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Surface functionalization of nanoparticles is of broad interest, such as

for dye attachment in dye-sensitized solar cells (DSSCs)1,2 and pho-

tocatalysis.3,4 Visible-light photoexcitation of the dye gives interfacial

electron transfer (IET) into the conduction band of a semiconductor

host.5 In a Gr€atzel cell, TiO2 is functionalized with Ru polypyridyl

complexes that attach via carboxylate substituents2 that permit

ultrafast IET but are unstable in aqueous conditions.6 We now report

on hydroxamate anchors for robust TiO2 functionalization even in

aqueous conditions.

Hydroxamate ligands bind tightly to transition metals, even in

water.7,8 For example, bacterial siderophores that contain hydrox-

amates can dissolve Fe(III) from the oxide.7 Recent studies have

reported binding of hydroxamic acids to TiO2.
8 Here, we investigate

their potential as robust anchors for functionalization of TiO2 thin-

films commonly used in solar energy conversion and photocatalysis.

We synthesize and deposit a hydroxamate-functionalized terpyridine

and demonstrate visible-light sensitization of TiO2 and activation of

Mn adsorbates by ultrafast IET by using spectroscopy and molecular

modeling.

The synthesis (Scheme 1) builds on prior methods9 and proceeds in

two steps in good yield. The methyl ester (1) reacts with O-Bn

hydroxylamine (BnONH2) in the presence of LiHMDS to give the

corresponding ester.10 The ester is then deprotected with H2 and Pd/C

to give the product 2.

Degussa P25 TiO2 nanoparticles (NPs) were sensitized with

a solution of 2 in dry EtOH using known techniques.4,11 The resulting

sensitized nanoparticles were characterized using UV-visible and

FTIR spectroscopy (see Fig. S1 and S2†). The spectroscopic data are

consistent with 2 anchoring to TiO2 via the hydroxamate. Upon

binding, the disappearance of a C]O stretch at 1635 cm�1 present in

the IR of unbound 2 is consistent with a �O–CR]N–O� unit
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Broader context

Attachment of photoactive molecules to semiconductor TiO2 nano

a number of proposed water-splitting solar cells. Many current lin

transmit photoinjected electrons or are unstable to oxidative condit

and water-stable hydroxamate linkers that are also able to media

selected because they have long attracted attention in a biological

bind tightly to Fe(III).
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binding to TiO2 with terpyridine pointing away from the surface, an

arrangement that is particularly suitable for the subsequent immo-

bilization of a metal for photocatalysis. We have immobilized Mn(II)

by treating the 2–TiO2 assembly with 2 mM aq. MnII(OAc)2.

Fig. 1a shows the characteristic EPR spectra at 6 K of a Mn(II)

complex incorporated into 2–TiO2. In the dark, the Mn(II)

signal is clearly visible (red) and, under illumination with visible light

(l $ 420 nm), the Mn(II) signal decreases (blue) indicating Mn(II)

photooxidation to Mn(III). After the light is turned off, the Mn(II)

signal fully recovers, indicating reversible photoinduced charge

separation. Fig. 1 (right) shows the reversible photooxidation of

Mn(II) with a 44 s half-life for e�/h+ recombination, indicating slower

charge recombination than for the analogous reaction with catechol

or acetylacetonate anchors.4,11 These results demonstrate visible-light

oxidation of Mn(II) adsorbates through IET via the hydroxamate

anchor into the TiO2 conduction band.

To estimate the IET time scales and compare hydroxamate linkers

to the corresponding carboxylate analogs, we simulated the IET

dynamics in fully atomistic models of functionalized TiO2 nano-

structures, as previously reported,4,11,12 according to mixed quantum-

classical molecular dynamics. The simulations predict that both

linkers lead to ultrafast, subpicosecond, IET rates and that hydrox-

amate anchors could replace carboxylates without altering the charge

separation efficiency. Fig. 2 shows the survival probability for the

electron to remain on the photoexcited adsorbate, along with

a snapshot of the electronic charge distribution at 100 fs after

photoexcitation: more than 50% of the electron charge is injected

within the first 100 fs of dynamics.

With time resolved terahertz spectroscopy (TRTS) we have

measured the time scale and efficiency of charge injection into TiO2

NPs functionalized with 2 (Fig. 3). These measurements have

subpicosecond temporal resolution and exploit the fact that mobile

electrons absorb THz radiation when injected into the TiO2

conduction band.13 The THz transmission amplitude decreases when

electrons are injected into the TiO2 conduction band upon adsorbate

photoexcitation. Fig. 3 shows the time dependent change in THz

transmittance due to ultrafast interfacial electron injection induced

by 400 nm photoexcitation of TiO2 NP colloidal thin films
particles is the basis of Gr€atzel dye-sensitized solar cells and of

kers have either mediocre water-resistance or limited ability to

ions. This paper demonstrates robust attachment via oxidation-

te photoinjection of electrons into TiO2. Hydroxamates were

context—they are preferred ligands in siderophores where they
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Fig. 3 400 nm pump/THz probe of electron injection in functionalized

NP films of N719-TiO2 ( ) and 2-TiO2 (——).

