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Nanocrystalline (anatase) titanium dioxide films have been sensitized to visible light with K4[Fe(CN)e] and Na,[Fe-
(LL)(CN)4], where LL = bpy (2,2'-bipyridine), dmb (4,4'-dimethyl-2,2'-bipyridine), or dpb (4,4'-diphenyl-2,2"-bipyridine).
Coordination of Fe(CN)s*~ to the TiO, surface results in the appearance of a broad absorption band (fwhm ~ 8200
cm™Y) centered at 23800 + 400 cm~* assigned to an Fe(ll) — TiO, metal-to-particle charge-transfer (MPCT) band.
The absorption spectra of Fe(LL)(CN)42~ compounds anchored to TiO, are well modeled by a sum of metal-to-
ligand charge-transfer (MLCT) bands and a MPCT band. Pulsed light excitation (417 or 532 nm, ~8 ns fwhm,
~2-15 mJ/pulse) results in the immediate appearance of absorption difference spectra assigned to an interfacial
charge separated state [TiO,(e), Fe"], ki > 108 s1. Charge recombination is well described by a second-order
equal concentration kinetic model and requires milliseconds for completion. A model is proposed wherein sensitization
of Fe(LL)(CN),>~/TiO, occurs by MPCT and MLCT pathways, the quantum yield for the latter being dependent on
environment. The solvatochromism of the materials allows the reorganization energies associated with charge
transfer to be quantified. The photocurrent efficiencies of the sensitized materials are also reported.

Introduction In either case, the electron may transfer to localized surface
sites or to the delocalized conduction band of the semi-
conductor.

MPCT sensitization is mechanistically less complex as
each absorbed photon is converted to an interfacial charge
separated state, while the quantum yield for MLCT excited
state electron transfer is known to depend upon a number of
variables, such as the temperattitiee sensitizer excited state
reduction potential, the electrolyte ionic strength,the
solution and surface pHthe applied potentidl,and the
excitation wavelength Nevertheless, the excited state elec-

oy _ tron transfer pathway has provided the most encouraging
SITIO, — S'/TiOy(e ) 1) properties for practical solar cell applicatichand direct

Dye sensitization of semiconductors is an attractive
molecular approach for the conversion of light into electric-
ity.1 Sensitization of n-type semiconductors to visible light
with metal cyano coordination compounds has been ac-
complished by two distinct mechanisms. In the first mech-
anism, termedmetal-to-particle charge-transfe(MPCT)
sensitization, light absorption promotes an electron localized
in the metal center of the sensitizer directly to TiO
semiconductor, eq 1,

i : (1) (a) Hagfeldt, A.; Gitzel, M. Chem. Re. 1995 95, 49. (b) Qu, P.;
where S represents a sensitizer. In the second mechanism, Meyer, G. J. InElectron Transfer in ChemistryBalzani, V', Ed.:

termed metal-to-ligand charge-transfer (MLCT) sensitization, Wiley-VCH: Weinheim, 2001; Vol. 4, p 353.

i i i (2) Qu, P.; Thompson, D. W.; Meyer, G. Uangmuir200Q 16, 4662.
!Ig.ht absorption creates an M.LCT excited state that then (3) Argazzi, R.; Bignozzi, C. A.; Heimer, T. A.; Castellano, F. N.; Meyer,
injects an electron to the semiconductor, eq 2. G. J.Inorg. Chem.1994 33, 5741.
(4) Kelly, C. A.; Farzad, F.; Thompson, D. W.; Stipkala, J. M.; Meyer,
h Ko G. J.Langmuir1999 15, 7047.
SITiO, — S*TiO, — S*/Tioz(e*) ) (5) (a) Clark, W. D. K.; Sutin, NJ. Am. Chem. Sod 977, 99, 4676. (b)
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charge transfer has been used mainly for mechanistic studiesvith the appropriate ligant? 'H NMR (CDs;OD) for Na[Fe(bpy)-
of interfacial electron transfér.13 (CN)4gJ: 7.24 (t,J=6Hz,5,8H); 7.72 (1,J = 9 Hz, 4, 4 H); 8.09

About 10 years ago it was shown that when metal (d.J=9Hz, 3, 3H);9.56 (d,J=4Hz, 6, 6 H). 'H NMR (D:0)
cyanides, such as ferrocyanide, Fe(@N)bind to Tio, ~ for Na[Fe(dmb)(CN)l: 2.43 (s, 3H); 7.26 (&) = 7 Hz, 5, 3 H);
through the ambidentate cyano ligands, charge transfer band -98 (s, 3, 3H); 9.04 (d.J = 7 Hz, 6, 6 H). "H NMR (CD;0D)

appear in the visible regiohThese bands were assigned as 7054';';"2[? Z(;iﬁ)(l;%(C_Né]:é.)?%(;ﬂ ,(szuISpTez‘)J, E'%SF(;;’ 7T'3t3r ;gﬂ tjl

+_CN—Ti s MO+ CON—Ti 1 W= , J= . -
MPET’ M™—CN-Ti(IV) M CN=Ti(IH), Where ammonium, TBA, salts of Fe(LL)(CN)~ were obtained by ion
M = W, Fe, Mo, Ru, Re, or Os, and there is NOW gychange with an SP-Sephadex c-25 column.

considerable experimental evidence that supports this colioidal TiO , Films. TiO, films were prepared by a previously
assignment 2 More recently, sensitization of the same described setgel technique that produced mesoporougdthick
semiconductor following excitation of MLCT absorption film.3 For absorption studies the films were coated onto glass slides
bands in an Fe(ll) polypyridyl cyano compound was real- rather than conductive glass. The glass slides were cut from plain
ized* A molecular compound, NfFe(bpy)(CN)], where microscope slides, VWR 25 75 x 1 mm, to ca. 12.5¢ 50 mm,
bpy is 2,2-bipyridine, designed to sensitize semiconductors allowing the slides to be inserted diagonally into a1 a0 mm
to visible light by both MPCT and MLCT pathways was optical path length, quartz fluorescence cuvette. The thin films had
recently reported By incorporating two charge transfer ~dimensions of 12.5 mnx 15 mmx 10 um. For infrared studies,

