Available online at www.sciencedirect.com

sc-ence@mnecv COORDINATION

CHEMISTRY REVIEWS

ELSEVIER Coordination Chemistry Reviews 248 (2004) 1283-1297

www.elsevier.com/locate/ccr

Review

Linkers for anchoring sensitizers to semiconductor nanoparticles

Elena Galoppirii

Department of Chemistry, Rutgers University, 73 Warren Street, Newark, NJ 07102, USA

Received 3 November 2003; accepted 9 March 2004
Available online 28 May 2004

Contents
Y 0111 = Lo A 1283
IO oo 13T 1T ) o 1283
2. OQANIC KIS . . . e et et 1286
b2 I I U= =V o Tod o To T T To o {011 o PP 1286
2.2. Flexible or semirigid Dridges . . . . ..o e e 1287
b2 T = To [0 1 1= £ 1289
2.3.1. RIQID @XIAl FOUS. . . oottt e e s 1289
2.3.2. THPOAAl NKEIS . . .ttt e e e e e 1291
2.4, ONEr QY S M . . .ttt e e 1294
G T 7o 3 Tod 1] (o3 L 1295
o T T (=T [ 1= 0 =T o 1295
R TN CES. . .ot e 1295
Abstract

Organic and inorganic dyes anchored to semiconductor nanoparticles find important applications as photosensitizers in the preparation
of solar cells and other optoelectronic systems. For many years research in this area has involved dyes that are bound to the surface of
nanocrystalline semiconductors through one or more anchoring groups, forming donor—acceptor systems where the donor is usually the dye
and the acceptor is the semiconductor. The design of linkers containing a bridge between the chromophore and the binding group is a more
recent development in this field. Carefully designed linkers can be useful to fix the distance of the dye from the semiconductor surface, to tune
the properties of the dye, to prevent aggregation of the chromophores, and to prepare models for interfacial electron transfer studies. More
generally, this appears to be a promising method for understanding electron transfer processes at the molecule—hanoparticle interface anc
eventually controlling them in a rational and predictable manner. This review describes the synthesis and properties of sensitizers consisting
of chromophore-linkers arrays where the linkers are based on alkyl chains, rigid-rods, or tripod-shaped molecules.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction cesses that ultimately result in the production of electrical
energy from light.Fig. 1 shows this cycle for a cell sensi-
Since the early 1970s, mesoporous anatase, THn tized by a Ru-polypyridine dye. Ultrafast laser techniques

films coated with dyes find use as photoanodes of photoelec-have shown that injection times for a variety of anchored
trochemical cells for solar energy conversidh. When the sensitizers are in the range of few tenths to several hundreds
dye-coated film is the anode in a solar cell, photoexcitation of of femtosecond$§2—5] while the recombination (a compet-
the dye (sensitizer) with visible light is followed by injection ing process) is several orders of magnitude slower. Interest
of an electron in the conduction band of the semiconductor. in this field has exponentially increased in the last decade,
These are the first steps in a series of electron-transfer prosince Gratzel and coworkers produced the first cells with
substantially higher conversion efficiencies by using sol—gel
techniques to manufacture films with enormous surface
* Tel.: +1-973-353-5317: fax:-1-973-353-1264. area for the dye uptakgs,7]. This finding demonstrated
E-mail address:ga|0ppin@andromeda.rutgers.edu (E. Ga|0ppini). tha.t dye'sensitized Ce||S are a Viable alternative for eXiSting
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€ Ru*tRZT finely tuned by varying the metals and the ligands. Numerous
.%\ " other dyes including porphyriffd4], phthalocyaninegl5],
b ) viologens[16], Rhodamine B17] and xanthene dyd48]
- 1— have been employed. Perylei2a,2b] naphthalengl9] and
€
\%
~\ oc

other organic aromatic hydrocarbof&)] have been used
I ¢ in fundamental studies aimed at elucidating the interfacial

e L P T electron transfer events.

In early experiments, the dye molecules were adsorbed
AN’} Ru*t/Ru** on semiconductor films by physisorption. This was done by
I vb B I

dipping the films cast on a substrate, for instance a con-
ductive glass slide, in a solution of the dye and then dry-
[Toad  }—-— ing them in air. It was soon obvious that it was important
) ) ) o ) to develop better methods to control the binding process,
Fig. 1. Key electronic processes in a solar cell sensitized with a . .
Ru(ll)-polypyridyl dye anchored through Aw, photoexcitation of the dye ar,]d already. in the 1970s researCh_erS were preparing d_yes
and formation of the lowest excited state, a metal-to-ligand charge-transfer With anchoring groups that could bind covalently to semi-
(MLCT) transition; kinj, electron injectionkrec, recombinationkeg, re- conductor surfaceR1]. This expedient led to substantially
ductiqn qf Ru(lll) by Fhe redox mediator (dye regeneration). Dotted ar- jmproved sensitized films with higher surface coverages, in-
rows indicate competing processes. creased stability, minimal desorption, and with a more even
distribution of the dyes to form monolayer coverages. Most

