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We report a facile, high-yield synthesis and characterization
of discrete, ternary porphyrin-metal-polyoxometalate (por—
M-POM) complexes where a group IV transition-metal ion is
bound both to the porphyrin core and to the lacunary site of a
Keggin POM, PW;,0347%. The remarkably robust complexes
exploit the fact that Hf'Y and Zr'V are 7-8 coordinate and
reside outside the plane of the porphyrin macrocycle, thus
enabling the simultaneous coordination to meso-tetraphen-
ylporphyrin (tpp) or meso-tetra(4-pyridyl)porphyrin (tpyp)
and to the defect site in the Keggin framework. The physical
properties of the (tpp)Hf(PW;,030)[tba]s, (tpyp)H{(PW1;030)-
[tba]s, and (tpp)Zr(PW,;,03¢)[tba]s complexes are similar be-
cause the metal ions have similar oxidation states and coordi-
nation chemistry. This architecture couples the photonic

properties of the porphyrin to the POM because the metal
ion is incorporated into both frameworks. Thus, the ternary
complexes can serve as a basis for the characterization of
HfY and Zr'V porphyrins bound to oxide surfaces through the
group IV metal ions. The Hf(por) and Zr(por) bind strongly
to TiO, nanoparticles and indium tin oxide (ITO) surfaces,
but significantly less binds to crystalline SiO, or TiO, sur-
faces. Together, the strong binding of the metalloporphyrins
to the POM, nanoparticles, and the ITO surfaces, and paucity
of binding to crystalline surfaces, suggests that the three-to-
four open coordination sites on the Hf(por) and Zr(por) are
predominantly bound at surface defect sites.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

Polyoxometalates (POMs) and porphyrins (por) are
widely studied as components of functional materials, such
as catalysts and photonics, because each possesses enor-
mous potential for structural variation and tuning of their
electronic properties. Porphyrins!'®1 and POMs[’'2l have
been investigated for applications such as photovoltaics and
supramolecular materials. There are numerous reports on
the adsorption or attachment of porphyrins to a variety of
surfaces using exocyclic motifs with a moiety designed to
bond to the surface and a linker intervening between the
macrocycle and the surface.l'32% There are numerous sup-
ramolecular constructs of porphyrins and electron-acceptor
species such as Cg.[2'2%1 In addition to POMs being good
electron acceptors, in many ways the diverse photochemical,
and coordination chemistry of porphyrins and POMs are
complementary; therefore, robust complexes that photon-
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ically couple porphyrins and POMs should have unique
properties. There are reports of films and other materials
wherein cationic porphyrins and POMs are mixed;?”! for
example, for catalysis,® an axially bound POM counterion
on MoV (por),?! two metalloporphyrins bridged by a POM
bearing two nicotinamide moieties coordinated to the metal
center,’ and other porphyrin-POM structures,*!-33! but
here we describe discrete ternary systems wherein a central
metal ion is coordinated to both the por and a defect site in
the lacunary POM. Previously, Keggin structures have been
functionalized with cyclopentadienyl ligands at the la-
cunary site through Ti'V, Zr'V, and/or Hf'"Y metal
ions.”-34331 The recent report on the formation of Hf(por)
dimers bridged by oxido ligands such as sulfate, phosphate,
and peroxide indicates that multitopic counterions may
serve as tectons to construct arrays of group IV metallopor-
phyrins,P6l

The three complexes reported herein are made in high
yields from previously reported Zr'™V and Hf'V porphy-
rinates®1  and the lacunary POM,['I H;PW,,05*
(Scheme 1):  (tpp)HF(PW,059)[tbals (1),  (tpyp)Hf-
(PW1,05)[tba]s (2), and (tpp)Zr(PW,0s9)[tba]s (3). In
contrast to the aforementioned systems, this nanoarchitec-
ture enables photonic coupling of the two chelates mediated
by the central metal ion. Because the chemistry of Zr'Y is
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generally similar to that of Hf'Y, the significantly greater
natural abundance of Zr may make Zr(por) materials more
cost effective if the functional properties are competitive.

(tpyp)HfYOAc, + H,PW,,Oy[tbal, — (tpyp)Hi(PW,,0,5)tba];

Scheme 1. Crystal structures of the starting (tpyp)Hf(OAc), and
ternary complex 2; counterions were omitted for clarity. (i) to a
solution of (tpyp)Hf(OAc), in CH,Cl,/CH;OH (1:1) was added
H;PW,,039[tba); (1 equiv.) in CH3CN with an excess amount of
[tba]Br and 1% triethylamine (tea).