. . the films were coated on the unpolished surface of Q@Rdows
pathways into the semiconductor from one compound, broad

o . (25 x 12 x 3 mm) purchased from International Crystal Labora-
spectral sensitization may be realized for solar energy ...

c_on\_/ersion applications. I_n addition, _since these twq g_ensi- Homogeneous dark yellow [Fe(Cl}~ derivatized TiQ films
tization pathways have unique dynamics and can be initiatedere formed by soaking the Tidiims in aqueous pH 2 solutions
with different frequencies of light, the time-dependent that contained 200 mM KFe(CNY)] for at least 4 h. NgFe(LL)-
optoelectronic responses can be precisely controlled and fine{CN),] was bound to the nanocrystalline Ti€urface after soaking
tuned at the molecular level for other applications. in 0.5 mM ethanol solutions overnight. In the absorption isotherm

Here we present a more detailed analysis of the dual studies, the solution concentration was varied and the surface
charge transfer pathways that expands upon the previoustoncentration was determined by BVis spectroscopy.
communicatiord? Two new iron sensitizers are reported,  SPectroscopy. UV-Vis Spectroscopy All UV —visible absorp-
and their behavior on TiQiS contrasted with that of Na tion spectra were acqum?d at ambient temperature In air us!ng a

. . Hewlett-Packard 8453 diode array spectrometer. For sensitized

[Fe(bpy)(CN)] and ferrocyanide. The solvatochromic prop- . ) : : .

. Y . films, the optical measurements were acquired by placing the TiO
erties of the compounds have been quantified to estimate

.. . . on glass films diagonally in a solvent-filled 10 mm10 mm quartz
reorganizational parameters and the solvation environmenteyette, equipped with a 24/40 ground quartz joint. The cell was

of the surface-bound compounds. closed with a PTFE stopper and purged with argon through a needle.
Experimental Section An unsensitized Ti@film was used as the reference.

) o ) NMR. 'H NMR were obtained on a Bruker 300AMX FT-NMR
Materials. ReagentsHPLC grade nitric acid, 70%, was obtained spectrometer.

from Fisher Scientific. The LiCIQ) 99.99%, and tetrabutylammo- IR. Infrared measurements were made on a Perkin-Elmer
nium perchlorate (TBACIG), 99.99%, were obtained from Aldrich  gpactrym RX I Fourier transform IR spectrometer with a resolution
Chemical Company and used as received. Acetonitrile (Burdick of > cn1 IR of the free sensitizers was performed in standard
and Jackson, spectroscopic grade) and tetrahydrofuran (Fishery g, hellets. For sensitizers on TiOmeasurements were made on

certified grade) were used as received. All other solvents were of 4 Cak crystal in transmission mode with unsensitized Z&©,
reagent grade or better. The ligands were obtained from Aldrich o¢ reference.

and were used as received: 'Z;ﬂbyrdint? (bpy) 99-%, 4,4- Transient Absorption. Transient absorption data were acquired
dimethyl-2,2-bipyridine (dmb) 99%, and 4;4liphenyl-2,2-bipy- as previously described with ar8 ns, 532 nm laser pulse from a
ridine (dpb) tech. K[Fe(CN)] was purchased from Aldrich. Surelite Il Nd:YAG, Q-switched laser or a 417 nm laser pulse, from

Preparations. Coordination Compounds. The synthesis of g 1y filled Raman shifter, for excitation and a pulsed 150 W Xe
Na,[Fe(bpy)(CN)] has previously been reported, and this proce- 4mp a5 the probe sourdélhe excitation beam was1 cn? and
dure was extended to the other compounds by replacement of bpy,,as attenuated to-2—15 mJ/pulse with a polarizer to avoid

(8) (a) O'Regan, B.; Gitzel, M. Nature1991, 353 737. (b) Nazeeruddin, ~ 2-Photon excitation. Electron injection yields were determined by
M. K.; Kay, A.; Rodicio, I.; Humphry-Baker, R.; Mueller, E.; Liska, ~ comparative actinometry as previously descrited.

P.; Vlachopoulos, N.; Gtael, M.J. Am. Chem. So@993 115, 6382. Electrochemistry. A PAR model 173 potentiostat/galvanostat
(9) (a) Vrachnou, E.; Vlachopoulos, N.; Gzel, M.J. Chem. Soc., Chem.

Commun1987 12, 868. (b) Desilvestro, J.; Pons, S.; Vrachnou, E.. WaS used in a standard three-electrode arrangement consisting of a

Grazel, M. J. Electroanal. Chem. Interfacial Electroche®88 246, Pt working electrode, a Pt gauze counter electrode, and a Ag/AgCI
10) ‘(11)1|-_ H.: Prieskorn. J. N.: Hupp, J. T.Am. Chem. S00993 115 reference electrode. For fluid solution studies, approximately

a) Lu, A.; Prieskorn, J. N.; Aupp, J. d.Am. em. S0 BTH ; R ;

5, 4927. (b) Blackbourn, R. L.. Johnson, C. S.. Hupp, JJ.TAm. millimolar concentrations of t.he compounq§ were.dlssqlved in the

Chem. Soc1991 113 1060. electrolyte. For surface studies, the sensitized,T@terial was

(11) (a) Ghosh, H. N.; Asbury, J. B.; Weng, Y.; Lian, X.Phys. Chem. used as the working electrode. The sensitized, il was placed
B 1998 102 10208. (b) Weng, Y. X.; Wang, Y. Q.; Asbury, J. B.;