solar cells technologies. Indeed, the recent generation ofimportantly, the covalent bond increases the strength of the
Gratzel cells, prepared from Ru(L)(NGS3ensitizers, can electronic coupling between the molecular orbital of the dye
reach efficiencies close to 12p#a,8] and the semiconductor levels, leading to fast injection rates
The sensitization of wide band gap semiconductors finds [1b]. For these reasons, most studies today involve sensitiz-
numerous other applications in the preparation of pho- €rs substituted with anchoring groups, such as phosphonates
tochromic and electrochromic devices, in photographic and OF carboxylic acid derivatives, that form strong bonds with
xerographic processes, displays, and artificial photosyn- metal oxide nanopatrticles. The anchoring groups are often
thetic center§la]. Given the fundamental and practical im-  directly attached on the molecule’s framework, as shown in
portance of this complex interfacial process, many researchFig. 2
groups worldwide are involved in the effort to understand ~ The design of rigid linkers that spatially separate the dye
and control the sensitization events. Virtually each com- from the semiconductor with a bridge is a relatively recent
ponent and process of dye—semiconductor Systems_thedevelopment, although dyes attached through flexible alkyl
semiconductoflc,9], the dyes[1a,10] the mechanism of  chains have been known for yeafsd. 3. The strategy of
injection and recombinatiofib,1d,1e,11have been exten- separating an electron donor and an electron acceptor with
sively investigated. Directions of future areas of research @ bridge is well established. Donor—bridge—acceptor com-
and applications have been outling@)]. pounds made of two chromophores that are connected by
This review focuses on a relatively new topic in this field: Saturated, unsaturated, rigid or flexible bridges have been
the design of linkers that anchor the dye to the surface of used by many groups worldwide to elucidate fundamental
the semiconductor to form sensitizer-bridge-anchor arrays aspects of electron transfer theory in fluid solutions, and as
as represented iRig. 2 The most common sensitizers for models to mimic electron transfer events in biological sys-
thin film electrodes are metal complexes of polypyridines tems,Fig. 4a[22] As for interfacial donor-bridge—acceptor
[13], because they strongly absorb in the visible, have long Systems, self-assembled monolayers (SAMs) made of thiols
excited states lifetimes, exist in stable oxidized and reducedcapped with electroactive groups and bound to gold elec-
forms, and do not have the tendency to aggregate ordegradet.mdes through rigid or flexible bridges have been investi-

Their photophysical and electrochemical properties can bedated for many yearsig. 4b [23] Donor—bridge—acceptor
systems are finding increasing applications in the functional-

ization of Au nanoparticles and CdS quantum dbig, 4c

alkyl thiols are used as stabilizers and/or as surface modi-
fiers and the linkers are often modified to incorporate groups
that have useful function@4].

linker A possible explanation as why there are still few exam-
1 ples of this strategy for semiconductor sensitization is that
/J\ the introduction of longer bridges in this case seems counter-
MO productive. For instance, in the case of thiols bound to gold

Fig. 2. Schematic representation of linkers used to bind sensitizers to metalthe Iong saturated ChElIﬂ_S are neces_sary t(_) form hlgh quahty
oxide (MO) nanoparticle surfaces, sensitizer;p, bridge; A, anchoring SAMs. In the case of Ti@ nanoparticles, instead, a satu-

group(s). rated bridge between the chromophore and the binding group
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Fig. 3. Examples of organic dyes and components of metal complexes used for semiconductors sensitization in which the anchorig greups (

directly attached on the molecule’s framework.

weakens the electronic coupling and slows electron injection
rates, ultimately defying the purpose of anchoring the dye
through covalent bonds. Injection through long linkers, how-
ever, can be rapid and efficient. For example, the lifetime of
the MLCT state in Ru(ll)-polypyridine dyes is usually sev-

eral hundreds of nanoseconds, so that injections as slow as

1-10ns can still occur with quantum yields near uiity].
Most importantly, it is now clear that well-designed linkers
are highly useful in fundamental as well as applied research
areas involving chromophore—semiconductor interfaces:

(a) Organic linkers can be model compounds for mechanis-
tic studies A better understanding of the electron injec-
tion and recombination dynamics at dye/semiconductor
interfaces is the prerequisite for the improvement of so-
lar energy conversion devices. Important theoretical and

@ (o)
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Fig. 4. General representation of donor-bridge—acceptor systems in solu-
tion and at the interfaces of gold and quantum dots.

(b)

experimental progress has been reported in recent years,
but many aspects remain unknown or are controversial.
Hence, the importance to have well-designed models
available. For example, “designer linkers” are being de-
veloped by several groups to study bridge mediated ul-
trafast heterogeneous electron transfer, to determine the
distance dependence of electron transfer at the interface
of semiconductors and whether it is appropriate to use
the Marcus theory, and to understand if the injection can
occur from vibrationally non-relaxed excited states.
Systematic length variation in rigid bridges can control
the distance of the dye from the semiconductor surface
The possibility of systematically varying the distance
and orientation of a sensitizer from the surface with
bridges of various lengths is useful for distance depen-
dence studies and other applications. For instance, it may
be possible to identify conditions where the excited state
injection yield into the semiconductor is unity while re-
combination of the injected electron with the oxidized
dye is inhibited. This is interesting because slower
charge recombination rates are expected to increase the
open circuit photovoltagé/,c, which defines the maxi-
mum Gibbs free energy that a regenerative solar cell can
produce under conditions of constant irradiafi2].
Linkers with large footprints can prevent dye aggrega-
tion. Aggregation of the chromophores in their ground
or excited state, especially at high surface coverages,
is a recurrent problem in the case of dyes such as aro-
matic hydrocarbons, phthalocyanines and porphyrins
and it has severely limited the use of these dyes. Ex-
cimers or dimers can have different electronic levels
from the monomer, and aggregation can lead to excited
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state-ground state interactions. Chromophoric groups /L J\ J\®

