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The direct ion exchange of chloro(2,6-bis(N-methylbenzimidazol-2-yl)pyridine)platinum(II) ([Pt(Me2bzimpy)Cl]+) and
chloro(2,2′:6′,2′′-terpyridine)platinum(II) ([Pt(tpy)Cl]+) complexes within a zirconium phosphate (ZrP) framework has
been accomplished. The physical and spectroscopic properties of [Pt(Me2bzimpy)Cl]+ and [Pt(tpy)Cl]+ intercalated
in ZrP were investigated by X-ray powder diffraction and X-ray photoelectron, infrared, absorption, and luminescence
spectroscopies. In contrast to unintercalated complexes in fluid solution, which do not emit at room temperature,
both intercalated materials in the solid state and in colloidal suspensions exhibit intense emissions at room
temperature. A [Pt(Me2bzimpy)Cl]+-exchanged ZrP colloidal methanol suspension gives rise to an emission at 612
nm that originates from a lowest 3MMLCT[dσ*(Pt) f π*(tpy)] state (MMLCT ) metal−metal-to-ligand charge transfer)
characteristic of strong Pt‚‚‚Pt interactions. A [Pt(tpy)Cl]+-exchanged ZrP colloidal aqueous suspension exhibits a
strong emission band at 600 nm. The accumulated data demonstrate that at high concentrations, [Pt(Me2bzimpy)-
Cl]+ and [Pt(tpy)Cl]+ ions can serve as luminescent pillars inside the ZrP framework.

Introduction

Zirconium phosphate (ZrP)-layered materials are drawing
increasing attention because of their ability to serve as ion
exchangers, solid-state ion conductors, catalysts, photo- and
biocatalysts, and hosts for the intercalation of a broad
spectrum of guests.1-3 To improve and expand upon this
chemistry, there is strong motivation to develop new methods
for tailoring the properties of the microheterogeneous
environments of these materials. With this objective in mind,
Colón et al. has recently demonstrated the first successful
strategy for the direct ion exchange of inorganic complexes
and organic molecules into zirconium bis(monohydrogen
orthophosphate) monohydrate, Zr(HPO4)2‚H2O, also called
R-zirconium phosphate (R-ZrP).4-10 R-ZrP is composed of

zirconium atoms in a semiplanar arrangement bridged by
phosphate groups above and below the zirconium atom plane
(Figure 1a). Each of the three oxygens of a phosphate group
is bonded to a different zirconium, resulting in an octahedral
coordination geometry around zirconium. The remaining
oxygen atoms are directed into the interlamellar space just
above or below the zirconium atoms in adjacent layers.11

Figure 1b shows that a hydrated form ofR-ZrP with six water
molecules per formula unit (referred to as 10.3 Å-ZrP) has
an interlayer distance of 10.3 Å.

To probe the microheterogeneous environments of these
new intercalation materials, we have turned our attention to
luminescent reporter molecules. Emissive square-planar
platinum(II) pyridyl complexes, such as [Pt(tpy)Cl]+ (tpy )
2,2′:6′,2′′-terpyridine) and [Pt(Me2bzimpy)Cl]+ (bzimpy )
chloro(2,6-bis(N-methylbenzimidazol-2-yl)pyridine) plati-
num(II) (Figure 2), are attractive in this capacity because of
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the sensitivity of their spectroscopic properties to environ-
ment, as suggested by their interesting solution,12-17

solid-state,18-26 solid-support,27-30 aggregation,31-33 self-
quenching,34-36 and vapoluminescence37-39 properties. The

solution and solid-state photoluminescence from these com-
pounds can originate from one of a variety of different lowest
triplet excited states, including intraligand (IL), metal-to-
ligand charge-transfer (MLCT), and metal-metal-to-ligand
charge-transfer (MMLCT[dσ*(Pt) f π*(ligand)]) excited
states.18,19,24,34,38,40,41A low-lying MMLCT excited-state can
occur in dimers and aggregates with relatively short Pt‚‚‚Pt
separations (<3.5 Å). Interactions between the 5dz2 orbitals
of neighboring Pt(II) metal centers give rise to a dσ* highest-
occupied molecular orbital, whereas the lowest-unoccupied
molecular orbital is predominantly centered on the aromatic
nitrogen-donor ligand. The resulting emission occurs at
longer wavelengths than those of unimolecular3MLCT and
3IL emissions.