Ghosh, H. N.; Lian, TJ. Phys. Chem. B00Q 104, 93. (15) (a) Schilt, A.J. Am. Chem. Sod.96Q 82, 3000. (b) Toma, H. E;
(12) Yang, M.; Thompson, D. W.; Meyer, G. lhorg. Chem 200Q 39, Takasugi, M. SJ. Solution Chem1983 3470. (c) Gara Posse, M.
3738. E.; Katz, N. E.; Baraldo, L. M.; Poloneur, D. D.; Colombano, C. G.;
(13) Watson, D. F.; Bocarsly, A. Bl. Phys. Chem. B00Q 104, 10909. Olabe, J. Alnorg. Chem1995 34, 1830. (d) Timpson, C. J.; Bignozzi,
(14) (a) Ferrere, S.; Gregg, B. A. Am. Chem. S0d.998 120, 843. (b) C. A,; Sullivan, B. P.; Kober, E. M.; Meyer, T. J. Phys. Chem.
Ferrere, SChem. Mater200Q 12, 1083. 1996 100, 295.
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Figure 1. The visible absorption spectrum of (a) Fe(GN)TiO, in acetonitrile, (b) NaFe(bpy)(CN) in water, (c) Fe(bpy)(CN§/TiO, in acetonitrile,
and (d) Fe(bpy)(CN¥/TiO, (solid line), Fe(dmb)(CN§~/TiO, (dotted line), and Fe(dpb)(C)/TiO, (dashed line) in acetonitrile. Superimposed on the
data are the results of spectral fitting to Gaussian absorption bands. See the Results section for more details.

under vacuum 3 mmHg) for 3-4 h prior to electrochemical ~ absorption isotherm model from which adduct formation
measurements. constants of 106t 30 M~* were abstracted. There was no

Photoelectrochemistry. Photoelectrochemical and incident-  measurable change in the absorption spectrum of FefON)
photon-to-current efficiency (IPCE) measurements were performed TiO, when the LiCIQ concentration was varied from 0.0 to
in a two-electrode sandwich cell arrangement as previously 1.0 M in acetonitrile
described.Briefly, ~10uL of electrolyte was sandwiched between 'Fi ure 1b shows the AgUEOUS (bpy)(CN)] solution
a TiO, electrode and a Pt coated tin oxide electrode. The supporting 9 ) . q Z[IEE_ Py .

absorption spectrum with two Gaussian absorption bands and

electrolyte was Lil/} in acetonitrile. TiQ was illuminated with a > X ) )
450 W Xe lamp coupled to af0.22 m monochromator. Photo-  their sum overlaid. Figure 1c is the absorbance spectrum of

currents and voltages were measured with a Keithly model 617 Fe_(bPY)(CN_Y*/Ti02 in acetgnitrile, and Figure 1d compares
digital electrometer. Incident irradiances were measured with a this absorption spectrum with those of Fe(dmb)(€NYiO>

calibrated silicon photodiode from UDT Technologies. and Fe(dpb)(CN§ /TiO,. The Fe(LL)(CN)?~ derivatized
material, where LL is bpy, dmb, or dpb, displays a broad
Results absorption band that blue shifts100 cnt? and increases
Figure 1la shows a typical absorption spectrum of an in intensity by about 10% with the addition of 0.5 M LiClO
Fe(CN)*" derivatized mesoporous nanocrystalline Ttlin to the acetonitrile bath.
film, abbreviated Fe(CNJ /TiO,, in acetonitrile. A broad The absorption spectra shown in Figure 1 have been

absorption band with a maximum420 nm that extends simulated on the basis of Gaussian distributions of charge
beyond 600 nm is observed. Measurements at wavelengthdransfer bands. The absorbance spectra of FefCN)O,

of light less than 400 nm>28000 cm*) were difficult to were well described by a single MPCT band. The absorption
accurately obtain due to the strong fundamental absorptionspectra of Fe(LL)(CN§ /TiO, were modeled assuming that
of TiO,. The absorption spectrum of Fe(GX)YTiO, films (1) the energy separation between the two MLCT bands and
were measured at different [Fe(GN) surface coverage that  their bandwidths observed in fluid solution are preserved at
correspond to extremes in absorption maximum from 0.05 the surface; and (2) the MPCT band for Fe(LL)(GNJTiO-

to 0.5. For all samples, the normalized spectra displayed themaintains the same fwhm as Fe(GN)TiO,, but the
same maximum and full-width-at-half-maximum (fwhm) maximum frequency is bathochromically shifted by an
within experimental error. The concentration dependent equi- amount that corresponds to the difference ittfFeeduction
librium binding data were well described by the Langmuir potential between Fe(Co)/TiO, and Fe(LL)(CN)?>/TiO,

1256 Inorganic Chemistry, Vol. 41, No. 5, 2002
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Table 1. Electrochemical, Optical, and Reorganization Parameters of
Fe(LL)(CN)?~, Fe(CN}*/TiO,, and Fe(LL)(CN)?~/TiO; in
Acetonitrile and Tetrahydrofuran