could be distanced from one another by using linkers *o o0 o™ o Yo-H
. . . . . | I

with large footprints, a method that it is likely to be i \M/ M M M M

more effective than introducing bulky groups on the monodentate bidentate bidentate  bidentate

dye or adding co-binders (vide infra). ester-type chelating bridging  bridging

(d) Bridges varying in structure and degree of saturation

can tune the properties of the chromophokdighly /L J\

. : : . o "0 0 o /L
conjugated bridges modify the properties of the dyes to a 2l /L o “oH
which they are attached, and this strategy could be used b. o4 0g© M
to shift the absorption spectrum of organic aromatic M ™
chromophores to the visible and to increase their extinc- H-bonded H-bonded carboxylate tmhfgfgﬁ'ggte

tion coefficients. Also, such bridges could be used to
tune electronic interactions between the chromophore Fig. 5. Possible binding modes of a COOH group to a metal oxidezTiO
and the semiconductor, raising the possibility of using
them as “molecular wires[26]. followed by carboxylic acids (COOH) and their deriva-
(e) Linkers can be used for chemical surface modifica- tives, such as esters, acid chlorides, carboxylate salts, or
tion. Self-assembling multilayer techniques have been amides[1a,30] Silanes (SiX%), ethers, acetylacetonate and
widely and successfully applied for the functionaliza- salicylates have also been employ@@b]. They all form
tion of electrodes, glass, metal surfaces and quantumbonds with metal oxides by reacting with surface hydroxyl
dots, but there are fewer examples for Fi@anopar- groups. In the case of phosphonates and carboxylates the
ticles [27]. This method is interesting because it may binding is reversible with high equilibrium binding con-
be possible, for instance, to graft a variety of redox stants £ ~ 1 x 10° M~ for Ru-polypyridyne complexes
or photoactive species to metal oxides such as ITO or attached through COOH groupg1], and saturation sur-
TiO, previously modified with a linker that is capped face coverages are in the range/of- 1 x 10~1%mol cm2
with a reactive functional group, forming structurally [30b]. The dyes are easily desorbed from the films in ba-
well-defined arrays of photo or redox active molecules. sic conditions (usually pH> 9). It has been shown that
chemisorption at TiQ though COOH groups can occur
though a variety of binding modeg&if). 5 and which one
2. Organic linkers is prevalent depends on the structure of the dye, the binding
groups, the pH, and the semiconductor prepard®@h
This review focuses on recent developments towards the The knowledge of the nature of the binding modes and of
design of dye molecules that are covalently bound to metal the binding geometry is crucial for the study of interfacial
oxides through organic linkers that are “non-chromophoric”. injection processes, to improve the electrochemical devices,
Therefore, we have not included bi- or multinuclear metal and to design new sensitizers. The characterization of the
complexes, where the linker consists of one or more metal binding is generally obtained by IR and Raman spectroscopy
complexes linked together and where the bridge is specifi- [33,31], XPS[34] and other methodk85]. However, given
cally designed to participate in stepwise injection processesthe complexity of the interface and the variables involved
[28,13b] Also, we have limited our horizon to molecu- (adsorbed ions, surface geometry, etc), it is not always
lar, non-polymeric, non-dendritic structurf29]. Since the possible to determine all aspects of this interactions exclu-
terms bridge, spacer and linker are often used as synonymssively by experimental techniques, especially in the case of
for clarity we call bridge I¢) the moiety placed between the linkers that are large or have multiple anchoring groups.
anchoring (or binding) groupsAj and the sensitizersg), Quantum chemical calculations of model systems bound on
and linker the molecule that binds the dye and that containsrutile (11 0) and anatase (10 1) surfaces provide an impor-
both the bridge and the anchoring group(s), as shown intant method to determine the more stable binding modes, to
Fig. 2 While this is useful for classification purposes and model the geometry of attachment and to study electronic
to define the boundaries of this review, a net distinction properties of the interfaci86]. For example, Persson et al.
between the various components is not always possible inhave developed quantum chemical INDO calculations for
the case of highly conjugated molecules. The designationthis purpose and applied their method to model the adsorp-
“non-chromophoric” is clearly not appropriate in these tion of bpy ligands on anatase (10 1) and to study the charge

cases. transfer excitation between theHOMO orbital of a bound
catechol and the Ti(3d) levels at the bottom of the JiO
2.1. The anchoring group conduction ban{B6b]. Computational method like this will