Fig. 4 Left: UV-visible spectra of 2–TiO2 ( ) and bare TiO2 (——).

Right: Amounts of 2 and N719 remaining attached to TiO2 NPs as

a function of water incubation time from the absorbance At, at time t,

relative to the A0. The wavelengths used were 450 nm for 2–TiO2 and

550 nm for N719–TiO2.

Scheme 1

Fig. 1 Left: EPR spectra at 6 K of 2–TiO2 NPs functionalized with

MnII(OAc)2 in the dark before irradiation ( ) and with visible light

irradiation ( ); Right: Time-dependent Mn(II) %age at 3106 G with

light on ([ ) and off (Y).

Fig. 2 Left: Time-dependent probability of the electron to remain in the

adsorbate 2 (——), compared to the analogous carboxylate-linked adsor-

bate (-- - -). Right: A snapshot of the electronic charge distribution at 100

fs after photoexcitation of 2.
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functionalized with 2 (black) and the carboxylate-linked dye N7192

(red). While the transmission unit in Fig. 3 is arbitrary, we have used

the same scaling factor for both spectra to make meaningful ampli-

tude comparisons between 2 and N719. The rapid decrease in THz
1174 | Energy Environ. Sci., 2009, 2, 1173–1175
transmission indicates that IET from the adsorbate to the NP is

completed on a subpicosecond time scale after photoexcitation of the

system. We note that the THz absorbance signal has a fast decay

component that lasts �10 ps for both sensitizers and then levels off.

This indicates that, within 10 ps, a fraction of the injected electrons

either get trapped at TiO2 defects or surface sites, or recombine with

oxidized adsorbates. In addition, we have calculated the apparent

injection efficiency of 2 relative to N719 with 400 nm excitation. Fig. 3

shows that 1.95 times as many electrons are injected with 2 relative to

N719. At 400 nm, the absorbance of the sample functionalized with 2

is 0.67 and that for the N719 sample is 0.81 (Fig. S3†), and both films

have the same thickness of 11.3 mm. The surface coverage is 1.20 and

0.99 molecules/nm2 for 2 and N719, respectively (Table S1†).

Therefore, given that there is a higher coverage of 2, but a lower

amount of absorbance, the fraction of molecules of 2 that have

absorbed a photon is (0.99/1.20) � (0.67/0.81) ¼ 0.68 times that of

N719 (yet 1.95 times as many electrons are injected). Therefore, on

a per molecule basis, 2 is 1.95/0.68, or 2.9 times more efficient than

N719 for electron injection when exciting with 400 nm light. Since

N719 is thought to be 100% efficient, this should not be taken to

mean that we have an efficiency > 100%. The THz data only records

mobile injected electrons and thus we only argue that hydroxamate is

not inefficient for IET.

The stability of hydroxamate anchors has been compared to

a carboxylate analogue via binding enthalpy calculations and UV-

visible spectroscopic data. The calculations suggest that hydroxamates

are ca. 33% more stable (�10 kcal mol�1) than carboxylates on TiO2

anatase. Possible reasons are the dianionic charge, the less strained

hydroxamate bite angle (�75�) versus chelating carboxylate (�61�)

and the higher pKas for hydroxamic acids (8.88 for MeCONHOH)8a

versus carboxylic acids (4.76 for MeCOOH). Experimentally,

hydroxamate anchors are more stable to water. Fig. 4 (left) compares

the UV-visible spectrum of 2–TiO2 to that of bare TiO2. The absor-

bance of 2–TiO2 at 420 nm likely corresponds to visible light excitation
This journal is ª The Royal Society of Chemistry 2009
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of an electron in the ligand HOMO to the conduction band of TiO2.

Fig. 4 (right) compares the absorption at 450 nm (blue trace, 2–TiO2)

and 550 nm (red trace, N719–TiO2) as a function of incubation time.

Even after 24 h water exposure, there is no significant detachment of 2

(see also Fig. S3†). In contrast, the analogous experiment for

N719 dye2 shows a rapid decay of the absorbance.

The ease of synthesis, ability to induce ultrafast IET, and superior

binding properties make hydroxamate anchors promising linkages

for functionalizing TiO2 thin-films suitable for DSSCs and photo-

catalysis and may lead to dye-sensitized solar cells that are more

resistant to humidity.
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