molecule to the nanoparticle. In the case of D-1421, on reference beam and the other was used as the analyzing beam

photoexcitation the molecule goes to the intramolecular charge(ﬁass'n? throut?h the |rrad|::1jt_ed samglﬁ). BOLh the referencehandd
transfer (ICT) state and then it relaxes very fast to the TICT the analyzing beams were dispersed through a spectrograph an

state. Because the TICT state is in a higher charge Se|o‘,j‘r(,juedinonitored us_ing_a_dual diode array based optical multichannel
state compared to the ICT state, charge separation takes IOIaC%1nalyzer, which is interfaced to a personal computer to process
very efficiently within the molecule in TICT state. So, electron the data.

injection is very efficient from the TICT state compared to that  (d) Picosecond Time-Resolved Fluorimeterf-luorescence
from the ICT state. On the other hand, relaxation from TICT lifetime measurements were carried out at the Tata Institute of
state to ground state is a forbidden transition, so TICT has a Fundamental Research, Mumbai, using a time-resolved fluo-
higher lifetime compared to that of the ICT state. As a result, rescence measurement set up. The instrument works on the
electron injection is more efficient from the TICT state than Principle of time-correlated single photon counting (TCSPC)
from the ICT state. In the present investigation we have observedtechnique?® Briefly, the output of a picosecond (4 ps) titanium:
that the TICT state of the D-1421 molecule is nonemissive. But Saphire laser (Spectra Physics, Tsunami) at around 890 nm
in the presence of low Tignanoparticle concentration, emission (average power- 1 W, frequency~ 82 MHz) was passed
from the TICT state of the D-1421 dye molecule has been through a pulse picker to reduce its frequency to about 800 kHz
detected. Rate of back-electron-transfer reaction from the TiO (with average power of about 15 mW). The 890 nm laser pulse
nanoparticle to the parent cation has been monitored from thewas then used to generate second harmonic at 445 nm with an

decay of the transient absorption of the cation radicals. average power of about 1 mW. The second harmonic light was
used to excite the sample. A small part of the reflected 445 nm

light was used to generate the start pulse for the TCSPC
instrument. The fluorescence signal gave the stop pulse for the

(a) Materials. Coumarin 343 (C-343) from Aldrich (97%) TCSPC. Observed fluorescence decays were analyzed by a
and 7-diethyl amino coumarin 3-carboxylic acid (D-1421) from reconvolution procedure using a proper instrument response
Molecular Probes were used without further purification. function, obtained by substituting the sample cell with a light
Titanium (V) tetra-isopropoxid¢ T{OCH(CHa),]4} (Aldrich, scatterer. Decay curves were fitted either as a single exponential
97%) and isopropyl alcohol (Aldich) were purified by distilla-  or multiexponential functions as

(c) Picosecond Visible SpectrometeRicosecond laser flash
photolysis experiments were carried out using a ptipobe

2. Experimental Section
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F(t) = 2F;(0) exp(t/z;) 08

40

wherert; is the emission lifetime an&;(0) is the preexpo-
nential factor of thaéth component of the sample.

(e) Pulse Radiolysis.Transient absorption studies were
carried out using pulse radiolysis technique described eétlier.

0.6

2 4 6 8

. 0.4 N
Electron pulses of 7 MeV and 50 ns duration were used for VITO) x 10\
irradiation. The transients produced were detected by kinetic i ing
spectrophotometer. The absorbed radiation dose was measured 0.2 TiO, Corcentration

Absorbance (a.u)

by thiocyanate dosimetrd?. The typical dose was 10 Gy.

(f) Cyclic Voltametry. Voltametric experiments were per-
formed with Auto Lab PGSTAT 20 (Manufactured by Eco- 0.0 o = e
Chemie, The Netharlands) using Pt electrode (GC)/Pt/Ag/AgCl.

The PG STAT was driver)l by Aguto lab softwa(re. 2I'he tgmp?er- Wavelength (nm)
ature of the solution maintained at 250.1 C°. The measure- Figure 2. Absorption spectra of 7-diethyl amino coumarin 3-carboxylic
ments were done in acetonitrile solution with TEAP (tetra- acid (D-1421) dye in the presence of various FiGncentration.