prove very useful to characterize the binding of many of the

It is useful to summarize what kind of anchoring groups linkers described below and to design improved systems.
are used most frequently. Typically the best anchoring In the context of linkers, a thorough characterization of
groups for metal oxides are phosphonic acids (P(O)¢PH) the binding is important for two additional reasons. First,
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if a linker is specifically designed to fix the distance of the ied two Ru—polypyridyl complexes attached through propyl
chromophore from the surface, it is necessary to determinechains to TiQ thin films and made a comparison with the
whether all anchoring groups are bound and how they bind. corresponding complex directly attached though the ligand
For instance, in the case of a tripodal linker, the assumption (Table 1, entry 5)[45]. Their experiments showed that pho-
that such a molecule is positioned more or less perpendiculartocurrent efficiencies were the same for all three dyes and
to the surface is correct only when all three anchoring group electron injection rates were beyond the detection limit of a
are bound. nanosecond laser pulse (x30%). This observation demon-
Second, it appears that structure and size of organic link- strated that intimate electronic coupling between the ligand
ers can influence the binding constant and surface coverageand the surface link is not a strict requirement for fast injec-
For instance, weaker binding has been observed in lipophilic tion. Interestingly, the recombination rate from i@ the
rigid rod linkers[37] and in anthracene bound through a oxidized dye was slower for the compounds with the satu-
single CH bridge [19]. Linkers with multiple anchoring  rated spacer and the differences between open circuit pho-
groups, such as tripodal sensitizers have exhibited insteadtovoltages Yoc), although small, were consistent with the
binding constants that are one order of magnitude higherobserved kinetics. This experiment also suggested\that
than those usually obtained for Ru(bpidcbft [38]. Intu- can be increased by using long link¢?%].
itively, one may expect that surface coverage will decrease The use of variable length linkers for distance depen-
when the linkers are bulkier or have a larger footprint, but dence studies has been recently explored by Lian and
many linkers described below are relatively new and this coworkers[42]. They inserted one to five methylenic spac-

effect has been little investigat¢89]. ers between the bpy ligand and the carboxylic group in
Re(CO}Cl(dcbpy) to form ReClA-ReC5A, respectively
2.2. Flexible or semirigid bridges (Table 1 entry 3). The complexes were bound to Fithin

films and the dependence of electron injection dynamics on

Table 1shows a list of linkers that employ flexible or electronic coupling was studied by femtosecond IR spec-
semirigid bridgeq2b,16a,40-52] The first spacers used to troscopy. The injection rate decreased exponentially with
anchor dyes to Ti@ were synthesized as part of the ef- distance, in qualitative agreement with the change predicted
fort to obtain more efficient cells by covalently attaching for nonadiabatic electron transfer processes. The injec-
the dye to the thin film electrode. Often, the presence of a tion from ReCOA, the dye that is directly attached to the
saturated bridge between the anchoring group and the dyesurface, showed &100fs injection time, suggesting that
was dictated by convenience and was a consequence of thelectron transfer occurs in the strong coupling and adiabatic
functional groups interconversions used to prepare the an-limit. The flexibility of the chain in the model compounds,
choring groups. For instance, phosphonate groups can béhowever, does introduce uncertainty on the distance and
prepared from bromomethylenic groups (—BH) by reac- orientation of the dyes with respect to the surfaces.
tion with trimethylphosphite, resulting in phosphonomethyl Hartland and coworkers compared 9-anthracene car-
derivatives (—-CHPO3Ry) [46]. Simple methods to prepare boxylic acid (9-AC) and 9-anthraceneacetic acid (9-AA) at-
silylating groups involve hydrosilylation of vinyl groups or tached to colloidal Ti@ nanoparticles through a COOH and
reaction of halides with (3-aminopropyl)triethoxysilane, and a CH;COOH group, respectivel{51]. While 9-AC/TiO,
both methods introduce short alkyl chains ((£}5iRs3) showed a red-shifted absorption spectrum and the fluores-
[41,47] cence was quenched upon binding, 9-AA/Zi€howed no

In other instances, the presence of even a single CH red shift and no fluorescence quenching. These data sug-
bridging unit is part of a rational molecular design and orig- gest that the presence of a single methylenic unit in 9-AA
inates from the idea of modifying the dye to probe the effect decreases the electronic coupling element by at least two
of a bridge on the electronic couplirf§3] and, secondly,  orders of magnitude and that the electron injection time is
to provide a better defined reaction distance. For example,longer than the lifetime of the excited statel0 ns). The
modified perylene chromophores have been specifically de-authors, however, were cautious in their interpretation as
signed by Willig and coworkerg2a,2b,11h,44to probe ul- they had no definitive proof that 9-AA was bound to 3iO
trafast interfacial photoinduced electron transfer kinetics in ~ An approach that results in the attachment through flex-
ultrahigh vacuum techniques. Bulkegrt-butyl substituents  ible linkers, but that involves a different concept, is the sur-
were introduced on the perylene framework to prevent for- face modification of the metal oxide and subsequent binding
mation of dimers, and a single methylene bridge provided of the chromophoric groupf27a). In a recent example,
a reaction distance of three saturated bori@ble 1 entry Ottenbrite’s group has used 3-glycidoxypropyl trimethoxysi-
9). Injection times were in the order of picoseconds, rather lane (GPS), a silane coupling agent, for the surface modi-
than femtoseconds. Their work demonstrated that electronicfication of TiO, nanoparticle§48]. Rhodamine B and azo
coupling can be greatly weakened by inserting a molecular dyes where subsequently grafted onto the GPS modified par-
spacer group with saturated bonds. ticles. Meyer developed amino derivatives of diphosphonate