Since POMs are often regarded as good models for de-
fect sites in oxide surfaces,['! the crystal structure and phys-
ical properties of these ternary complexes suggested to us
that one way to self-organize porphyrins onto oxide sur-
faces such that the photonic properties of the macrocycles
are strongly coupled to the semiconductor is to use por-
phyrins coordinated to oxophilic group IV metals such as
Hf and Zr. Indeed, when a variety of oxide particles, such
as silica gel,B® ITO, or TiO,, are exposed to a solution
containing the (por)Hf(L), or (por)Zr(L),, where L = ace-
tate or chloride, the spectroscopic signatures are observed
to be similar to those of compounds 1-3. While these
group IV metalloporphyrins are strongly bound to the
nanostructured surfaces, both scanning probe and reflec-
tance data find a paucity of the complexes bound to crystal-
line TiO, and SiO, surfaces. Together, these data suggest
that the three-to-four open metal ion coordination sites of
the Hf(por)** and Zr(por)>* are bound primarily to surface
defect sites by displacement of the auxiliary acetate or chlo-
ride ligands.

Results and Discussion

Synthesis

Slowly adding a stoichiometric amount of the POM to
solutions of (por)Hf(OAc), or (por)Zr(OAc),*" affords the
por-M-POM complexes by displacement of the acetate li-
gands by the lacunary oxygen atoms of H3;PW;,O5o[tba],.
Because the acidic protons from the POM can cause some
demetalation of the porphyrin, the reaction must be buff-
ered by a base such as triethylamine. In addition, the formal
charge of the ternary complex is —5, requiring one ad-
ditional equivalent of [tba]Br to be added to the mixture to
yield the neutral (por)Hf(PW,;039)[tba]s or (por)Zr-
(PW;,039)[tba]s complexes. The chelating effect of the four
oxygen atoms on the POM to the oxophilic Hf'V or Zr'Y
centers is strong, such that addition of more than one
equivalent of POM can lead to porphyrin demetalation of
2460
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the Hf complexes; most likely leading to the Hf(PW,;-
0O39)* or the corresponding dimer Hf(PW;,05,),'*" com-
plexes. Lacunary POMs chelated to lanthanide and
group IV metal ions have been reported®®#! (see Support-
ing Information). The (tpyp)Hf(PW;;039)>" complex is
somewhat more stable than the (tpp)Hf(PW;,039)>" com-
plex possibly due to electronic differences in the macrocycle
or buffering effects of the pyridyl substituents.

Characterization

The formation of complexes 1-3 was monitored by UV/
Vis absorption spectra of the porphyrinate portion of the
complex (vide infra). Both the Soret and Q-band regions
of the spectra display significant redshifts as the reaction
progresses. The Soret bands at 412 and 414 nm for the
(tpp)Hf(OAc), and (tpyp)Hf(OAc), complexes shift to 425
and 426 nm for the ternary complexes, respectively, whereas
the major Q-band near 540 nm shifts to 550 and 548 nm.
Similarly, the Soret band of (tpp)Zr(OAc), is at 416 nm,
whereas for compound 3 it is at 427 nm. As indicated by the
NMR spectroscopic and crystal structure data, the redshifts
arise from three interrelated effects: (a) a structural distor-
tion in the porphyrin macrocycle,*?! (b) increasing N-Hf
bond lengths, and (¢) concomitant electronic coupling of
the metalloporphyrin to the POM mediated by the
group IV metal ion.*3 The POM encompasses a large por-
tion of hafnium coordination sphere, drawing the metal
center away from the porphyrin and sterically crowding the
macrocycle (vide infra). Neither films formed by sequential
dipping of these surfaces into solutions of the POM and
cationic porphyrins, nor the axial coordinated porphyrin/
POM materials exhibit substantial spectral changes relative
to the metalloporphyrins.[?7-2%]