Eop,a nm E1,2(Fé”/“ )Yb AG,C lMLCTyd
(eV) V(AEp mV) eV eV
420 ~0.14
i ACN  (2.95) (92)
Fe(CN}*/TiO, 420 023
THF '
(2.95) (150)
ACN (%i) _26%2 174 010
[Fe(bpy)(CN)]?~ y _
THE 580 070 168 014
(1.82) 1) : :
ACN (f%%) _(%2)4 182 004
[Fe(dmb)(CN)j2- : B
e 871 079 4167 o018
(1.85) (135) : :
ACN (17 %) _(%36)1 169 007
[Fe(dpb)(CN)I>* L8
THF
(1.75)
ACN (g’%) ’(04';)9 217 032
Fe(bpy)(CN)Z-/TiO, y
THE %8 035 501 037
(2.35) (65) : :
ACN (259&) _(04'2)7 219 025
Fe(dmb)(CNY>/TiO, '
THE 220 —040 505 028
(2.34) (76) : :
ACN (;’%i’_)) _(05'2)4 206 0.29
Fe(dpb)(CNY~/TiO, o~ o)
THF ' 201 023
(2.21) (60)

a1n fluid solution, Eqp corresponds to the measured absorbance maximum
for the lower-energy MLCT band. For the surface-bound compouggis,
corresponds to the MLCT maximum calculated by Gaussian deconvolution
of the measured spectrakE,, for FE'' measured versus ferrocene. The
values in parentheses are the peak-to-peak separaiifyp,in mV. ¢ AG
is the Gibbs free energy stored in the MLCT stdtéMLCT s the total
reorganization energy for Fe- bpy charge transfer.

measured by cyclic voltammetry in the appropriate solvent.
The MPCT-to-MLCT band intensity ratio and the MLCT
absorption maximum were then optimized until the best fit
was obtained.

The visible absorption spectra for Fe(LL)(CAt) and Fe-
(LL)(CN)42/TiO, were found to be solvent dependéht.
Table 1 shows the low-energy MLCT maxini&, measured
in fluid solution and calculated by the Gaussian deconvo-
lution procedure for the surface-bound compounds. Within
experimental error of=4 nm, the absorption spectra of Fe-
(CN)¢*"ITiO, and unsensitized Tigfilms were independent
of the external solvent. The absorption spectra in dimethyl-
formamide could not be studied in as much detail due to
slow desorption of the iron compounds from the surface.

Shown in Figure 2a and Figure 2c are the FT-IR spectra
of K4 [Fe(CN)] and Na[Fe(bpy)(CN)]. The cyanide stretch-
ing frequency of K[Fe(CN)] was found at 2045 cni. The
Nay[Fe(bpy)(CN)] spectrum displays four close-lying bands
which are at 2030, 2045, 2062, and 2085 énrespec-
tively.1819Figure 2b and Figure 2d are the FT-IR spectra of
the derivatized Ti@ films. The Fe(CNy*/TiO, surface
displays an intense and broad absorption band at 2049 cm

(16) Bard, A. J.; Faulkner, L. RElectrochemical Methods: Fundamentals
and ApplicationsWiley Interscience: New York, 1980.
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Figure 2. The infrared spectra of (a)&e(CN) in a KBr pellet, (b) Fe-
(CN)e*~/TiO, deposited on CaFwindow, (c) NaFe(bpy)(CN) in a KBr
pellet, and (d) Fe(bpy)(CM/TiO, deposited on Cafwindow. The spectra
shown are averages of 32 scans with aresolution of 2'lcm

and a weak band at 2109 cfn The Fe(bpy)(CNy /TiO;
surface displays a broad band at 2055 &mith a shoulder
peak at 2085 crmt and a weak band at 2120 cfn

Figure 3 shows the transient absorption spectra for Fe-
(bpy)(CN)2/TiO; in neat acetonitrile and with added 0.5
M LiCIO, after pulsed 532 nn8 ns fwhm,~12 mJ/pulse)
light excitation. The magnitude of the absorption difference
was typically two to three times larger in 0.5 M LiCJO
compared to neat acetonitrile. The transient absorption
spectra of Fe(dmb)(CN)/TiO, and Fe(dpb)(CN§/TiO,
illustrated the same general features as Fe(bpyCN)O..
However, the transient absorption spectra following pulsed
excitation of Fe(CNy~/TiO, were unchanged by the addition
of 0.5 M LiCIO4. Quantum yield measurements of Fe-
(CN)s*/TiO; at 400 nm and Fe(bpy)(CM)/TiO, at 500 nm
resulted in a quantum yield of 08 0.2 using an extinction
coefficient of 5000+ 200 M~* cm™t and 42004+ 200 M
cm L, respectively. The recovery of the Fe(bpy)(GNJTIO,
ground state absorption after pulsed light excitation was well
fit to a second-order equal-concentration kinetic model over
the first microsecondky,s = 3 £ 2 x 1 s 1. The full
recovery of the initial spectrum required milliseconds and
was not quantified in detail.

The compounds display quasi-reversible"eredox
chemistry by cyclic voltammetry in fluid solution and when
anchored to nanocrystalline Ti®lms. The redox chemistry
is termed quasi-reversible because the anodic and cathodic
currents are approximately equal but the peak-to-peak
separation is nonzero for the surface-bound compounds at
scan rates of 50200 mV/s!® The surface-bound iron
compounds were far more stable in the ferrous state than in
the ferric state. Slow scan rates10 mV/s, or potential hold
experiments positive of the [ reduction potential lead
to significant desorption of the compounds. Attempts to
directly bind Fd' (CN)e*~ to the semiconductor surfaces were
unsuccessful. The long-term instability of the ferric states
on the nanocrystalline surface prevented the use of spectro-
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Figure 3. Transient absorption difference spectra of Fe(bpy)(@MJiO- in (a) neat acetonitrile at delay times d@)(0 us, @) 0.2 us, (a) 0.4 us, (¥)

0.6us, and @) 0.8us and in (b) 0.5 M LiCIQ acetonitrile recorded at delay times &)(0 us, @) 0.2us, (a) 0.4us, (v) 0.6us, and ®) 0.8us. The insets

in panels a and b are kinetic traces collected at 500 nm under the corresponding conditions. The samples were excited with a pulsed 532.5 nm light (12
mJ/pulse, fwhm 8 ns) at 28C under an argon atmosphere.