; ; i~ Conditions: 12um D-1421 dye in 1 cm optical path length. TO
Etzhglt?nrgz';ﬁ;:? per chlorate) as supporting electrolyte and in oo 0 o ione are (1) 0.0, (2) 0.1, (3) 0.21, (4) 0.32, (5) 0.44, (6) 0.57,

(7) 0.73, (8) 0.94, and (9) 1.19 gm/L. (10) Absorption spectrum of 10

. . gm/Lit TiO, nanoaprticle in water. pH of all the above solutions is

3. Results and Discussion 2.5. (Inset: Benesi-Hildebrand plot of the D-1421/FiGomplex
(a) Assignment of Steady-State Optical Absorption and ~ Monitoring at 500 nm).

Emission Spectra.To study the electron-transfer processes in 0.20

D-1421-sensitized Ti@nanoparticle system, steady-state ab-

sorption and emission experiments have been carried out. It has

been observed that, in the presence of ;Ti@noparticles, 0.154

D-1421 dye molecules adsorb on the nanoparticle surface. Figure

2 shows the absorption spectrum of free D-1421 in water and « 010-

D-1421-sensitized Tignanoparticles both at pH 2.5. The effect <

of increasing TiQ concentration on the absorption spectrum is

also shown. Free D-1421 dye in water gives absorption peak at 0.054

435 nm at pH 2.5. The optical absorption spectra of these

coumarin dyes are very sensitive to solution pH. Although we 0.00

have observed in the pH range-4, the optical absorption : 600 700 800 900

spectra of these coumarin dyes do not change much. On addition ‘Wavelength (nm)

of TiO2 nanoparticle, the optical density at the absorption peak rjgyre 3. Transient absorption spectra of 7-diethyl amino coumarin

(435 nm) increases, goes broad and little red shifted. At higher 3-carboxylic acid (D-1421) (108M) sensitized Ti@ colloid (20 gm/

concentration of TiQ the absorption spectrum shows a peak L) in water at (a) 35 ps, (b) 66 ps, (c) 132 ps, (d) 660 ps, (e) 1.32 ns,

around 440 nm and it has absorption up to 600 nm. The pH of (f) 1.98 ns, and (g) 3.96 ns after 532 nm excitation. The spectrum at

all the above experimental solutions is kept at 2.5. Benesi each time delay consists of a positive peak at 665 nm along with a

; _ T ; shoulder at 610 nm and a broad positive absorption feature in the whole
Ellderbsnd pl_ot ;(')r the 2D. 1421 _I'_I'kI],Qnano_lpgr_tlcle system has spectral region (756900 nm). These features are assigned to the cation
een shown in Figure 2 inset. The equilibrium constaag)( radical of D-1421 and injected electron in nanoparticle. [Inset: Kinetic

600

=
£ 2 2
a

can be determined using Beneslilderband equatiof® For decay trace of D-1421 cation radical at 665 nm ].
surface adsorbed dye molecules the equilibrium can be repre-
sented as constant of the adsorbed dye is determined from BH plot and
« found to be 1.45¢< 10* M1,
R-COO + = Ti—OH," —* = Ti—-O0C-R + H,0 It has been observed that D-1421 gives fluorescence in water,

peaking at 470 nm with moderate quantum yiepd= 0.022).

In the presence of the Tighanoparticle in water, the fluores-
cence of D-1421 gets quenched drastically. This has been
attributed to electron injection from excited D-1421 to the
conduction band of nanoparticle. However, a broad red-shifted

Since the particle concentration is proportional to the
concentration of surface hydroxyl grougsTi—OH,"), we can
define the equilibrium constant as

[Ti — OOCR] low-quantum-yield fluorescence (~ 0.0002) peaking at 485
eq= — nm is observed in the present system. Emission behavior of the
[R —COO |[TiO,] dye molecules has been discussed in detail in section f. Emission