The 'H NMR spectra of 1 and 3 (Figure 1, see Support-
ing Information for 2) are highly diagnostic in comparison
to those of the (por)M(OAc), starting complexes (M = Hf
or Zr). Proton assignments were confirmed by COSY 2D
spectra and comparison of data between the three com-
plexes. For the starting (por)M(OAc), complexes, and for
ternary complexes 1-3, the ortho and meta '"H NMR reso-
nances on each phenyl substituent are not equivalent due
to the asymmetry caused by the out-of-plane M"Y ion bind-
ing. For complexes 1-3 there is a nonparallel geometry be-
tween the porphyrin macrocycle and the mean O, plane of
the POM lacunary oxygen atoms (see crystallographic
analysis), further segregating the phenyl substituents into
two types: nearer to and further from the POM. Thus, the
four porphyrin phenyl groups display a total of 10 distinct
resonances for 1 and 3, and 8 for 2. This analysis is also
supported by the well-resolved resonances for the pyrrole
protons. The distortion of the macrocycle is indicated by
the large shift of the ortho protons on the opposite side of
the porphyrin; for example, (tpp)Hf(POM) is shifted to ca.
9.25 and 9.55 ppm because they are now tilted inward
towards the ring current as found with the (por)M(OAc),
starting materials and lanthanide M(por), sandwich com-
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plexes.#+41 The 'H NMR spectra of the (tpyp)Hf-
(PW{,039)[tba]s complex is very similar showing eight dis-
tinct aryl resonances and four pyrrolic resonances similar
to those found with the tpp ternary complex. >'P NMR for
all three ternary complexes display a singlet peak between
—16.20 and —16.30 ppm, which is comparable to the cyclo-
pentadienyl analogue, (cp)Hf(PW;;05¢)[tba];, which dis-
plays a peak at —12.3 ppm.[34

3b3a4a 6a 5béb
4b 5a

2a 2b

Cl |

2a 2b

J M J

LR A T A T L L
9.5 9 8.5 8 7.5

Chemical Shift / ppm

Figure 1. 500 MHz 'H NMR of compound 1 (top) and 3 (bottom)
in CD;CN; * indicates a small amount of the starting Hf(tpp)OAc,
material.

The five tba counterions are cleanly observed in the
NMR spectra of all three complexes, as are small quantities
of the tea buffer. The underlying resonances in the phenyl
region can be attributed to other conformations of the com-
plexes and are not consistent with starting materials or de-
composition. Variable-temperature NMR experiments re-
veal that there are other accessible conformations of the
phenyl groups in the (por)Zr(PW;;0;9)[tba]s complex. The
phenyl resonances significantly sharpen at elevated tem-
peratures and become more complex at lower temperatures
(35 and 0 °C, respectively). The interconversion and equilib-
riums between conformations in distorted metalloporphyr-
ins have been studied,[*? but the differences seem to be
largely relegated to the aryl moieties in this case. Note that
since the 3a, 4a, 3b, 4b resonances (Figure 1) are mostly
impacted, it is possible that subtle dynamical differences in
the tilt toward the macrocycle or the aryl-porphyrin dihe-
dral angle cause the observed spectra. Likely conforma-
tional differences based on the crystal structure are not ob-
vious, but local minima in the rotation of the porphyrin
relative to the POM seem unlikely.
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Crystallography

The X-ray crystal structure of the (tpyp)Hf(PW;059)>
complex was obtained (Figure 2). Only two tba units are
found for every (tpyp)Hf(PW,;059)°>", which indicates that
the charge balance is accounted for, in part, by protonation
and/or highly disordered tba. There are channels with dis-
ordered solvent molecules, but the large number of metal
atoms and the refinement of data from several crystals
yields similar results, which assures the accuracy of the
structure of the ternary complex. Formally, the crystal
structure is of (tpyp)Hf(PW,,039)[tba],H;". This proton-
ation may occur on the pyridyl groups themselves acting as
a built in buffer system for the acidic complex and be an-
other reason for the greater stability of the (tpyp)Hf-
(PW,039)~ complex.

Figure 2. Two views of the crystal packing of the (Hstpyp)Hf-
(PW,,039)[tba], complex; protons, counterions, and solvent are
omitted for clarity (see Supporting Information).

The entire coordination around the hafnium ion assumes
an antiprismatic geometry where the N4 plane of the por-
phyrin and the O, plane of the lacunary site form the two
square faces. There is a 3.1° dihedral angle between the
mean N, and O, planes; thus, the porphyrin is tilted
towards the POM on one side, which gives rise to the dis-
tinctive '"H NMR spectra. The structure of the Hf(tpyp)
2461
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portion of ternary complex 2 shows that the porphyrin core
adopts a saddle-type distortion and the four inner pyrrole
N atoms deviate from the C,, macrocycle towards the Hf
ion, which lies above it. The distance of the hafnium atom
from the mean N, plane is 1.22 A, which is notably longer
than the 1.04 A deviation measured for the (tpyp)Hf-
(OAc), complex. The average N—Hf bond length is 2.34 A
compared to 2.26 A for the acetate derivative,* further il-
lustrating the affect of the POM on the hafnium coordina-
tion to the porphyrin core. The structure of the PW,;039”~
portion of the complex is similar to previously reported
structures of zirconium and hafnium Keggin and Wells—
Dawson POMs.B4#!1l The monovacant POM binds to the
hafnium asymmetrically, deviating from the mean O4 plane
by 1.14 A. The Hf-O bond varies between 2.20 and 2.15 A,
which is nearly identical to the reported Hf(PW;,030),!""
dimer complex,™! indicating that the POM lacunary site
binds the hafnium ion similarly. There is no detectable
structural perturbation in the POM as a result of the ad-
joining tetrapyrrole system.