electrochemistry to quantify the absorption spectrum of the compared to the photoaction spectrum of Fe(bpy)(@&M)
oxidized compounds and the possible appearance of outer-TiO, in 0.5 M Lil—0.05 M |, acetonitrile electrolyte. The
sphere intervalence transfer bands for mixed-valence sur-Gaussian modeling in Figure 1 indicates that MLCT and
faces, i.e., PB(CN)s*>", FE'(CN)s* /TiO». MPCT contributions to the observed absorption spectrum are
Shown in Figure 4a are the photoaction spectra of the approximately equal for the Fe(LL)(CM)/TiO, materials.
sensitized materials in a regenerative solar cell in 0.5 M The photoaction spectrum shows that the MLCT contribu-
Lil—0.05 M I, acetonitrile. Repetitive trials showed that tions to the photocurrent are small relative to the MPCT
the sensitized materials were stable and reproducible. Nocontributions under all conditions studied.
attempts were made to study the long-ter@urs) stability
of the sensitized materials. The IPCE is the incident photon-
to-current efficiency, which was calculated with eq 3. With-  In a previous communication, we provided strong spec-
troscopic evidence that TiGensitization by Fe(bpy)(Ch)
IPCE= (1240 eV\nm)(photocurrent densityA/cm?) 3) occurs by a combination _of two discrete pgthways!' fe
(A nm)(irradiancadW/cn) bpy (MLCT) and Fé — Ti"V (MPCT) sensitizatiod? The
evidence for the MLCT pathway was the observation of an
out extensive optimization the IPCE maximum values were efficient, ionic strength dependent, quantum yield for electron
at most 13% and, for materials with the same ground- injection measured after excitation of the Febpy charge
state absorption, followed the trend Fe(bpy)(@NJTiO, > transfer. The MPCT pathway gave the expected ionic
Fe(dpb)(CN)* /TiO, = Fe(dmb)(CN)>/TiO.,. strength independent injection quantum yield of unity. In
Shown in Figure 4b are the absorptance-(T) spectrum regenerative solar cells with Fe(bpy)(GN)TiO,, the direct
of Fe(bpy)(CN)? /TiO, in 0.5 M LiCIlO, acetonitrile solution charge transfer pathway was found to be more efficient than

Discussion
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Figure 4. (a) Photoaction spectra ol Fe(bpy)(CN)2-/TiO,, (®) Fe-
(dpb)(CN)2-/TiO2, and @) Fe(dmb)(CN)2-/TiO,, obtained at room
temperature in Lil4 acetonitrile solutions. The IPCE is the incident-photon-
to-current efficiency. Additional details are given in the text. (b) Comparison
of 1 — T spectrum of Fe(bpy)(CNJ /TiOz in 0.5 M LiClO4 acetonitrile to

the photoaction spectrum of Fe(bpy)(GRYTiO2 in 0.5 M Lil/0.05 M I,
acetonitrile.

was the MLCT pathway. The results with the substituted
bpy ligands, dmb and dpb, and additional solvent reported
here support these previous findings.

Although visible light absorption by Fe(LL)(Ch)
initially forms a*MLCT state, it is not clear that a MLCT
state injects an electron into the semiconductor. Intramo-
lecular excited state decay from tHdLCT state to form a
ligand field excited state is known to be rapid for iron
bipyridyl compounds in fluid solutio#’-*8With our temporal
resolution all that can be safely stated is that MLCT
absorption is the first step in the sensitization mechanism
and thatky; > 10 s™1. We note that interfacial electron
transfer from bipyridine ligands that are not bound to the
semiconductor surface is known for MLCT excited states
but, to our knowledge, electron injection from ligand field
states has not been observed.

Fe(LL)(CN)?~ displays the four(CN) modes 2A, B;, and

B,, expected for &,, symmetry**2°Unfortunately, signifi-
cant broadening precludes identification of the symmetry of
the surface-bound compounds. However, the surface-bound
complexes do display a weak band at higher energy, 2109
cmt for Fe(CN)*/TiO, and ~2120 cm? for Fe(LL)-
(CN)£2[TiO,, not observed for the free compounds. These
bands are reasonably assigned to bridging cyanide ligand-
(s). The shift to higher energy is consistent with previous
studies'®1The lower frequency measured for the bridging
CN ligand(s) in Fe(CNy~/TiO; relative to Fe(LL)(CNY?~/

TiO, suggests strongerdonation for Fe(CNy~. In the text,

the surface coordination is abbreviated"FEN-Ti";
however, it should be kept in mind that there may be one,
two, or even three cyanides bound to the F&Drface.

Surface coordination has a profound impact on th&'Fe
reduction potentials of the iron compounds and induces a
200-500 mV anodic shift. In contrast, ruthenium sensitizers
bound through dcb, where dcb is 4(€0O,H),-2,2-bipyri-
dine, ligands have Rlf' reduction potentials that are within
50 mV of those measured in fluid acetonitrile electroRte.

In regenerative solar cells, with iron cyano sensitizers, this
surface-induced potential shift decreases the spectral response
of the materials at long wavelengths of light, but increases
the driving force for iodide oxidation. The measured'ffe
reduction potentials are considerably negative of thé'Ru
potentials in the widely used sensitize@s-Ru(dcb}(NCS),
0.85 V vs SCE?' Based on previous work, the low solar
conversion efficiencies with all the iron sensitizers reported
here likely stem from sluggish iodide oxidation rates that
allow a significant fraction of the injected electrons to
recombine with the oxidized iron compourds.

Surface sites present on Ti®@or coordination with the
ambidentate cyano ligands are likely to be coordinatively
unsaturated TV sites. The appearance of an absorption
maximum for a MPCT band of Fe(CM)/TiO, suggests that
the acceptor is a i state (d electronic configuration) rather

tion chemistry and the charge transfer reorganizational

the predominant electronic interaction woulddxélonation

parameters that were extracted from the novel solvatochromicfrom the cyano nitrogen to the surface with insignificant

and redox properties of these sensitized materials.
Surface Coordination. The coordination of Fe(CM) to

nanocrystalline Ti@ leads to the appearance of a visible

absorption band centered at 420 HhThe absorption band

m-back-bonding. This is consistent with the anodic shift in
the F&"" reduction potential upon surface binding. The
o-donation should be less for the more Lewis acidic ferric
state and may explain our inability to directly bind"Fe

has previously been observed for agueous colloids andCyano compounds to the surface and our observations that

assigned to a MPCT band, Fe(} Ti(IV), shown as eq 4.