experiments for D-1421 on Zhanoparticle are also carried
where [R-COO ] is the concentration nonadsorbed dye, [FiO  out to see the fluorescence of D-1421 on a noninjecting surface
the particle concentration, and FOOCR] is the concentration ~ and has been discussed in detail in section f.
of the adsorbed dye molecules on %iGurface. From the (b) Assignment of Transient Absorption Spectra.Time-
Benesi-Hilderband (BH) plot, the equilibrium constant of the resolved experiments using picosecond flash photolysis have
adsorbed dye has been found to be 2220* M—1.We have been carried out to study the electron-transfer processes in
also carried out steady-state absorption of C-343 on,TiO D-1421-sensitized Ti@nanoparticle system. Shown in Figure
nanoparticle surface with increasing particle concentration. With 3 is the picosecond transient absorption spectrum of the D-1421-
increasing TiQ concentration, the optical absorption spectra of sensitized TiQ colloid at different time delays following the
C-343 becomes broad and a little red shifted. The equilibrium 532 nm photoexcitation. The spectrum at each time delay
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consists of a positive peak at 665 nm along with a hump at 610 O +H,0—OH + OH"
nm and a broad positive feature in the whole spectral region
(700-900 nm). The peak at 665 nm with a hump at 610 nm is N~ + OH' (or O'"") — Ny + OH™ (or Ozf)

assigned to the D-1421 cation radical. Assignment of this band
has been made on the basis of a separate pulse radiolysis
experiments where the D-1421 cation radical was generated
selectively by the reaction of Nradical (see next section). The
broad feature in the 706900 nm region is assigned to the
electrons injected in to TiPnanoparticle$’~*° It has already

N, + coumarin— N, + coumarifi”

Now the corrected absorption spectra of the coumarin cation
radicals are obtained in the following way. The difference

. absorption spectrum of the coumarin cation radical is corrected
been shown by many workers that conduction band electrons . - .
by applying a correction factor for the parent depletion. At a

can be detected by visiie 474 and infrared absorptioff.3° ; . e
. . iven wavelengtht, the molar absorption coefficientq) of
To ensure that the observed transient absorption spectra are du . . . .
e cation radical follows a simple relations as

to the photoexcitation of the D-1421-sensitized Tialloid,
experiments with unsensitized Tiater and D-1421/water are
performed. No transient signals have been observed from these R=€g
blanks following 532 nm excitation. It should be pointed out A(SCN)Z-—GR

that the ground-state UWvis spectrum of TiQ colloid shows

no absorbance at 532 nm. Electron injection process has beerwhereAscny - is the absorbance of (SCiN)at 500 nm observed

AALG(scry,-€(scy,-

explained in the equation below, where D-1424 the excited ~ in an air-saturated solution of KSCN ¢10°? mol dn%) under
state and cation radical of D-1421 dye aggt és the conduction ~ the same experimental conditions. The val@seny~ = 2.9
band electron in Ti@nanoparticle. However, the cation radical and escny~ = 7100 dn¥ mol* cm™* are used for the

absorbance band shows decay (Figure 3 Inset) and is due tesalculation®® Gg for water is used to be 63.¢ is the molar -
the back reaction of conduction band electron and the parentabsorption coefficients of the parent. The corrected absorption

D-1421 cation radical and is shown as spectra of the D-1421 and C-343 cation radical are given in
parts a and b of Figure 4, respectively. The molar absorption
TiO, + D-1421 hlf —— g (TIiO,) + D-1421" coefficients of D-1421 cation radical at the peak wavelength
electron Injection = © i.e., 665 nm is calculated to be 3:210° dm? mol~* cm! and
- . recombination __. for C-343 cation radial at the peak wavelength, i.e., 635 nm is
e (TiOy) + D—1421 TiO, + D-1421 calculated to be 2.& 10° dm? mol~* cm™,

. ) . (d) Quantum Yield of Electron Injection of D-1421 and
The decay of the observed signal due to the cation radical canc_343 \Wwe have performed picosecond laser flash photolysis
be fitted with multiexponential function with time constants of study of D-1421- and C-343-sensitized Fi@anoparticle to
180 ps and>5 ns, Although up to 6 ns (our maximum time  getermine the electron injection efficiency of the above systems.
limit) only 60% of the cation signal decays, in longer time scale Figure 5a shows the spectrum of D-1421-sensitized,TiO
measurements (up to 1008) the recombination process is also nanoparticle excited by 532 nm at the end of the pulse (0 ps).