The tertiary structure of the (tpyp)Hf(PW,;014)° crystal
is comprised of the complex forming zig-zag chains along
the a axis where the top surface of one porphyrin ap-
proaches the side of the POM of an adjacent complex (Fig-
ure 2). The porphyrin core is in line with the hafnium ion
of the neighboring complex at an angle of approximately
78°. The pattern repeats itself every two units along the
chain, over a distance of 9.42 A. When viewing down the «
axis, large channels containing disordered solvent, water,
and counterions are observed between the chains of the ter-
nary complexes. Unexpectedly, there are no direct interpor-
phyrin interactions and the organization of the complex in
the crystal is mediated by pyridyl H-bonds to water and
solvent molecules.

Hf(tpp) and Zr(tpp) on Oxide Surfaces

Since the POM is a good model of oxide surfaces!!!l and
the exchange of the acetate ligands on the (por)M(OAc),
complexes for the lacunary site on the POM is facile, the
protruding Hf'Y and Zr'V ions may be a good way to attach
tetraarylporphyrins to oxide surfaces such as ITO, SiO,,
Sn0O,, and TiO,. The use of metal ions that protrude from
the macrocycle as a mode of attaching the chromophore to
the oxide surfaces differs from the many organic moieties
that are used to tether porphyrins.['3-20:47-48] The significant
changes in the optical spectra (Figure 3) between the (por)-
M(OAc), and ternary complex indicate good electronic
coupling between the porphyrin and the POM.*! To evalu-
ate surface binding, drop casting or dipping a glass sub-
strate or glass with an ITO coating, with a root mean
square (rms) roughness of <1 nm, results in robust binding
of Zr(tpp)*>* and Hf(tpp)>* to the surface. The metallopor-
phyrin does not wash off with vigorous rinsing with toluene
or other solvents, but can be removed with alcohols or or-
ganic acids, which further indicates binding by the oxophilic
metal ions. UV/Vis absorption spectra reveal that more of
2462
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the Zr(tpp)** and Hf(tpp)** complexes bind piranha-
cleaned glass than ozone-cleaned glass, because the former
leaves more hydroxyl groups on the surface than the lat-
ter;l>%] note that they are similar to the ternary complexes
(Figure 3).
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Figure 3. (a) UV/Vis spectra of (tpp)Hf(OAc), in toluene (solid
line), reflectance spectrum of a ca. 1 mm film of TiO, nanoparticles
coated with (tpp)Hf(OAc), (dashed line) and an untreated TiO,
film (dotted line); (b) UV/Vis spectra of (tpp)ZrHf(OAc), in tolu-
ene (solid line), reflectance spectrum of a ca. 1 mm film of TiO,
nanoparticles coated with (tpp)Zr(OAc), (dashed line). The dy-
namic range of the reflectance-integrating sphere is ca. one ab-
sorbance unit.

Stirring a slurry of ca. 5 nm particles of TiO, in a 0.5 mm
solution of (tpp)M(OAc),, or Hf or Zr metalloporphyrin
complexes with other anionic ligands such as Cl, in dry
toluene for a minimum of 2 h effectively binds the chromo-
phore to this material as well (Figure 4). The rate of binding
to the surface is proportional to the lability of the auxiliary
anionic ligands (CI- > HPO4> > OAc"). The metallopor-
phyrin is not removed from the TiO, by washing with tolu-
ene and the slurries are readily cast onto glass or ITO for
analysis. The charge balance can be accommodated by
either deprotonation of hydroxyl groups on the surface or
the presence of the anionic ligands in the vicinity. After sim-
ilar incubation of crystalline SiO, and TiO, surfaces with
the Hf(tpp)*>* complex and rinsing, very little metallopor-
phyrin is observed by using AFM and UV/Vis reflectance.
The (tpp)M(POM) ternary complex, the tight binding of
the Hf and Zr tpp complexes to nanopowders of silica and
TiO,, the minimal binding to crystalline SiO, surfaces, and
the results on glass are all indications that Hf(por) and

Eur. J. Inorg. Chem. 2009, 2459-2466
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Zr(por) prefer to bind to defect sites and those with a
greater surface density of hydroxyl groups (see Supporting
Information for a model).