Fé'—CN—|Ti" = Fe" —cN—|Ti" @)

The broad absorption spectra of Fe(LL)(GNJTiO, are well

modeled by a sum of MPCT and MLCT contributions.
The IR spectrum of KFe(CN) shows a band at 2045

cm !, assigned to the ;F mode, while the spectrum of

(17) Winkler, J. R.; Creutz, C.; Sutin N.. Am. Chem. Sod 987, 109,
3470.

(18) (a) Creutz, C.; Chou, M.; Netzel, T. L.; Okumura, M.; Sutin,N.
Am. Chem. Sod 98Q 102, 309. (b) Sutin, N.; Creutz, Rure Appl.
Chem198Q 52, 2717. (c) Sutin, N.; Creutz, Q. Chem. Educl983
60, 809. (d) Winker, J. R.; Sutin, Nnorg. Chem.1987, 26, 220.

the ferric compounds slowly desorb from the semiconductor

surface during electrochemical measurements. We note that
the adduct formation constants measured here for the ferrous
cyano compounds are about 2 orders of magnitude lower
than those reported for sensitizers bound through carboxylic
acid groups.

(19) (a) Umapathy, S.; MaQuillan, A. J.; Hester, R.Ghem. Phys. Lett.
199Q 170, 128. (b) Korzeniewski, C.; Severson, M. W.; Schmidt, P.
P.; Pons, S.; Fleischmann, M. Phys. Chem1987, 91, 5568.

(20) Schilt, A. A.Inorg. Chem 1964 3, 1323.

(21) Bond, A. M.; Deacon, G. B.; Howitt, J.; MacFarlane, D. R.; Spiccia,
L.; Wolfbauer, G.J. Electrochem. Sod.999 146, 648.

(22) Argazzi, R.; Bignozzi, C. A.; Heimer, T. A.; Hasselmann, G. M;
Meyer, G. JJ. Phys. Chem B998 102 7577.
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Table 2. Intervalence Charge Transfer Parameters for Fe{ENpn Pairs, Mixed-Valence Compounds, and Ti@terfacial Systems

complex Vmax NM (cNTY) e, M 1cm? Avyp, cmt fe Uiz e A Hpa, cmt ref
lon Pairs
Fe(CN)*/Fe(CN)3~ 820 (12200) 28 7900 0.001  ~0.09 44 24
Fe(CN)}*/Ru(NHz)63" 730 (13660) 34 6300 0.001  ~0.08 24
Fe(CN)3~/Os(CNy* 610 (16400) 45 10100 0.002 ~0.11 73 24
Mixed-Valence Compounds
[(CN)sF€' (u-CN)Fe' (CN)s] 1300 (7700) 3200 4900 0.07 25
[(CN)sFé! (1-CN)RU" (NH3)s] 820 (12200) 2860 0.08 0.77 2800 26
[(CN)sFé'(u-CN)O<!" (NH3)s]2 561 (17800) 3600 3400 0.06 04 2600 26
TiOz Interfacial Systems

[(CN)sFe'(u-CN)TiVO,] 420 (23800) 5200 8200 0.2 ~0.9 ~3000 9
[(CN)s(bpy)Fé' (u-CN)TiVO,] 427 (23400) 5200 8200 d

aMeasured at 77 K Determined from room temperature absorption speét@alculated from eq 5 or 6. This work.

An interesting observation is that the "Me reduction ~ Wherevmax is the energy at the band maxima in chand
potential of Fe(CNy~/TiO; is solvent dependent while the the transition dipole momenys,, has units of e A. The
energy and spectral distribution of the MPCT band is not. electronic coupling elemertipa may then be determined
For example, an~90 mV shift of the F&" reduction from eq 7%
potential is observed when the solvent is changed from
acetonitrile to THF while the MPCT bands in both solvents (Hpa)? = (9.2 x 10 (Vo Fosd/Toa” @)
are superimposable. This indicates that th¥"Tireduction
potential, or the energetic position of the conduction band, whererp, (in A) is the true charge transfer distance be-
tracks the F&'' reduction potential and shifts in energy a tween the donor and the acceptdrHpa values for the
corresponding amount. Precedence for such behavior existHh—CN—A compounds in Table 2 were calculated with
from the work of Zaban and co-workers, who have shown values from Stark measurements as determined in the original
that sensitizers with pH independent reduction potentials in reference8:24-26 For the interfacial cases, models were used
fluid solution can become pH dependent when bound to to crudely estimate a geometric valuerg ~ 6 A.

nanocrystalline Ti@surfaces? It therefore appears that the Comparing the physical parameters given for the three

solvent interaction with Ti@indirectly influences the P& classes of IT systems in Table 2, several striking features

reduction potential. Additional details of the solvatochromic are apparent. The magnitude &fy, is similar for the ion

properties are given below. pairs and the interfacial Tigsystems, which are in turn much
Comparison with Known Intervalence Transfer (IT) larger than those reported for the mixed-valence compounds.