found to be a multiexponential proceSsThe back-electron- 14 compare the injection efficiency, experiments have also been
transfer dynamics in the case of the Fe(€Njsensitized Ti@ carried out in C-343-sensitized Tithanoparticle in similar

nanoparticle studied by Ghosh et?alwas also found to be  ongition and are shown in Figure 5b. Same laser intensity was
nonexponential. The origin of the nonexponential recombination kept for both the cases. The laser intensity has been measured

was attributed to the spatial and energetic distribution of trap by monitoring the excited singlet state ofd@t 885 nm (6.3«
states for the injected electrons in the nanoparticles. So in these; 1 g2 mol-1 cm1).52 The extinction coefficient of the D-1421
measurements it is also expected that the back-electron-transfefation radical at 665 nm is determined to be %2103 drm?

reactions for the D-1421-sensitized Ti®anoparticles will be
nonexponential.

mol~t cm™! and for the C-343 cation radical at 635 nm is 2.8

_ , , , x 10° dm® mol™* cm™ (previous section). Now, from the
(c) Detection of Cation Radical of D-1421 and C-343 Using  ransient absorption of D-1421 and C-343-sensitized nanoparticle

Pulse Radiolysis Techniquesin the present investigation we systems, the quantum yields for the electron injectiprdty)

are interested in comparing the electron injection efficiency of 4re found to be 0.90 and 0.60, respectively. In the present

the D-1421 and C-343 dyes adsorbed on sff@noparticle.  j,estigation we have already discussed that excitation of free

Pico-second transient absorption studies are carried for both dye%ye does not give any cation radical at the laser intensity used.

sensitized TiQ nanoparticle and the transient absorption of the e point to be noted that the free dye solutions of D-1421 and

cation radicals has been monitored for the purpose (next section)_343 in water do not absorb 532 nm laser light at the

To find out the transient absorption spectra of the cation radicals g centration used in the above experiments. Sedhgn,can

of the D-1421 and C-343 dyes and the molar extinction pa attributed to thinjection

coefficients of those radicals at different wavelengths, pulse (e) Solvatochromic Behavior of D-1421 and C-343Al-

radiolysis experiments are carried out. In pulse radiolysis though the basic structures of the two dyes (D-1421 and C-343)
experiment one-electron oxidatiop .reaction is studied ,@N are very similar (Figure 1), the couplings with the BiO
saturated aqueous solution containing“i@ol dm™ coumarin nanoparticle are same (both the dyes are having same anchoring
dyes and Nabl(5 x 1072 mol dnT?). The coumarin dyes are 44,5 with the nanoparticle), still we have observed 50% more
oxidized to cation radical by reacting with azide radical gjectron injection in the case of the D-1421-sensitized,TiO
undergoing one-electron oxidation, i.e., loss of an electron. The nangparticle. To find out the mechanism of efficient electron
reactions are given below: injection, we have carried out solvatochromic measurements for
the coumarin dyes (D-1421 and C-343). We have carried out
steady-state absorption and emission measurements and time-
_ o resolved emission measurements for both the dyes in different
€q TNO—N,;+0O solvents and solvent mixtures changing their polarity. The

H,0 w»— H’", OH', &,, , etc.
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Figure 4. Transient absorption spectra of the cation radicals of (a)
D-1421 and (b) C-343 as obtained from pulse-radiolysis experiments. 1000+ v T u T
The experiments were carried out dissolving the dyes{M) and 0.0 0.1 0.2 0.3

N3~ (50 x 10°2 mM) in water and saturating with 0.

0.20 T T T T T

0.154

600 675 750 825 900
Wavleingth (nm)

Figure 5. Transient absorption spectra of (a) D-1421-sensitized TiO
nanoparticle and (b) C-343-sensitized Ti@noparticle after exciting

at 532 nm (fwhm=35 ps) at the end of the laser pulse. The laser 41" C 343' ' :
intensity in both the cases was kept same. =
absorption spectra of both the coumarin dyes undergo only small 34 C ]
red shift with increasing solvent polarity. The fluorescence -
maxima {q) and half bandwidthAv1,;) of the coumarins are Ll ).
independent of excitation wavelength. D-1421
The Stokes’ shifts, Avg), for both the coumarins are
calculated from the maxima of the absorption and fluorescence 1. i
spectra. Shown in Figure 6A is a plot of the Stokes’ shift vs o
the solvent parametexf expressed in the following equatin
c—1 -1 * %o 0.1 0.2 0.3