In this paper, we report the direct ion exchange of [Pt-
(tpy)Cl]+ and [Pt(Me2bzimpy)Cl]+ complexes into 10.3
Å-ZrP layers. At high loading levels, the complexes serve
as pillars inside the ZrP framework. The resulting intense
room-temperature luminescence is characteristic of strong
intermolecular interactions, establishing the practical utility
of this class of complexes as probes of the microenviron-
ments of layered materials.

Experimental Section

Materials. Zirconium oxychloride octahydrate (ZrOCl2‚8H2O,
98%), 2,2′:6′,2′′-terpyridine (tpy), and chloro(2,2′:6′,2′′-terpyridine)-
platinum(II) ([Pt(tpy)Cl](Cl)·2H2O) were obtained from Aldrich
Chemical Co. Phosphoric acid (H3PO4, 85% v/v) was obtained from
Fisher. Chloro(2,6-bis(N-methylbenzimidazol-2-yl)pyridine)plati-
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Figure 1. Idealized representation of two different ZrP phases: (a)R-ZrP
and (b) expanded 10.3 Å-ZrP. Hydrogen atoms and water molecules are
not shown for clarity.

Figure 2. Drawings of platinum(II) complexes, [Pt(tpy)Cl]+ and [Pt(Me2-
bzimpy)Cl]+.
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num(II) ([Pt(Me2bzimpy)Cl](Cl)·2.5H2O) and 10.3 Å-ZrP were
synthesized as previously reported.4,38,42 All other reagents were
of spectroscopic grade and were used without further purification.

Intercalation Procedure. ZrP was suspended in aqueous solu-
tions of [Pt(tpy)Cl]Cl at various [Pt(tpy)Cl]+/ZrP molar ratios (1:
25, 1:10, 1:5, 1:1, and 5:1) with constant stirring at ambient
temperature for 5 days producing [Pt(tpy)Cl]+-intercalated ZrP
materials with different loading levels. The same procedure was
used to produce [Pt(Me2bzimpy)Cl]+-intercalated ZrP materials
except that the ZrP was suspended in 1:1 ethanol/water solutions
of [Pt(Me2bzimpy)Cl]+ at 1:30, 1:10, 1:5, and 1:1 [Pt(Me2bzimpy)-
Cl]+/ZrP molar ratios. The materials are referenced according to
the molar Pt/ZrP concentration ratio of the mixture used in their
preparation. For example, the 1:1 [Pt(tpy)Cl]+-exchanged ZrP
material was prepared by suspending 0.1 g of 10.3 Å-ZrP in 500
mL of a 5.1× 10-4 M [Pt(tpy)Cl]+ aqueous solution. The mixture
was filtered, and the solid was washed with abundant nanopure
water and dried at ambient temperature for 3 days.

Characterization. X-ray powder diffraction (XRPD) patterns
were obtained using a Siemens D5000 powder diffractometer with
Cu KR radiation (λ ) 1.5406 Å). All XRPD patterns were collected
on a 2θ range of 2-45°. X-ray photoelectron spectroscopy (XPS)
analysis was performed at the Materials Characterization Center
of the University of Puerto Rico using the Physical Electronics PHI
5600 ESCA system equipment. Primary excitation was provided
by a Mg anode (KR radiation, 1253.6 eV) biased at 15 kV and at
the power setting of 400 W. The spectra were collected in a fixed
analyzer transmission mode on a hemispherical electroanalyzer. The
carbon 1s signal at 285 eV was used as the internal reference.