¥

Figure 4. (Top) Slurries of TiO, nanoparticles with left to right:
tpp, (tpp)Zr(OAc),, Zn(tpp), and (tpp)Hf(OAc),. 30 mg of TiO,
nanoparticles were treated with 0.5 mM porphyrin solution (2 mL)
by mixing slurry overnight, removing the solvent, and rinsing with
toluene (2 or 3 times). (Bottom) Powders on upper row from left:
tpp, Zn(tpp), and (tpp)Zr(OAc),; lower row from left: tcpp (thf
used as solvent and for rinse) and (tpp)Hf(OAc),.

The diffuse reflectance UV/Vis spectra of all surface-
bound systems are similar to the ternary complexes in solu-
tion, but the redshifts in the Soret bands near 410 nm are
somewhat less (Figure 3, Supporting Information). The
smaller redshift likely indicates that the group IV metal ion
is not pulled out of the macrocycle to the same extent rela-
tive to the POM when bound to the surface. This is ex-
pected because the lacunary site of the POM is in an opti-
mal geometry for Hf or Zr binding. The broadened optical
spectra are typical of surface bound dyes. While the fluores-
cence intensity of the (por)Hf(OAc), and (por)Zr(OAc), is
diminished due to the heavy atom effect, it is further
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quenched in the ternary complexes and when the Zr(tpp)>*
and Hf(tpp)?>* are bound to the ITO surfaces. The fluores-
cence is not similarly quenched when the (por)M complexes
strongly adsorbs to glass. After similar binding and rinsing
of the particles, UV/Vis reflectance spectra show that free
base and Zn" tpp adsorb onto these substrate to a much
smaller extent but exhibit much greater fluoresce inten-
sities.°!1 The widely studied tetracarboxyphenylporphyrin
(tcpp) also remains on the TiO,. AFM studies of the com-
pound on the ITO do not reveal large aggregates of the
metalloporphyrin and a somewhat decreased rms rough-
ness. Because the Zr(tpp)>* and Hf(tpp)>*complexes ro-
bustly bind surfaces, likely at defect sites and we remove
unbound materials, the surface coverages are much less
than the coating of porphyrins such as tetracarboxyphenyl
derivatives on ITO or TiO, surfaces by chemisorp-
tion.[16-17:20.52] Relative to the surface, the horizontal orien-
tation of the Zr and Hf complexes of tpp also diminishes
the maximum potential coverage compared to the vertical
orientation of the tcpp.’? Thus, the optical cross sections
in the visible region for the materials with Hf and Zr por-
phyrins on TiO, and on ITO are smaller than the absorbed
coatings. These electrochemical and photonic studies are
ongoing and will be published elsewhere.

Conclusions

The matching of metal ion size and coordination chemis-
try to the binding properties of two significantly different
ligands, one organic and one inorganic, affords an avenue
for the formation of new (por)M(POM) hybrid materials in
high yields. These complexes exploit the light absorbing and
photonic properties of porphyrinic systems directly coupled
to the complementary photonic and structural properties of
POMs through simultaneous multidentate coordination of
a single metal ion. The efficiency of charge transport from
molecules into semiconductors underpins a variety of hy-
brid molecular-semiconductor device architectures and
other photonic materials. Charge transport efficiency is me-
diated by appropriate matching of molecular HOMO-
LUMO gaps to semiconductor bandgaps, the linker, and
the proximity of the molecule.!>!7-18:20:311 Metals that axially
bind oxygen, for example, Ti, and Sn, and Mo, may also
allow porphyrin attachment to oxide surfaces, but interven-
ing tethers are needed for meso tetraarylporphyrins, because
these metal ions reside near the porphyrin plane and the
orthogonal aromatic moieties inhibit direct metal-surface
interactions. Therefore, these (por)M(POM) materials may
serve as a new platform to study the fundamental properties
porphyrinoids attached to oxide surfaces through group IV
metals.['®33 The properties of the ternary complexes, and
by inference those on the surfaces, arise because the Hf and
Zr ions are coordinated by both the lacunary POM and the
porphyrin.

Experimental Section
Instrumentation and Reagents: All UV/Vis spectra and diffuse re-