A= 2ev 1 2

Af
Figure 6. Plot of the (A) Stokes shiftsAv), (B) emission quantum

. . il .. yields @), and (C) emission lifetimerf) for D-1421 and C-343 in
that describes the solvent polarity and polarizability and is different solvents and solvent mixtures agaifiétalue of the solvents

calculated from the dielectric constarand the refractive index (At = (¢ — 1/2c + 1) — ("2 — 1/2r? + 1) wheree is the dielectric
n. The slopes in Figure 6A mainly determined by the solvent constant andr is the refractive index of the solvent).
dependence of the fluorescence maxima. From Figure 6A it is
evident that both the dyes are charge transfer in nature in polarinitially as we increase the polarity of the solvent, the fluores-
solvents. These results indicate that, the first excited state ofcence quantum yieldyf) decrease gradually. And then if we
both the coumarin dyes exist as intramolecular charge transferincrease the solvent polarity mogg,decreases drastically with
(ICT) state. Many workers have made similar observations for different slope. At high polar solvent the fluorescence quantum
other coumarin dye¥. The linear dependency @v vs Af in yield (¢5) is very low. These results indicate that after certain
Figure 6A shows that the emission comes from single state for polarity there is one more fast de-excitation pathway for the
both the dyes and is from ICT state. excited singlet state. We have also carried out the time-resolved
To get into the detail of the problem, we have measured the measurements to determine the fluorescence lifetirefdgr
fluorescence quantum yielg and fluorescence lifetimer) both the dyes and are plotted in Figure 6C. It is seen in the plot
for both the dyes (D-1421 and C-343) in different solvents and that for C-343 the fluorescence lifetimg)(increases monotoni-
solvent mixtures. Shown in Figure 6B is the plot@fvs the cally as we increase the polarity of the solvent. This is because
solvent parameteAf. It has been observed in the plot that, in in high polar solvent the excited state is ICT state, which has
the case of C-343, the fluorescence quantum yiglddecreases  higher radiative lifetime. But in the case of D-1421, as we
monotonically as we increase the solvent polarity. But it is very increase the polarity of the solvent, initially theincreases,
interesting to see the results obtained for D-1421 with changing and then it decreases drastically with different slope (Figure
the solvent polarity. It is seen in Figure 6B, that for D-1421, 6C). At high polar solvent the emission of D-1421 decays
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? (CD) molecule. It has also been observed by Kim et al. the
0.9 enhancement of TICT emission pfN,N-dimethylaminobenzoic
0.6 acid (DMABA) in the zeolite moietyY and on the Si@
. nanoparticlé® surface in acetonitile solution. They have at-
. tributed it to the hydrogen bonding effect of the dye molecule
% 03 06 09 with the OH" group of the Si@ moiety of nanoparticle and
[TiO,l(gm/lit) zeolite surface. They have observed that enhancement of TICT
emission band occurs up to certain concentration of nanoparticle
in the dye-nanoparticle system. At a high concentration of the
SiO, nanoparticle, again the intensity of the emission band
decreases. To find out the TICT emission band of D-1421
n y . molecule, we have carried out steady-state emission experiments
500 600 700 800 with changing TiQ nanopaticle concentration in water solution.
Wavelength (nm) It has already been discussed that in water and other high polar
Figure 7. Normalized emission spectra of D-1421 dye (&®I) solvent (e.g., acetonitrile) TICT emission band could not be
molecule in water with increasing concentration of Ti@noparticle. detected for the D-1421 molecule. The D-1421 molecule gives
TiO, concentrations are (a) 0.0@¢= 0.022), (b) 0.05, (c) 0.10, (d)  emission band peaking at 475 nm in water with quantum yield
0.51, (€) 0.48, () 0.70, (9) 0.90, and (h) 15 gméef= 0.0002). The  ,, — § 922 (Figure 7a). As we increase the FiGanoparticle
pH of all the solutions is 2.5. With increasing Ti@oncentration . . ) -
emission quantum yield decreases drastically. concentration, the |nten5|_ty _of the emission b:?m_d a_t 47_5 nm
decreases drastically. This is due to electron injection in the
conduction band of the nanoparticle. On normalization of the

10°; emission bands of the dye molecule at different Jif@anopar-
a ticle concentration, we have observed that the original band gets