The infrared spectra were obtained using a Bruker Tensor 27
infrared spectrometer coupled to a Helios Bruker FT-IR microscope.
UV-vis spectrophotometric and steady-state luminescence mea-
surements were performed on water suspensions (0.008%, w/v) of
the intercalated material purged with N2 (99.999%) for 15 min prior
to the analysis. UV-vis absorption spectra were recorded using a
Shimadzu UV-2401 PC spectrophotometer. Emission and excitation
spectra of Pt(II) complexes-exchanged ZrP colloidal suspensions
(0.008% w/v) at different loading levels were obtained using a SE-
900 spectrofluorometer (Photon Technology International, PTI) with
a 150 W xenon lamp as the excitation source and a PTI model 710
photon-counting detector with a Hamamatsu R1527P photomulti-
plier. For the solid-state samples, the intercalated material was
placed at 45° from the excitation source and the detector, using a
front-face illumination technique.

Results and Discussion

Synthesis.Samples of platinum(II) complex-exchanged
ZrP were readily prepared from suspensions of ZrP in
solutions of the chloride salts of [Pt(Me2bzimpy)Cl]+ and
[Pt(tpy)Cl]+. The loading level was controlled by varying
the Pt/ZrP molar ratio used in the suspension over a wide
range (1:30-5:1), and the materials are referenced according
to this concentration ratio. The intercalation products were
isolated by filtration to give red-orange microcrystalline
samples of [Pt(Me2bzimpy)Cl]+ and orange microcrystalline
samples in the case of [Pt(tpy)Cl]+. To determine if [Pt-
(Me2bzimpy)Cl]+ or [Pt(tpy)Cl]+ had undergone any chemi-
cal change during or after the intercalation process, FT-IR
measurements of the intercalated materials were performed.

As expected, the intensity of the bands associated with the
platinum complexes increases with loading level (Supporting
Information Figures S1 and S2, respectively), and no new
bands are observed. Overall, the spectra are entirely consis-
tent with the superposition of the spectra of the unintercalated
ZrP and the respective platinum salts, with the exception
that the “lattice” water band at 1617 cm-1 is significantly
weaker at high loading levels. Combined with the XPS data,
which show a 1:1 Pt/Cl molar ratio for all loading levels
(vide infra), these results suggest that water is displaced
during intercalation,43 but neither [Pt(Me2bzimpy)Cl]+ nor
[Pt(tpy)Cl]+ is chemically modified.

X-ray Powder Diffraction. Figure 3 shows the XRPD
patterns for 10.3 Å-ZrP and the [Pt(Me2bzimpy)Cl]+-
exchanged ZrP samples from 1:30 to 1:1 Pt/ZrP molar ratios.
The XRPD patterns show the formation of a mixed phase.
At the lowest loading level (1:30 Pt/ZrP), the XRPD pattern
shows an intense peak at an angle corresponding to a 9.9 Å
interlayer distance with a shoulder at the high 2θ side
corresponding to a distance of ca. 9.2 Å. In addition, it shows
small peaks in the vicinity of the 14.7 Å region. The 9.9 Å
peak is in agreement with the interlayer distance expected
for ZrP intercalated with one ethanol molecule per formula
unit previously observed by Costantino;44 the [Pt(Me2-
bzimpy)Cl]+-exchanged ZrP samples were prepared in a 1:1
ethanol/water solvent. The 9.2 Å peak apparently is a second-
order peak; the expected first-order peak at 18.4 Å is not
seen at this low loading level but is observed at higher
loading levels. As the loading increases, the peak at 9.9 Å,
corresponding to the phase with intercalated ethanol, de-
creases while the peak at 9.2 Å increases, indicating that
there are more layers with Pt(II) complex ions intercalated
after displacing ethanol. In addition, the peaks in the 14.7 Å
region become sharper, with the strongest peak varying from
14.2 to 14.3 Å. Since the intercalation process in ZrP is
topotactic,45 the increase in the interlayer distance from that
of the wet unintercalated starting material (10.3 Å) indicates

(42) Kijima, T. Bull. Chem. Soc. Jpn.1982, 55, 3031-3032.
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Figure 3. XRPD patterns of 1:30, 1:10, 1:5, and 1:1 [Pt(Me2bzimpy)-
Cl]+-exchanged ZrP and 10.3 Å-ZrP.47
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that the [Pt(Me2bzimpy)Cl]+ complex is being intercalated
between the layers of ZrP.