flectance spectra were taken in 1-cm quartz or glass cuvettes in
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CH,Cl, with a Carey Bio 3 spectrophotometer unless otherwise
indicated. Mass spectrometry was done as a service by the Univer-
sity of Illinois, Urbana-Champaign or with an Agilent 1100 LC/
MSD instrument. NMR spectra were run with a 500 MHz Varian
Inova and chemical shifts (ppm) are referenced to the proton sol-
vents. A Joel 400 MHz NMR instrument was used for 3'P spectra.
Fluorescence spectra were taken with a Spex Tau-3 fluorometer in
1-cm quartz cuvettes in right-angle mode. X-ray data were collected
with a Nonius Kappa CCD. Gasses, reagents, and solvents were
used as received unless otherwise noted. HfCl, and Hf(cp),Cl, were
obtained from Strem Chemicals. Porphyrins were obtained from
Aldrich or from Frontier Scientific. All solvents and other reagents
were from Aldrich Disposable vials and test tubes were used once.
Titanium(IV) oxide (TiO,), nanopowder, 99.7%, anatase was pur-
chased from Aldrich. ITO-coated glass slides were purchased from
Aldrich, and the glass cover slips were purchased from Fisher. The
hafnium and zirconium porphyrinate starting materials, (tpp)Hf-
(OAc), (tpyp)HE(OAC),, and (tpp)Zr(OAc),, and the corresponding
derivatives with two chloride counterions, were synthesized accord-
ing to literature methods,7-343% as was the free-base lacunary Keg-
gin polyoxometalate, H;PW;,05o[tba],.5! Mass spectrometric and
IR and NMR spectroscopic data of the starting materials are con-
sistent with previous reports, and the spectroscopy of the ternary
complexes are consistent with crystal structure data found for
(tpp)HE(PW,,039)[tba]s (Supporting Information).

meso-Tetraphenylporphyrinatohafnium(IV)PW,,03¢ Tetrabutylam-
monium Salt {(tpp)Hf(PW,0539)[tba]s}: Hf(tpp)(OAc), (20 mg,
0.022 mmol, 910 gmol™') was dissolved in CH,Cl,/CH;OH (1:1,
10 mL) in a 18 X 150 mm test tube with a magnetic stir bar at room
temperature. H;PW,,050[tba], (76 mg, 0.021 mmol, 3650 gmol ')
and [tba]Br (5 mg) was dissolved separately in acetonitrile (5 mL)
containing 1% v/v triethylamine. The resulting clear POM solution
was added dropwise over the course of 5 min to the stirring haf-
nium porphyrinate solution. The reaction was monitored by UV/
Vis spectroscopy, where the presence of the ternary complex was
signified by a large redshift in the porphyrin Soret band from 414
to 425 nm, over the course of 1 h. The solvent was then removed
under vacuum, and the residue was dissolved in a minimum
amount of CH,Cl, (ca. 4mL) and filtered to remove a small
amount of insoluble salts. The product was precipitated with hex-
anes (25 mL) and collected on a glass filter. The product was al-
lowed to dry initially in air and then under vacuum without heat
to yield (tpp)Hf(PW,059)[tba]s (91 mg, 98%). IR (nujol, NaCl): ¥
= 1100-700, 1063 (m, br.), 958 (m), 890 (w), 816 (s, br.) 723 (m)
cm . UV/Vis (CH,CL): 2 (log &) = 403 (4.51), 425 (5.53), 508
(3.40), 548 (4.21), 583 (3.30) nm. 'H NMR (CD;CN, 30 °C): 6 =
9.53 (d, J = 7.58 Hz, 2 H, phen-0), 9.25 (d, J = 7.64 Hz, 2 H, phen-
0), 8.91 (2 H, pyrrole), 8.71 (d, J = 4.65 Hz, 2 H, pyrrole), 8.64 (s,
2 H, pyrrole), 8.61 (d, J = 4.58 Hz, 2 H, pyrrole), 7.89 (t, J =
7.61 Hz, 2 H, phen-m), 7.82 (t, J = 7.46 Hz, 2 H, phen-m), 7.75 (t,
J =749 Hz, 2 H, phen-p), 7.69 (t, J = 7.49 Hz, 2 H, phen-p), 7.60
(d, J = 7.46 Hz, 2 H, phen-o), 7.55 (t, J = 7.40 Hz, 2 H, phen-m),
7.49 (t, J = 7.46 Hz, 2 H, phen-m), 7.43 (d, J = 7.58 Hz, 2 H, phen-
0), 3.12 (m, 40 H, N-CH,-), 1.61 (m, 40 H, -CH,-), 1.38 (m, 40
H, -CH»-), 0.98 (t, J/ = 7.34Hz, 60 H, -CH) ppm. 3'P NMR
(CD3;CN): 0 = -16.29 ppm. MS (ESI-): m/z = 1726.4 [(tpp)
Hf(PW,,035)77].