10°4 \\N little red-shifted and a new band appears at 585 nm (Figure 7).
§ 1] |

0.0

Normalised Intensity

Initially, with increasing TiQ concentration, the emission
intensity of the band at 585 nm increases. The intensity of the
band (585 nm) at a higher TiOnanoparticle concentration
decreases. We are attributing the band at 585 nm for the D-1421

1]
10 molecule to the TICT emission. Figure 7 inset shows the ratio
of TICT and ICT emission|fict/lict) with increasing TiQ
10° concentration. On adsorption dye molecule on nanoparticle

surface, emission from TICT state facilitates due to binding with

the nanopatrticle. Enhancement of TICT emission of DMABA

Figgre ?- )single{rﬁ,r}omr}_cﬁuminggtuiigg of I?-%g‘.)z_l dyet in}(different molecule was also observed on Si@anoparticle surfac®. It

media, (a) In metnyl cyclonexangef, = nm), INn waterAem = H H : H

470 nm). (c) in TiQ colloid (0.33 gM/L) fum = 590 nm), and () in  "V2S @lso observed that at high Sitncentration again TICT

TiO, colloid (5.0 gm/L) flem = 590 nm) after 445 nm excitation. emission yield deprgases. In the present |nvest|ggt|9n also we
have observed similar enhancement of TICT emission of the

nonexponentially. This sudden decrease in fluorescence quantunf-1421 molecule on the TiOnanoparticle surface. In neat
yield (¢r) and fluorescence lifetimerd) with increasing polarity ~ Water, the TICT state of the D-1421 molecule is not emissive,
can be explained by twisted intramolecular charge transfer statePut in the presence of little Ticoncentration the D-1421
(TICT) mechanism. molecules form hydrogen bonds with nanoparticles and they
As we have discussed, at high polarity solvent the decay of enhance the emission property and give emission.
D-1421 emission decay is nonexponential. Figure 8 shows the In Figure 7 we have observed that with increasing 2IO
emission decay traces of D-1421 in methyl cyclohexang ( concentration the relative intensity of the TICT band initially
= 2.75 ns) (Figure 8a) and in water (Figure 8b) (next section). increases and then it decreases. In neat water, the TICT state
The emission decay time in water is very shag, (< 20 ps). of D-1421 is not emissive. In presence of little Li€bncentra-
It has already been observed by Rettig €f &that the emission  tion, the D-1421 molecules form hydrogen bonds with nano-
from DMABEE (dimethyl amino benzoic acid ethyl ester) particles and they enhance the emission property of TICT and
decays nonexponentially with very short lifetime in high polar give second emission band. But total emission quantum yield
solvent. They have explained that on excitation the molecule always decreases as we increase the, Tcentration. Initial
goes to the LE (locally excited) or ICT state and then very fast increment of the TICT band intensity is due to extra formation
relaxes to the TICT state. Nonradiative decay rates for the aboveof hydrogen bonds. This can be explained in the following way.
molecule have been found to be very high. The transition from At initial stage (Figure 7) the Ti@in the solution is lower, so
LE/ICT state to TICT has been attributed to barrierfésk the relative dye concentration is higher, at this stage some dye
the present study also we can attribute that for D-1421 molecule molecules will be on the surface and some of them will be in
transition from ICT to TICT as barrier less. As a result of which the bulk. The dye molecules, which are strongly adsorbed on
we can see nonexponential decay in high polar solvent. It hasthe surface, will inject electrons, and the dye molecules which
also been observed that the nonradiative decay channels fromare weakly hydrogen bonded will be yielding the TICT state
ICT state for D-1421 molecule are very fast in high polarity but many of the dye molecules will be in the bulk and will

solvent. have higher quantum yields of the ICT state. So the TICT
(f) Detection of TICT Emission Band of D-1421 on TiQ emission will be masked. As we increase the J@éOncentration,
Nanoparticle. It has been demonstrated by Nag effhat more and more dye molecules will come on to the surface and

the TICT emission band gf-(N,N-dimethylamino) benzonitrile relative ICT emission will decrease and TICT emission will
(DMABN) can be enhanced on complexation with cyclo dextrin increase. At 0.5 gm/L Ti@concentration, all the dye molecules
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TABLE 1: Emission Life Times of D-1421 in Different
Media Exciting at 444 nm (fwhm = 4ps) Laser light

sample

Aem =470 nm

Aem =590 nm

D-1421/water

D-1421/TiG colloid
(0.07 g/Ly

D-1421/Ti0; colloid
(0.16 g/Ly

D-1421/TiG colloid
(0.33 g/L}

D-1421/ TiQ colloid
(5.0 g/Lp

7, = 0.023 (77.4%)
7, =0.129 (21.7%)
73 = 2.813 (0.9%)