Is important to note that the interlayer distance is for the
dry platinum-intercalated material. Unintercalated 10.3 Å-ZrP
collapses intoR-ZrP (with an interlayer distance of 7.6 Å)
upon drying.46 Since no 7.6 Å ZrP phase is observed in the
XRPD patterns for the dry [Pt(Me2bzimpy)Cl]+-exchanged
ZrP samples, these results indicate that the [Pt(Me2bzimpy)-
Cl]+ ions are intercalated and have expanded the interlayer
distance of ZrP. The peaks at ca. 14.2 to 14.7 Å observed in
Figure 3 are consistent with a phase in which the interlayer
space is occupied by dimers of Pt complexes, with the two
[Pt(Me2bzimpy)Cl]+ ions almost parallel to the ZrP layers
and overlapping each other (Figure 4a). The thickness of a
[Pt(Me2bzimpy)Cl]+ ion is estimated to be 4.2 Å.47 Since
the ZrP layer thickness is 6.6 Å,48 having a dimer of ions
parallel to the layers would give an interlayer distance of
15.0 Å (6.6+ 8.4 Å). The breadth and asymmetry of this
feature is suggestive of slightly slipped stacked dimers with
varying Pt‚‚‚Pt distances. It should be noted that at the
loading levels used, there is no evidence in the XRPD data
for a phase with only the monomers of the [Pt(Me2bzimpy)-
Cl]+ complex within the ZrP layers.

The XRPD patterns for [Pt(Me2bzimpy)Cl]+-exchanged
ZrP at the highest loading level show the formation of a new
phase with an expanded interlayer distance of 18.4 Å (Figure
3). Since the ZrP layer thickness is 6.6 Å,48 the [Pt(Me2-
bzimpy)Cl]+ ions are situated in the 11.8 Å interlayer space.
The van der Waals dimensions of [Pt(Me2bzimpy)Cl]+ are
15.9× 12.2× 4.2 Å.47 The 12.2 Å dimension is in agreement
with the observed expansion in the interlayer distance.49

Therefore, as the loading level increases, in order to

accommodate more Pt complexes between the layers, it is
proposed that the Pt complexes adopt an orientation with
their Pt-Cl bond (along the 12.2 Å axis) nearly perpendicular
to the ZrP layers (Figure 4b). Geometry arguments show
that a 75.3° tilt angle of the 12.2 Å molecular axis with
respect to the layers results in an interlayer distance of 18.4
Å, as observed experimentally. However, at this point, we
cannot discard the possibility that the complexes adopt an
orientation in which their coordination planes are close to
parallel to the ZrP layers; in that case, a stack of three
complexes between layers could account for the observed
interlayer spacing.

Similar layer expansions were observed for the ion
exchange of the [Pt(tpy)Cl]+ metal complex into 10.3 Å-ZrP.
Figure 5 shows the XRPD patterns for 10.3 Å-ZrP and [Pt-
(tpy)Cl]+-exchanged ZrP samples from 1:25 to 1:10 Pt/ZrP
molar ratios. The XRPD patterns show the formation of a
mixed phase with interlayer distances greater than those of
10.3 Å-ZrP andR-ZrP, indicating that the [Pt(tpy)Cl]+ ions
have intercalated in ZrP. The patterns become sharper as
the [Pt(tpy)Cl]+/ZrP molar ratio increases. At low loading
levels (from 1:25 to 1:10 Pt/ZrP), the XRPD patterns suggest
the formation of a mixed phase with an expanded interlayer
distance varying from 12.7 to 13.5 Å. This mixed phase also
presents a peak corresponding to a 10.0 Å interlayer distance.
The feature is most intense for the 1:25 Pt/ZrP molar ratio
sample, and it gradually loses intensity with increasing
loading, completing disappearing at a 1:5 Pt/ZrP molar ratio.
Since the samples were prepared in aqueous solution, rather
than an ethanol/water mixture, the peak is not attributable
to an ethanol-intercalated phase. The dimensions of [Pt(tpy)-
Cl]+ are roughly 13.8× 11.1× 3.4 Å.32,47,50-54 Therefore,
given the ZrP layer thickness (6.6 Å),48 the phase at low
loading levels, characterized by the 10.0 Å peak, is attributed
to discrete planar [Pt(tpy)Cl]+ ions lying parallel to the layers
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Figure 4. Idealized model of possible orientations of [Pt(Me2bzimpy)-
Cl]+ ions within the ZrP layers.