To study “long range” electron injection processes and anchors which were coupled to proline-substituted chro-
to determine the effect of bridges, Meyer's group stud- mophores using a classical peptide coupling procepige
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Table 1
Examples of flexible linkers
Sensitizer or ligandS) Entry Bridge b) Anchoring group A) MO, References
N N=
4
)\
b 1 —CH—CHp- —SiCk SNy [40]
Q
Vi N N=— S—C—O—(CH2)3—A
\
— \_/ —(CHa)x= n=1-5
b b 2 —CHy— -SiCk Si0y,, ITO? [41]
3 —(CH)u— (n = 1-5) —~COOH TiQ [42]
4 —(CH)- —P(O)(OEt) TiO, [43]
N N= 0 0
/
I\ / —&—CHz—&—OR
HsC b 5 —(CHp)a— —COOH TiO, [45]
0 A
S$-C—NH 0 =
\QNC \_/
6 COOMe A —P(O)(OH) TiO,, ITO? [46]
A
H 9
HQN/\/\/N_C
7 A —P(O)(OH) [46]
CH,)3-A
NN - (CHa)3
_ Y, S—HN—<\N N
b 8 (CHg)3~A —SiOEg SnGy [47]
tBu
b
tBu 9 —ChHp— —P(O)(OH) TiO, [2b,44]
0= /0
RN /NP 10 —(~CHp)o— —P(O)(OH) TiO, SiO, [51]
—(=CHp)o— —COOH IT&, ATOP [16a,51]
OH

S |
11 —COOH TiO [49]
OOO 12 —Chp— —COOH TiQ, Zr0, [51]

OH
S\n/o O~ A
Rhodamine B 4-phenylazophenol 13 o —SIiOEg TiOz, SiG, [48]
4-phenylazoaniline
b

D
|
S 14 —(CH)2— —COOH SiQ, ITO?, ATQP [16,52]

@ |TO: tin doped indium oxide, I503:Sn.
b ATO: antimony-doped tin oxide, Sncsb.
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In principle the N-terminus of such linkers can be coupled R
with the C-terminus of peptide-capped chromophores either
before or after binding to Ti@ The increasing interest in O = O T -- .-
TiO2 nanoparticles surface modification is shown by studies
of self-assembled monolayers, although in these cases the

simple alkyl chains do not carry a chromoph{séd]. B @_@ B i i

2.3. Rigid linkers

The trend that has been observed in studies of dyes at- __ % - == --
tached through flexible saturated linkers indicates that the
electronic coupling is weakened by the introduction of one or  Fig. 6. Example of bridges that have the shape of rigid, axial rods.
more saturated methylenic bridges and that electron injection
rates slow down with increased bridge length. Instead of dis-
couraging the chemists from developing longer linkers, these thetic chemists to build a vast library of rod-shaped com-
observations have demonstrated the importance of havingpounds over the last decade. A comprehensive classification
better synthetic models available. It became clear that studiesof molecular rods, their syntheses and applications has been
aiming at determining fundamental aspects of the interfacial reviewed[56].
electron transfer processes require well-defined molecules From a synthetic point of view, the rigid rods that
for which parameters such as length of the linkers and de-are most common and easiest to prepare are unsatu-
gree of saturation of the bridge can be systematically varied.rated rigid axial rods made of oligephenylenes and
For example, in the case of distance dependence studies theligo-p-ethynylphenylenes. These are usually synthesized
distribution of possible conformations of the flexible link- by iterative Pd-catalyzed cross-coupling, such as Sono-
ers makes it impossible to accurately estimate the distancegashira and Suzuki reactior[7]. These classical and
[42]. widely used coupling methodologies involve synthetic pro-

For these reasons, synthetic efforts in this area have beercedures and catalysts that have been tested for many years,
redirected towards the design and synthesis of linkers thatuse building blocks that are commercially available or eas-
arerigid [37,38,55] Given the increased complexity of the ily synthesized, and allow functionalization at the termini
final molecules, the synthetic approaches generally involve of the rods. Solubilizing groups can be introduced as alkyl
the use of components (i.e., the bridge, the chromophore,substituents on the phenyl groups. Rigid rods prepared in
the footprint) that can be synthesized separately and thenthis way have been used to separate bimetallic complexes of
assembled together in a convergent apprdaéh From a polypyridines, to build porphyrine arrays and as bridges be-
synthetic point of view, most of the rigid linkers prepared tween electron donors and acceptors for solution or surface
to date are challenging to prepare. Also, rigid molecules are studies[58]. More recently, nanosized conjugated axial rod
usually associated with poor solubility, although this prob- oligomers have been investigated as “molecular wif26].
lem has been solved by the temporary or permanentintroduc- Examples of axial rods as linkers for nanopatrticles sensiti-
tion of solubilizing groups. Finally, there is also the question zation, however, are scarce. Kalyanasundaram et al. prepared
of how linkers that are longer or bulkier can influence the Ru complexes containing-carboxyphenyl substituents in
surface coverage and binding properties. Overall, the work the 4,4-position of the bpy ligand (DCPB complexes) with
that is shown below has proven that the increased syntheticthe aim of tuning the MLCT using peripherat-acceptor
challenge is worthwhile and that the rigid models prepared substituent$59]. The observation that the charges were not
are very useful. Because of the novelty of some systems itdelocalized through the phenyl bridges, however, accounted
is important to emphasize that there is work in progress asfor the inefficient sensitization of the TiOfilms by the

this review is being written. DCPB complexesTable 2.
Rigid linkers with a bridge for which the number of
2.3.1. Rigid axial rods units can systematically be varied, as showikig. 7, have