1= 0.027 (96.7%)

7, = 0.118 (2.2%)
3= 2.851 (1.1%)

71 = 0.028 (96.8%)

7,=0.110 (1.2%)
75 = 2.851 (1.9%)

71 = 0.026 (97.9%)

7,=0.065 (0.4%)
3= 2.73 (1.8%)

;= 0.014 (98.5%)

7, = 0.053 (0.4%)
3= 2.74 (1.1%)

7, = 0.021 (87.0%)
7,=0.128 (12.6%)
75 = 2.681 (0.4%)

1= 0.026 (97.3%)

7, = 0.093 (2.0%)

75 = 2.833 (0.64%)
4= 17.86 (0.06%)
71 = 0.025 (97.2%)

7,=0.073 (2.1%)
73 = 2.636 (0.6%)

4= 20.514 (0.1%)
71 = 0.021 (96.0%)

7, = 0.081 (3.0%)
75 = 2.396 (0.8%)
4= 21.662 (0.2%)
71 = 0.009 (99.8%)

7, = 0.235 (0.02%)
3= 2.276 (0.16%)
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Figure 9. Mechanistic scheme for electron transfer from the electroni-
cally excited dye to Ti@ nanoparticle. Here S*/Sis the excited
sensitized dye/cation radical coupk, the conduction band edgg,

= 0,
74 = 17.906 (0.02%) the valence band, SS the surface states, ICT is the intramolecular charge

transfer state, and TICT is the twisted intramolecular charge transfer

L state.kget is the back-electron-transfer ratga is the relaxation rate
adsorbed on the surface and the strong complexes inject electrofirom ICT state to TICT statdwe,/C" indicates emission from ICT state

but relatively weaker complexes, i.e., H-bonded complexes will andhve,'°T indicates emission from TICT state.
give the TICT state. Now again when we increase ;TiO
concentration most of the dye molecules will go for stronger in water and on nanoparticle surface. The fourth long component
complexes and will inject electrons, and the emission intensities for the traces 8c and 8d has been attributed to the emission
of the TICT states will decrease. The point to be noted that the lifetime (~20 ns) of the TICT state of D-1421. We have also
strong complexes will also give TICT states and that they also observed that with changing TiQzoncentration, the relative
inject electrons. contribution of TICT state changes as we observed in Figure 7.
We have also compared the photophysical properties of (g) Mechanism of Electron Injection from TICT State. In
D-1421 on a noninjecting surface Zr@anoparticle. We have  normal dye-sensitization nanoparticle system, electron injection
also carried out steady-state measurements with changing ZrO takes place via excited state of the efyg¢Figure 9). On
concentration. At 0.5 gm/L of Zr) we have observed a small  excitation by laser pulse the dye molecule goes to the excited
TICT emission band at 590 nm. As the Zri® further increased,  state. The excited molecular state of the dye molecule overlaps
the TICT band disappears as in the case of,Tilhis can be with manifold acceptor states of the nanoparticle conduction
explained in the following way. At smaller concentration of band®® It means that all the vibrational and rotational states of
nanoparticle, the number of dye molecules on the nanoparticlethe excited electronic state of the dye molecule overlap with
will be more and hence the dyes can form weak hydrogen the conduction band. Electron transfer from the excited dye
bonding with the nanoparticle surface and can give TICT molecule is possible from all vibrational states. So electron
emission. As the nanoparticle concentration further increased,injection and vibrational relaxation take place together. This
the number of dye molecules per particle decreases and weakhas been reported by Asbury et &lelectron injection occurred
hydrogen bonded dyenanoparticle complexes decreases and during or prior to electronic and vibrational relaxation of the
hence TICT emission decreases. sensitizer molecules in the excited state; in the process, 100%
To support the above observation we have carried out time- electron injection is not possible. A good portion of the excited
resolved emission studies on the D-1421-sensitized Maho- dye molecules will relax to ground vibrational state of the first
particles with changing particle concentrations, and monitoring excited electronic state; from there, nonradiative and radiative
at two different emission wavelengths, 470 and 590 nm, (emission) processes are possible. In most of the dye sensitiza-
respectively (Table 1). All the emission traces decay very fast tion process, other than electron injection, deexcitation processes
and nonexponentially. We have forcefully fitted the data with take place via nonradiative and radiative transfer. In the case
a multiexponential function. Figure 8b shows the decay trace of C-343-sensitized nanopatrticle the above processes takes place.
of D-1421 in water at 470 nm and fitted with multiexponential The energetics of the ground and excited oxidation potentials
function with three time constants (Table 1). Figure 8, parts ¢ of the dye molecules and the conduction band of the semicon-
and d, shows the decay traces of D-1421-sensitized, TiO ductor has shown in Figure 9. The GS oxidation potential for
nanoparticle in 0.33 gm/L and in 5 gm/L, monitored at 590 the dyes was measured by cyclic voltametry against Ag/AgCI
nm. Emission at 470 nm has been fitted with three exponentials; electrode. The dye oxidations are reversible. The excited
where as emission at 590 nm has been fitted with four oxidation potential of the dyes were measured by adding the
exponentials (Table 1). First two components in all the traces Egp and GS oxidation potentiaEqy has been measured from
decay very fast and they contributes maximur®9%). These the crossing point of the excitation and emission spectra of the
two components can be attributed to the fast nonexponentialdye molecules. The energetics of the TICT state of D-1421
decay. The third long component in all the decay trace has beenmolecule has been determined from the shift in energy from
attributed to the singlet state lifetime-2.5—2.8 ns) of D-1421 the ICT state to the TICT state in Figure 7. The conduction