Bands. Spectroscopic IT band maxima, extinction coef- The oscillator strength for interfacial charge transfer is a
ficients, and bandwidth parameters for ion pairs, mixed factor of ~3 larger than that for the mixed-valence com-

valence compounds, and Tidterfacial systems that contain  pounds and about 2 orders of magnitude larger than that
the Fe(CNy moiety are given in Table 2. The values for the reported for the ion pairs. The magnitude of the transition

oscillator strengthf{sd, the transition dipole moment(>), dipole moment is substantially lower for the ion pairs. The
and the electronic coupling elemeriidx) for F€'—CN— high oscillator strengths and larg&vy, values for the
TiV, calculated with eqs 57, are also given in TableZ.  interfacial compounds are advantageous for solar energy
Experimentally, the oscillator strengfl. of a Gaussian  conversion applications where efficient and broad spectral
charge transfer band is given by ed’s, harvesting of sunlight are generally required.
Evaluation of the oscillator strengths and the transition
fose= (4.61x 10 )€ Avy, (5) dipole moments does not require any assumptions. In

contrast, the magnitude of the electronic coupling matrix
where €max (Mt cm™) and Avy, (M~ cm?) are the element, Hpa, critically depends on the charge transfer
extinction coefficient and full-width-at-half-maximum of the  distance assumed. As stated above, the true distance is not
absorption band. The oscillator strength is related to the known and a geometric distance was assumed here. If charge
transition dipole moment by eq%, transfer is to a delocalized conduction band, then the true
roa Mmay be larger, and it may be smaller if it is to a localized
f o= (87°MCV,1/3NE) 1415 ° = (1.08x 10 ), lut15> (6) surface state. Therefore, a more precise valugis needed
to accurately determinklpa.

(23) (a) Zaban, A.; Ferrere, S.; Sprague, J.; Gregg, Bl.Rhys. Chem. Reorganizational Parameters. A. Metal-to-Particle
(B:hlegngﬁ)?B%L%]éasi'Og,bLSZSban’ A Ferrere, S.; Gregg, B. A.-Phys.  charge Transfer. For mixed-valence compounds, the total

(24) Billing, R.; Khoshtariya, D. Elnorg. Chem.1994 33, 4038. reorganization energy for IT bands, and presumably MPCT

(25) McCartney, D. HRev. Inorg. Chem 1994 33, 4038. bands, may be abstracted from the spectral data with the

(26) (a) Karki, L. Lu, H. P.; Hupp, J. T0. Phys. Cheml996 100, 15637.
(b) Vance, F. W.; Karki, L.. Reigle, J. K.: Hupp, J. T.; Ratner, M. A.  @pproach of Hush, eq B,
J. Phys. Chem. A998 102, 8320.

(27) Creutz, C.; Newton. M. D.; Sutin, NIl. Photochem. Photobiol., A: 2_ MPCT
Chem.1994 82, 47. (Avy)" =16 In K TA (8)
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wherekg is the Boltzmann constant, is temperature, and
AMPCT s the total reorganization energy for MPCT. Applica-
tions of this relation to the data shown in Figure 1 yields a
total reorganization energy afF¢T = 3.6 eV for Fe(CNy*/
TiO,. This value seems unrealistically large, even if signifi-
cant JahnaTeller distortions for a TY"" process are con-

compounds with FECN)s*~ donors are typicallyl,™ ~ 2200
cmt (0.27 eV) and are probably better models for the
interfacial casé@® Use of these estimates from fluid aqueous
solution ignores the influence of the semiconductor surface
on the solvation of the iron compound. However, we find
experimentally that the MPCT band is independent of the

sidered. Intuitively one might expect that inhomogeneous external solvent and is very similar to that reported for Fe-
broadening could contribute to the large calculated reorga- (CN)s*/TiO, aqueous colloids. Taken together, the spec-
nization energy. The electronic absorption spectra of Fe-troscopic observations suggest that the sensitizer is in a
(CN)e* /TiO; films measured as a function of Fe(GH) hydrated, aqueous-like layer and that outer-sphere contribu-
surface coverage in different solvents yielded the sAmg tions to A,MPCT from the external solvent are minimal.
within reasonable experimental error and provide no evidenceAdditional details on solvation energetics are available from

for inhomogeneity. The broadene(CN) bands suggest that
a distribution of sensitizersemiconductor orientations are

the Fe(LL)(CN)? /TiO, data described further below.
If we take outer-sphere estimates from fluid agueous

sampled on the vibrational time scale. In any case, extractingsolution and calculat&“PCT from the published Raman data

reorganization parameters directly from MPCT bands with

for colloidal aqueous solutions, the total reorganization

Marcus-Hush theory does not appear to be adequate for energy for the MPCT of Fe(CNY/TiO, is ~0.6 eV. For

these electron transfer processes. Estimate8'dt™ must
be based on other experiments as discussed below.

The total reorganization energy for interfacial charge
transfer, AMPCT is the sum of the inner-sphergM*cT, and
the outer-spheré, MPCT, reorganization energié$The inner-

comparative purposes, the only reorganization parameters for
electron injection available in the literature, to our knowledge,
are those estimated for excited state sensitization of single-
crystal electrodes in agueous solutfoBespite gross dif-
ferences in the mechanisms and molecular assemblies, the

sphere contribution may be estimated from the resonancevalues are remarkably similar and within a factor of 2 of
Raman data previously reported by Hupp and co-workers those estimated here;0.3 eVv>2p

for Fe(CN)*/TiO; in H,0.1% The mode-by-mode descrip-

B. MLCT Sensitization. The two broad visible absorption

tions for inner-sphere reorganization from charge transfer bands for Fe(bpy)(CNJ~ have been assigned to Fe bpy

excitation were obtained from the application of the time-
dependent scattering theory to Raman spe€tfde inner-

metal-to-ligand charge-transfer, MLGTThe MLCT bands
of metal polypyridyl cyano compounds, such as Fe(bpy)-

sphere reorganization energy is given by the sum of all the (CN),2~, are known to be highly solvatochroniit.The

modes that are resonantly enhanced, eq 9,

AMPET = O.SZAkz(ﬂ)
2n

where wy is the vibrational frequency multiplied byz2
and Ay is redox-induced normal coordinate displacements.