Figure 5. XRPD patterns of 1:25, 1:10, 1:5, 1:1, and 5:1 [Pt(tpy)Cl]+-
exchanged ZrP and 10.3 Å-ZrP.
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(Supporting Information Figure S3). The peaks at ca. 12.7-
13.5 Å in Figure 5 at low loading levels are consistent with
a phase in which the interlayer space is occupied by dimers
of Pt complexes, with the coordination planes of the two
stacked [Pt(tpy)Cl]+ ions lying nearly parallel to the ZrP
layers. As suggested for [Pt(Me2bzimpy)Cl]+, the observed
variation in interlayer distance (12.7-13.5 Å) is attributed
to slightly slipped stacked dimers with varying Pt‚‚‚Pt
distances, which is supported by molecular modeling. Sum-
ming the ZrP layer thickness (6.6 Å)48 and the estimated
height of the dimer (6.8 Å) gives an estimated interlayer
distance of 13.4 Å, in agreement with our experimental
results.

As the loading level is increased (from 1:5 to 5:1 Pt/ZrP)
a new phase becomes evident with an interlayer distance
17.0-17.4 Å, with a sharp and intense second-order peak at
8.5-8.7 Å. The proportion of this phase with the ca. 17.0-
17.4 Å interlayer distance increases in the mixed phase as
the loading level is increased. The expanded interlayer
distance (17.4 Å) of this new phase indicates that a different
structure is adopted at high loading levels compared with
that of low loading levels. Subtracting the thickness of a ZrP
layer from the 17.4 Å interlayer distance obtained at high
loading results in a remaining free interlayer distance of 10.8
Å.49 Although the precise arrangement of the [Pt(tpy)Cl]+

ions between the layers is not certain, the available interlayer
distance can accommodate the 11.1 Å dimension of a [Pt-
(tpy)Cl]+ ion,32,47,50-54 which lies parallel to the Pt-Cl bond.
Therefore, as the loading level increased, in order to
accommodate more Pt complexes between the layers, it is
proposed that the Pt complexes adopted an orientation with
their Pt-Cl bond (the 11.1 Å axis) nearly perpendicular to
the ZrP layers. Geometry arguments show that a 76.6° tilt
angle of the 11.1 molecular axis with respect to the layers
results in an interlayer distance of 17.4 Å, as observed
experimentally. These results indicate that, at high concentra-
tions, [Pt(Me2bzimpy)Cl]+ and [Pt(tpy)Cl]+ ions can serve
as pillars inside the ZrP framework.

X-ray Photoelectron Spectroscopy.Table 1 shows the
Pt/P molar ratios of the [Pt(Me2bzimpy)Cl]+-exchanged ZrP
materials as estimated from XPS measurements. The XPS
data show that the Pt/P molar ratios for the 1:30, 1:10, 1:5,
and 1:1 [Pt(Me2bzimpy)Cl]+/ZrP samples were 1:32, 1:12,
1:5, and 1:4, respectively, increasing monotonically with the
Pt/ZrP concentration ratio of the mixture used in their
preparation. The 1:1 [Pt(Me2bzimpy)Cl]+/ZrP sample shows
a Pt/P molar ratio of 1.4, which indicates that for each [Pt-

(Me2bzimpy)Cl]+ complex there are 2.0 ZrP formula units,
corresponding to replacement of 25% of the exchangeable
protons.