Until about 15 years ago, there were few non-polymeric, been independently synthesized and studied only recently
covalently-linked, well-defined molecules having the shape in two research groups. Lewis and coworkers have pre-
of rigid-rods with axial (cylindrical) symmetry. Examples paredp-xylene-based rods terminated with one carboxylate
are shown inFig. 6. The widespread interest in rigid-rod group and substituted with a Ru complex (Rux rods where
molecules during the past decade is mainly due to theirx = 0, 1 and 2 xylyl groups)60]. Galoppini has pre-
role in the synthesis of models for electron transfer studies pared rods made of phenylethynyl units terminating with
and their utility as building blocks for nanosized molecules two carboxylate anchoring groups and substituted with
and supramolecular assemblies. The need for rigid rods of Ru-polypyridyl complexes as well as organic chromophores
various symmetry (axial, zig-zag- or ladder-shaped) and (S-(E-Ph)-Rods where S: sensitizer and Rod: dimethyl
structure (saturated, unsaturated, metal-based), led the synd-ethynyl-isophthalate}37,55b] IR spectra of such rods
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Table 2
Axial rigid-rod linkers
Chromophore $) Entry Bridge b) Anchoring group A) MO, References
_Rulbpy),>* bpy-(E-Ph),-Rod
7N N= = =
=0,1,2
w M A AW
b 1 —COOMe TiQ, ZrO, [55b]
e
K o e
2 —COOH TiO [60]
N (bpy) =
7N o :
= N n=1,2,3
b b 3 n —COOH- T [59]
u(b
N Rl Ey) phen-(E-Ph),-Rod A
7N p [ _ w _
B M R ) WAL
b 4 n A —COOMe TiQ, ZrO; [55b]
OH
O= /0 C/<
- - s A
bN )\ NP s —COOH Tio [16a]

“ )
U o
72}

I
:
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2

—COOR, R= Me, H, Na TiQ, ZrO, [37,55b]

—COOMe Tio [55b]

attached to TiQ thin films indicate that both COOR groups
bind via an ester-linkag¢37].
Both types of linkers, when capped with Ru-polypyridy!

tonitrile solutions followed single-exponential kinetics, as
shown inTable 3 The charge recombination between the
electrons in TiQ and the oxidized Ru(lll) center exhibited

complexes, exhibited similar photophysical and photoelec- multiexponential behavior, and the recovery of the ground
trochemical behavior. In all cases, the PL decays in ace-state MLCT absorption in the Rux rods was fitted to a sum

A i
o=t

e\

A n
CtoC
n r(A)
0 5.4
1 12.2
2 19.1

Fig. 7. Length of bridges in a rigid-rod linker. Adapted frd&bb].

of two second order kinetic constants. The multiexponential
behavior after binding is observed also in complexes that are
directly anchored to the surface, such as Ru(poigbY ",
and has been ascribed to the heterogeneity of surface mi-
croenvironments at the binding site. For both classes of rods
the shortest injection rates-{ x 108 s~1) were close to the
width of the instrument response function of a nanosecond
laser (~10ns). In the case of the Rux compounds, the de-
pendence on the linker length was weak: a decrease of a
factor of two as the Ru—COOH distance increased from 13.8
to 22.5 A. Qualitatively, similar behavior has been observed
for the Ru-(E-Ph)-Rods and famtosecond laser spectroscopy
studies of these rods are in progress.

The fact that it has not been possible to establish a
distance dependence for injection and recombination pro-
cesses, and the observation of multiexponential kinetics for
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Table 3

Solution photophysical and electrochemical properties of selected rigid-rod sensitizer$dbten2and of reference compouritls

Entry Rod sensitizers froriiable 2 Amaxab? (NM) €, M~tem1) Amaxem$ (NM) dems (%) Tems (1S) Ej 5 (V)
1 Ru® 467 648 9.7 2.1 1.36
2 Ru® 453 621 7.5 1.06 1.34
3 Ruz 455 621 7.1 1.04 1.33
4 Bpy-Rod' 462 (1.6x 10%) 640 11 1.9 1.30
5 Bpy-E-Ph-Rof 465 640 13 2.6 1.30
6 Ru(bpy}2th 450 626 0.8 1.26
7 Ru(Phen-E-bpgf*h 468 605 1.1 1.43
8 Py-Rod 383 (5.3x 109 425 0.33 3.1x 1073 1.18
9 Py-E-Ph-Robl 399 (8.2x 104 445 0.41 1.8x 1073 1.15
10 Py-CQH 351 (3.2x 109 390 0.34 10.1x 1073 1.29
11 Pyrenk 335 (4.9 x 10 375, 395 0.72 190x 1073 1.16

a8 Measurements were performed in §EN degassed with Nat room temperature.

b Absorption maximumz£2 nm.

¢ Corrected singlet emission maximusk5 nm.

d Fluorescence quantum vyiele;5%.

€ Excited state lifetimed-2%.

f Formal reduction potentials reported vs. SCE as estimated from cyclic voltammetry data obtained byla8diisgolved in a minimal amount of
CH,Cl; to 0.1 M TBACIOy/CH3CN.

9 From [60].

h From [55b].

i From[37].

I In EtOH.