meso-Tetraphenylporphyrinatozirconium(IV)PW;,039  Tetrabutyl-
ammonium Salt {(tpp)Zr(PW;030)[tba]s}: Prepared by following
the same method as that used to prepare the hafnium complex but
by using (tpp)Zr(OAc), as the starting material. Yield: 82 mg, 81 %.
IR (KBr disc): ¥ = 1100-700, 1054 (m, br.), 954 (s), 890 (w), 826
(s, br.) 745 (m) cm™'. UV/Vis (CH,Cl,): 4 (log &) = 404 (4.01), 427
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(4.84), 509 (3.059), 548 (3.60), 586 (2.77) nm. '"H NMR (CD;CN,
30 °C): 6 =9.53 (d, J = 7.34 Hz, 2 H, phen-o0), 9.25 (d, J = 7.34 Hz,
2 H, phen-o), 8.89 (2 H, pyrrole), 8.66 (d, J = 4.40 Hz, 2 H, pyr-
role), 8.63 (s, 2 H, pyrrole), 8.56 (d, J = 4.89 Hz, 2 H, pyrrole),
7.90 (t, J = 7.82 Hz, 2 H, phen-m), 7.83 (t, J = 7.83 Hz, 2 H, phen-
m), 7.74 (t, J = 8.07 Hz, 2 H, phen-p), 7.69 (t, J = 7.34 Hz, 2 H,
phen-p), 7.63 (d, J = 7.84 Hz, 2 H, phen-o), 7.56 (t, J = 7.83 Hz, 2
H, phen-m), 7.50 (t, J = 7.59 Hz, 2 H, phen-m), 7.45 (d, J =
7.82 Hz, 2 H, phen-o), 3.16 (m, 40 H, N-CH,-), 1.66 (m, 40 H,
-CH»-), 1.41 (m, 40 H, -CH>-), 1.00 (t, J = 7.34 Hz, 60 H, -CH3)
ppm. 3'P NMR (CD;CN): 6 = -16.30 ppm. MS (TOF-): m/z =
1933.4822  (PW;;030ZrC4HogN4[C ¢H3gNL[H?;  +2.32 ppm),
1812.8449 (PW,,039ZrC44H,gN4[CisH3¢N] [H,>; +20.95 ppm),
1208.2313  (PW039Z1C44H,sN4[C sH36N] [H]*; +24.28 ppm),
1127.8054 (PW,,039ZrCyHgN,H,? 5 +78.65 ppm).

meso-Tetra(4-pyridyl)porphyrinatohafnium(IV)PW,,05, Tetrabutyl-
ammonium Salt {(tpyp)Hf(PW,,030)[tba]s}: A similar procedure to
that described above was followed: (tpyp)Hf(OAc), (20 mg,
0.022 mmol, 914 gmol') was stirred with H3;PW;,Oso[tbaly
(75 mg) and [tba]Br (5 mg). The reaction was complete after 20 min
of stirring. The product was isolated by precipitating the target
complex with hexanes (15 mL) from a CH,Cl, solution (5 mL) to
yield (tpyp)Hf(PW1;039) [tba]s (90 mg; 97%). IR (nujol, NaCl): ¥
= 1100-700, 1133 (w), 1076 (sh.), 1054 (s), 949 (s), 880 (m), 806
(vs. br.), 749 (sh.) cm'. UV/Vis (CH,CL): 4 (log &) = 402 (4.42),
426 (5.41), 505 (3.42), 550 (4.21), 582 (3.44) nm. 'H NMR
(CD;CN, 30 °C): 0 = 9.50 (br. s, 2 H, py-0), 9.18 (d, J = 4.2 Hz, 2
H, py-0), 9.08 (d, J = 7.2 Hz, 2 H, py-m), 9.02 (d, J = 4.2 Hz, 2 H,
py-m), 8.94 (s, pyrrole), 8.78 (br. d, J = 8.1 Hz, 4 H, pyrrole and
py-m overlap), 8.71 (br. d, J = 8.1 Hz, 4 H, pyrrole and py-m over-
lap), 8.68 (s, 2 H, pyrrole), 7.64 (br. s, 2 H, py-0), 747 (d, J =
6.1 Hz, py-0), 3.14 (m, 40 H, N-CH,-), 1.64 (m, 40 H, -CH,-), 1.41
(m, 40 H, -CH>-), 0.99 (t, J = 7.34 Hz, 60 H, -CH;) ppm. 3'P
NMR (CD;CN): 6 = —16.25 ppm. MS (ESI-): m/z = 3444.1 [(tpyp)
Hf(PW,,05,)"], 1728.7 [(tpyp)Hf(PW,,035)2]. Suitable crystals
for X-ray diffraction were obtained for the (tpyp)-
Hf(PW,,059) > complex. The complex (50 mg) was dissolved in
CH;CN/CH;0H (1:1, 5mL) in an 18 X 150 mm test tube with a
magnetic stir bar. Diethyl ether was added by pipette while stirring
until the solution appeared cloudy. The solution was then placed
in a warm water bath to evaporate just enough of the ether to make
the solution almost clear of particulates. The solution was capped
and placed in a freezer at —10 °C for 4 d, after which time long,
dark purple needles collected on the sides and bottom of the test
tube. The structure revealed this material to be (tpyp)Hf-
(PW,03)[tba],H 5