aTiO, concentration in water.
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band potential of Ti@ nanoparticle has been calculated from of D-1421 is nonemissive in all solvents (polar and nonpolar).

the following equatioff But emission from the TICT state has been observed from the
D-1421 molecule on the TiOnanoparticle surface. Research
Ecp(TiO,) = —(0.12+ 0.02)— 0.059(pH) V (vs NHE) in this direction will help us to find out the conditions for getting

more efficiency in dye-sensitized solar cells. Our ongoing

Ecs at pH 2.5 has been calculated to58.267 (vs NHE) and experime_nts are carried out in different dyg-ser}sitizedzTiO
—0.49 (vs Ag/AgCl) (Figure 9). nanopatrticle systems, par‘ucularly the dyes which ylelpl the TICT
It has been observed from Figure 9, in the D-1421-sensitized state upon excitation in polar solvent, to get more insights of
TiO, nanoparticle system, upon excitation by laser pulse the electron injection from the TICT state.
dye molecule goes to the excited state (ICT) and then it relaxes
very fast to the TICT state. Electron transfer can take place
more easily and efficiently from TICT state compare to any
other state. At the same time other deactivation channel like
radiative (emission) transitions to the ground state are forbidden.
So the main deactivation channel is the electron transfer to the
conduction band. As a result, we can see efficient electron
injection from the D-1421 molecule to TiOnanoparticle
compared to that of C-343 to the Ti@anoparticle. The higher
measured injection yield measured in the case of the D-1421-
sensitized Ti@ nanoparticle other than the TICT state injected (1) Oregan, B.; Gratzel, MNature 1991, 353 737.
into the nanoparticle indicated that there may be a lower degree () Hagfeldt, A.; Gratzel, MChem. Re. 1995 95, 49.
of geminate recombination because the LUMO of D-14#&l 8; ngn?kri};hr':laieph éshoiﬂem '[3 %%%,Sloghé%%;dm 105.7000
localized in the diethyl amino group. But the recombination (5) Ramakrishna: G:'; Ghosh: H. N._; Singh, A. K..; Palit, D. k.; Mi{tal,
effect will be more prominent in the longer time scale. As here J. P.J. Phys. Chem. R001, 105 12786.

iniecti ; (6) Martini, I.; Hodak, J. H.; Hartland, G. V.; Kamat, P. V. Chem.
we have measured the injection yield at the end of the IaserPhys.1997, 107, 8064,
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