K In CH3CN.

both injection and recombination processes seem to pointstudied by Schanze and coworkers to determine sub-
to a distribution of orientations, possibly due to variations stituent effects in oligo- and polymeriar-conjugated
in the angle of attachment of the carboxylate group the Ru-polypyridyne complexeg$58,61c} All photophysical
surface. Clearly, while the length of the bridge can be in- data in the Ru-(E-Ph)-Rods and in Schanze’s complexes in-
creased systematically, as indicatedrig. 7, little is known dicate that the MLCT is localized on the 4/dpy-PE ligand,
about the geometry of the bound molecule with respect to and electrochemical and computational data indicate that
the surface, and computational work done on small benzenethe LUMO energy of that ligand is lowered, although it is
derivatives bound to Ti®@suggests that it is unlikely that less clear to what extent the excited electron is delocalized
the axis of the rod is perpendicular to the surface. This is into the phenylethynyl bridges. In both cases, the absorp-
also the case for the Rux rods, which have a single point tion data did not exhibit further significant red-shifting as
of attachment. However, it is to be determined whether the the number of the phenylethynyl units increased.
multiexponential behavior is due to other effects (for in- A promising development that takes advantage of the
stance it is not known whether axial rod linkers are indeed w-conjugated bridge is the use of linkers to tune the pho-
rigid on the ultrafast (famtosecond) timescale of the ex- tophysical properties of a chromophore attached to the
periment). Photoelectrochemical solar cells prepared from linker. For instance, Meyer and Galoppini have shown
the Rux rods exhibited rather low efficiencies, comparable that the presence of fully conjugated rods increases the
to that of a Ru-bpy complex directly attached through one extinction coefficient of an attached pyrene and shifts the
COOH group, and the current densitysd) decreased by long-wavelength absorbance of pyrene to the red, as shown
about a factor of 2 for each incremental xylyl uf@o]. in Fig. 8 [37] In addition, the pyrene rods were used to
The observation that an increase in length decreases therepare efficient and stable regenerative solar cells with ab-
cells efficiency, in this case seems to be due to competingsorbed photon-to-current efficiencies close to unity. These
electron transfer from the TiDto the redox mediator. results suggest that highly conjugated rods may be useful
The presence ofr-acceptor groups on the ligands has linkers for enhancing the efficiency of an otherwise un-
an effect on the absorption and photoluminescence andsuitable chromophore by shifting its spectrum to longer
transient absorption spectra of the resulting Ru complexes,wavelengths of light.
particularly in the case of the S-(E-Ph)-Rods where a copla-
nar conformation of the benzene rings in the phenylethynyl 2.3.2. Tripodal linkers
bridges is energetically stablg37]. Structurally, the The use of a tripodal surface linker (termed “spider”,
Ru-(E-Ph)-Rods are similar to the Ru complexes carrying shown below) was first reported by Whitesell and cowork-
a bpy ligand substituted with oligomeric phenylethynyl ers[62]. Three-armed thiols based on trialkylmethylamines
units in the 4,4positions (4,4bpy-PE), which have been were capped with fluorescent or redox-active molecules
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attachment and a fourth rigid arm that carries the chro-
mophore were made from 1,3,5,7-tetraphenyladamantane
(Ad-Tripods) tetraphenylmethane (C-Tripods) and, more

8.0x10" ,.:"' 4 recently, Si derivatives (Si-Tripodskig. 9. The tripods
4 _ were substituted with Ru-polypyridyl complexes and other
_ 6.0x10'4/ N organic chromophores. This design is clearly better than the
E ' axial-rod to control distance and binding geometry because
“E A 0x10° tripods stand perpendicularly on the oxide surface when all
&y three anchoring groups are bound. The length of the arm

carrying the sensitizer can be varied.
The study of tripodal linkers capped with Ru-polypyridyl
complexes has shown that all three COOR groups are bound,

2.0x10*

0.0 : : : LN, that the spectral properties are unchanged upon binding (sug-
250 300 350 400 450 gesting weak coupling to the semiconductor), and that the
Wavelength, nm MLCT state is always localized on the tripodal linker, not on

the auxiliary ligands, when the auxiliary ligands are unsub-
stituted bpy. More recently, these tripods have been used as
models to study long range interfacial charge injection over
a distance of~24 A [68]. Piotrowiak and coworkers per-
through polypeptide bridges to form SAMs on gold and, formed a photophysical study @and3 (Fig. 109 bound
more recently, to anchor antibodies to colloidal metal parti- to TiO, mesoporous films, with as the referencig8]. The

Fig. 8. Absorption spectra of pyrene-substituted rods in acetonitile:
COOMe. Adapted fronj37].

cles for biological cell separatiorj63]. structures of and3 are identical except for the ligand con-
o necting the Ru(ll) center to the tripod (phenanthrolin€in
oL and bipyridine in3).
NH For the reference compleX/TiO», consistent with the

reports of other groug®,3], the electron injection occurred
within the instrument response time-100fs). Fig. 10k
lowest trace, shows the long-lived absorption of the electron
in TiO» following photoexcitation ofL/TiO2, The kinetics
Experimental evidence indicated that the “spiders” like for 2 and3 were fit using bi-exponential decayig. 10h
the one shown below were holding the end-groups almostwith 2 injecting faster thag. In both cases, there was a slow
perpendicularly to the surface. This design has been adopteqr ~ 3 ps) component ascribed to the long range injection,
by others for binding molecules to gold. Tripod-shaped thiols together with a remarkably fast sub-picosecond component
having an oligothiophene arm linked to redox active groups, (240fs (67%) for2 and 450 fs (35%) foB), Fig. 10b The
such as fullerene, have been used to prepare SAMs on goldiltrafast component can be rationalized considering the ex-
electrodes for chemical sensors and organic light emitting tensiver-conjugation of the bridge. The faster injection ex-
diodes (OLEDs)64—67] Moreover, Tour has synthesized hibited by the phen-basétcan be explained by the fact that
silane “caltrops” with very large thiol-terminated arms for the LUMO electron density at the C5 bridging carbon atom
atomic force microscopy applicatiofig7]. of the phenanthroline i (C50_.ymo = 0.15) is much larger
Galoppini and coworkers have developed rigid tripo- than that at the corresponding C4 bridging carbon atom
dal linkers that anchor to semiconductor nanoparticles of the bipyridine in3 (C4oLumo = 0.02). This suggests
[38,55b,68-70] Tripodal linkers having three points of stronger electronic coupling between the phenanthroline

okt o Ll
el o7, AA
.