Single-Crystal X-ray Diffraction: The intensity data for 2 were mea-
sured with a Bruker—Nonius KappaCCD diffractometer (graphite-
monochromated Mo-K, radiation, 2 = 0.71073 A, ¢-» scans) at
100(2) K (Table 1). The data were not corrected for absorption. De-
tails of the solution and refinements for this compound are pre-
sented below: The crystal of 2, with approximate dimensions
0.18 X 0.18 X 0.30 mm, were orthorhombic with space group Pnma.
The final unit-cell constants of 2 were a = 19.4194)A, b =
27.157(5) A, ¢ = 29.642(6) A, V = 15632(5)A3, Z = 4, p =
1.976 gem™!, u = 8.80 mm !, formula weight = 4649.55. The struc-
ture of 2 was solved with SHELXS-97 and refined by full-matrix
least-squares on /> with SHELXL-97. The hydrogen atoms were
included in the structure-factor calculations, but their parameters
were not refined. The final discrepancy indices for the 18158 reflec-
tions (0 < 27.50°) were R = 0.0912 (calculated on F) and R, =
0.2076 (calculated on F?) with 730 parameters varied. The final
difference map peaks <3.16 ¢eA~3 are near the heavy atoms, haf-
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nium and tungsten. CCDC-717412 contains the supplementary
crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre
via www.ccde.cam.ac.uk/data_request/cif.

Table 1. Crystallographic data for (tpyp)Hf(PW;,050)[tba],H3.
Ci17H177HIN 5030PW

Empirical formula

Formula mass 4649.55

System orthorhombic

Space group Pnma

Unit cell 15632.(5)

al 19.419(4)

bl A 27.157(5)

al A 29.642(6)

ple 90

yl° 90

Volume / A3 90

Z 4

Pealcd. | mgem 3 1.976

#(Mo-K,) / mm! 8.798

T/K 100(2)

F(000) 8788

Crystal size / cm 0.3X0.18 X0.18

range / ° 1.73 to 27.50

Index ranges -14=h=25
33 =k=35
38 =1=31

Data/restraints/parameters 18158/19/730

Final R indices [/>2o(])]

Ry 0.0912

WR, 0.2076

R indices (all data)

Ry 0.1752

WR, 0.1720

Largest diff. peak and hole / e A3 3.158 and —1.669
Selected bond lengths / A

Hf-N 2.328-2.358
Hf-O 2.206-2.151
W-O\ucunary 1.755-1.784
W-Opsidging 1.847-2.087
W=0 1.679-1.723
Hf — mean plane of Ny 1.220

Hf — mean plane of O, 1.144

Binding of Hf(por) and Zr(por) to Glass, ITO, and TiO, Surfaces:
All glass and ITO substrates were cleaned in an ozone cleaner
(20 min) or by a piranha solution (NH4,OH/H»O,, 3:1; 30 min) fol-
lowed by rinsing with copious amounts of water just prior to use.
A drop of ca. 4 um solution of the (tpp)Hf(OAc), or (tpp)Zr-
(OAc), in dry toluene was placed on the substrate and allowed to
dry in air. Alternatively, the substrate was dipped in a ca. 0.4 mm
solution for 1 h. After drying, all substrates were washed with tolu-
ene to remove any unbound materials. For TiO,, (tpp)Hf(OAc),
(0.8 mg) or (tpp)Zr(OAc), was dissolved in distilled toluene (2 mL)
and titanium(IV) oxide nanopowder (ca. 30 mg), 99.7% anatase
with average size 5 nm (Aldrich) was added to the solution. After
sonicating for 5 min, the slurry was stirred overnight. The slurry
was then centrifuged for 5 min to separate the coated particles,
which are a pink color due to attachment of Hf(tpp)** or Zr-
(tpp)** on TiO,. Similar treatment of the TiO, particles with
Zn(tpp) and tpp in control experiments resulted in most of the
porphyrin remaining in solution. The solution was decanted, the
coated particles were rinsed with toluene (2 to 3 times) to remove
unbound materials, and left to dry in air.
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Supporting Information (see footnote on the first page of this arti-
cle): Further experimental details; UV/Vis, IR, 'H, COSY, and *'P
NMR spectra; mass spectrometry; structures with solvent mole-
cules included; scheme with hypothesized binding of the Hf and Zr
porphyrins to a TiO, surface.
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