9)

change in dipole moment with light absorption and solvent
interactions with the coordinated cyano ligand are thought
to be the origin of the solvatochromisth.The solvato-
chromic MLCT absorption bands of Fe(LL)(CIR) com-
pounds bound to Ti@can thus serve as probes of interfacial
solvation.

For the surface-bound compounds, the lower energy

Using Hupp’s data with the assumption that all 10 enhanced MLCT band is fully resolved while the fundamental absorp-

modes contribute to the interfacial electron transfer, we
calculate tha#MPCT for Fe(CN)}* /TiO; film is 2550 cnt?
(0.32 eV)iop

tion edge of TiQ completely obscures the high-energy
MLCT band for Fe(bpy)(CN§~ and Fe(dmb)(CN¥~ and
partially obscures it for Fe(dpb)(CM). The blue shift in

Estimation of the outer-sphere reorganization energy is the MLCT absorption bands observed upon surface attach-

more problematic. In principle, the solvent contributions may

ment are expected based on the €NTi'"V o-donation, that

be estimated from the self-exchange rate constant, eq 10decreases the electron density on iron, and an aqueous-like

*Fe'(CN)g"~ + Fe"(CN)g> L,
*Fe''(CN)>~ + Fe'(CN)," (10)

Our attempts to measure this rate constant in situ were

frustrated by the instability of the ferric compounds on the
semiconductor surface. Literature values reported in fluid
aqueous solution span an unusually large raag&cT ~
1700-7200 cn1t (0.2—0.9 eV)3° Values for mixed-valence

(28) Hush, N. SProg. Inorg. Chem1967, 8, 391.

(29) (a) Heller, E. J.; Sundberg, R. L.: Tannor, D.Phys. Chem1982
86, 1822. (b) Tannor, D. J.; Heller, E. J. Chem. Phys1982 77,
202. (c) Lee, S. Y.; Heller, E. 3. Chem. Physl977 71, 4777. (d)
Heller, E. J.Acc. Chem. Resl1981, 14, 368. (e) Morris, D E;
Woodruff, W. H.J. Phys. Chem1985 89, 5795.

interface, Table 1.

In the classical limit, the optical energy for the long-
wavelength MLCT bandE. T, is related to the Gibbs
free energy and the total reorganization energy of the MLCT
excited state, eq 1%,

EMLCT — AGMLCT + AMLCT (11)
op
where AGMCT is well approximated byE;(F€"") —

E12(LL%7). The metal-based reduction potentials have been
measured for the surface-bound compounds directly by cyclic

(30) (a) Campion, R. J.; Deck, C. F.; King, P.; Wahl, A.l8org. Chem.
1976 6, 672. (b) Terrettaz, S.; Becka, A. M.; Traub, M. J.; Fettinger,
J. C.; Miller, C. J.J. Phys. Chem1995 99, 11216.

(31) Chen, P. Y.; Meyer, T. Lhem. Re. 1998 98, 1439.
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voltammetry. The ligand reductions cannot be obtained ductor on the energetics of the MLCT state. Since the ground
experimentally because TiQ@eduction occurs prior to the  and ligand field states are expected to be perturbed by the
bipyridine reductions. However, studies by Curtis et al. for semiconductor to a different degree, the results strongly
Ru(bpy)(NH)4>* compounds have shown that the ligand- suggest that the nonradiative decay pathways and lifetime
based reduction potentials are only weakly sensitive to of the MLCT state are also significantly influenced by the
solvent®? Assuming the same is true here, the electrochemical semiconductor interface.

and optical data for the surface-bound compounds allow the

direct determination ofiM-CT. Shown in Table 1 are the Conclusions

reorganization energies calculated with eq 11. Iron cyano compounds bound to nanocrystalline;fi@ve
The total reorganization energy for the surface-bound gjowed Fé — TiVv (MPCT) and F&— bpy (MLCT) charge

compounds is significantly larger than those in fluid solution ansfer to be quantified by spectroscopic and electrochemical
for all three compounds studied in both acetonitrile and THF. easyrements. Surface binding alters the solution redox and
Th|s.conclu3|on is demanded by th_e raw experlm.entaI da"""optical properties of the iron compounds in a manner that
and is not an artifact of the Gaussian deconvolution or the ¢a pe rationally understood on the basis of the presence of
assumptions made. In fact, if the observed absorption ympigentate cyano ligands bound to the semiconductor
maximum were used rather than the calculated one, or if g face. The MLCT bands were solvatochromic while the
the ligand reduction potentials were allowed to shift in \pcT bands were not. The lack of solvatochromism for the
concert with the P&" reduction potentials, the reorganization \pcT pands coupled with a significant change in th&/Fe
energy for the surface-bound compound would increase raqyction potential measured electrochemically, suggests that
further. Therefore, while our data does not allow us 10 the acceptor states in TiGhift with solvent. Analysis of
quantify the magnitude of the reorganization energy increase e solvatochromic MLCT bands demonstrated that the total
upon su.rface bmdmg with high precision, the conclusion that oy cited state reorganization energy for Febpy charge
It must increase Is a near certainty. _ transfer increased when the compounds were bound to the
The total reorganization energy for the MLCT excited state mesoporous nanocrystalline semiconductor film. This finding
bound to the semiconductor surface is expected to includedemonstrates that the excited state energetics, and presumably

contributions from solution and the solid. The restricted excited state relaxation processes, are profoundly impacted
translational mobility of the semiconductor-bound iron py coordination to semiconductor surfaces.

compounds and the external solvent probably underlie the

enlarged reorganization energy relative to fluid solution. This ~ Acknowledgment. This work was supported by the
work then demonstrates the influence of the F8&micon- National Science Foundation.

(32) Chang, J. P.; Fung, E. Y.; Curtis, J.18org. Chem1986 25, 4233. 1C011069Q
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