HS SH
SH

A
C-Tripods Ad-Tripods Si-Tripods

A

Fig. 9. Tripodal linkers for semiconductor nanoparticle sensitization.
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Ru(bpy),™
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[ ki =22x102s";1,=450fs
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Fig. 10. (a) Structure of Ad-Tripodal sensitize?sand 3 and reference
complex1. (b) Kinetic traces forl/TiO, (bottom), 2/TiO, (middle) and
3/TiO, (top) systems excited at 405nm and monitored at 900 nm. Pulse
length~110fs. The bi-exponential fits are shown by the solid lines. For
UTiO2: kinj > 1 x 1083571, Adapted from[68].

&
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fragment and the conjugated bis-phenylethynyl bridge. The
authors propose that the ultrafast component could be due to
“hot injection”, i.e. charge injection proceeding prior to full
thermalization of the excited state. The detection and study
of this event is of important for the field of photovoltaics
[1e,2] Clearly, while this behavior is still being studied
and the possibility of other processes such as injection on
adjacent nanoparticles has not yet been excluded, the long
tripods are very promising model compounds.

The tripodal linker strategy is now being applied to study
other sensitizers, such as violog¢ns] and porphyring72].
Fitzmaurice and coworkers have applied the tripodal linker
strategy to attach viologen to the surface of Fi@anopar-
ticles [71]. These 1,%disubstituted 4,4bipyridinium salts
exhibit reversible electrochemical behavior in solution, are
good electron acceptorg§ = —56 V) and for these reasons
have been used as quenchers for Ru(ll) complexes, to study
lateral electron and energy transfer between donors and ac-
ceptors bound to semiconductors, and for the preparation of
colored electrochromic window[d 6]. Because of the per-
pendicular binding geometry, the polyether substituent on
the viologen is able to thread a crown ether and form a
rotaxane-type complex.

Galoppini and coworkers have prepared tripods with large
footprints to investigate whether this can prevent aggrega-
tion phenomena, including excimer formation, that are typ-
ically observed with organic aromatic dyes. The strategies
employed to date have involved the use of bulky groups,
for instance theert-butyl substituents on Willig’s perylenes
[44], or the use of bulky co-binders such as chenodeoxy-
cholic acid[15], to “dilute” the chromophores on the surface.
Tour’s caltrops synthesif67] was adapted to synthesize a
Si-Tripod terminated with a pyrene chromophore, having a
large footprint (190 A?) to prevent excimer formatidf70].

21

Si-Tripod

Fig. 11. Comparison of footprints of three tripodal linkers with different cores. Models derived from semi-empirical calculations. The O—6sdiséanc
subject to small changes, depending on the rotation of the COOR group.
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Fig. 11 shows a comparison between the footprints of the

various tripods. A =COOH, P(O)OR; e
LT @y —®
T ) N\ NR
2.4. Other systems AN — =
' ase
, : . . D= /@ ® —®
Finally, the extent to which semiconductor surface modi- 7 N\ CONR

fication has developed and the importance of the molecular
design of the sensitizer are well illustrated by the two exam-
ples of linkers shown ifrig. 12 These were not included in @ ~2nm
the tables because in both cases the linker is a chromophore
and participates in the electronic processes.

Walder and coworkers have studied the electrochromic
properties of mono-, di- and trimeric viologen derivatives
bound to TiQ electrodes through benzoate, salicylate and
phosphonate anchoring groups3]. The shapes of the
molecules, which have nm-scale lengths and are therefore
comparable in size to a TgOnanoparticle, were carefully
planned. For example, the cone-shaped alborol derivative
shown in Fig. 12awas designed to improve the cover-
age of the convex nanopatrticle surface by fitting together (b) R = -COOH OCOOH
like wedges, and a trimeric viologen with three anchoring

Fig. 12. Examples of other organic linkers. (a) Wedge-shaped viologen
derivatives. (b) Fullerenes with anchoring groups.

Table 4
Tripodal linkers (for the structures, séég. 9)

Chromophore or ligand Entry Bridge b) Anchoring group A) MO, References
for metal complexesS)

From Ad-Tripods

N  N= — —
= S:\/:@A"

b 1 ) o on=0,1 COOR, R= Me, H TiOs, ZrO; [55a,68,69]
N N— - _
7N p — _
= =) =)™
b 2 ) N on=o,1 COOR, R= Me, H TiO, Zr0, [38,55a,68,69]

o

w
7]
I
g

COOR, Ti®, Zr0, [70]
From C-Tripods § = 1)
J N—
3
—/ N/
b 4 COOR, R= Me, Et, H TiO,, ZrO, [38,55a,69]
/ N N—
N\
— /
S%@c .
b 5 COOR, R= Me, Et, H TiO,, ZrO, [38,55a,69]
Porphyrins 6 PH TiOy [72]

From C-Tripods § = 2)

© /= ®
RNy )\ NP 7 SGC PO:EtL Tio, [71]

From Si-Tripods

O s—)s |
b 8 COOR, R= Me, H TiOy, Zr0, [70]

|
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groups (not shown) was prepared in an attempt to “wrap” References
the nanoparticleTable 4.
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