The surface area occupied by one ZrP formula unit is 24
Å2.3 The area projected on the ZrP layers by a [Pt(Me2-
bzimpy)Cl]+ ion positioned with the Pt-Cl bond perpen-
dicular to the ZrP layers is 15.9× 4.2 Å2 or 66.8 Å2. This
gives a theoretical maximum loading of 0.36 [Pt(Me2-
bzimpy)Cl]+ ions per formula unit. From the XPS data, the
experimental loading is 0.49 [Pt(Me2bzimpy)Cl]+ ions per
formula unit. Although the reason for this discrepancy is not
certain, one possible explanation is that poor crystallinity of
the intercalated material results in an increase in the surface
area of the material and therefore the available ion-exchange
sites. A decrease in crystallinity is consistent with a broaden-
ing in the first-order diffraction peaks in the XRPD patterns,
with an increase in the loading level.55

Similar results were obtained from the XPS data for the
[Pt(tpy)Cl]+-exchanged ZrP samples (Table 1). The Pt/P
molar ratios for the 1:25, 1:10, 1:5, and 1:1 [Pt(tpy)Cl]+:
ZrP samples were 1:32, 1:20, 1:7, and 1:5, respectively,
increasing monotonically with the Pt/ZrP concentration ratio
of the mixture used in their preparation. The Pt/P molar ratio
plateaus at 1:5 for the 1:1 and 5:1 Pt/ZrP samples, suggesting
that maximum loading occurs at one [Pt(tpy)Cl]+ complex
per 2.5 ZrP formula units, corresponding to replacement of
20% of the exchangeable protons.

The surface area occupied by one ZrP formula unit on
the face of a layer is 24 Å2.3 The surface area projected on
the ZrP layers by a [Pt(tpy)Cl]+ ion positioned with the Pt-
Cl bond perpendicular to the ZrP layers (90° angle with
respect to the layers) is (13.8× 3.4) Å2 or 46.9 Å2. This
cross-sectional area gives a theoretical maximum loading of
0.51 [Pt(tpy)Cl]+ ions per formula unit, which slightly
exceeds the experimental value of 0.40, as determined by
XPS measurements. This result suggests that maximum
loading occurs at 80% capacity of the cations in this
arrangement.

Absorption and Emission Spectroscopy.UV-vis ab-
sorption spectra of orange suspensions of the platinum
complex-exchanged ZrP are characteristically broad with a
tailing long-wavelength profile attributed to scattered light
(Figure 6). Nevertheless, absorption features can be distin-
guished that are consistent with bands observed in the spectra
of the respective platinum complexes in fluid solution. In
the case of [Pt(Me2bzimpy)Cl]+-exchanged ZrP samples, the
intensity of the absorption bands increases steadily over the
range of investigated loading levels (from 1:30 to 1:1 Pt/
ZrP). The IL charge-transfer bands (300-390 nm) and a low-
energy MLCT band (450 nm) are in good agreement with
the solution spectra,38 and there is no discernible red shift.
Interestingly, there is evidence of additional absorption near
550 nm that is not present in 10-5-10-4 M [Pt(Me2bzimpy)-
Cl]+ methanol solutions. Low-energy transitions arising in
this region have previously been attributed to low-lying

(55) Trobajo, C.; Khainakov, S. A.; Espina, A.; Garcı´a, J. R.Chem. Mater.
2000, 12, 1787.

Table 1. Platinum/Phosphorus Molar Ratios Obtained from XPS for
[Pt(Me2bzimpy)Cl]+-Exchanged ZrP and [Pt(tpy)Cl]+-Exchanged ZrP
Samples

[Pt(Me2bzimpy)Cl]+-ZrP [Pt(tpy)Cl]+-ZrP

Pt/ZrP loading Pt/P (XPS) Pt/ZrP loading Pt/P (XPS)

5:1 5:1 1:5
1:1 1:4 1:1 1:5
1:5 1:5 1:5 1:7

1:10 1:12 1:10 1:20
1:30 1:32 1:25 1:32
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MMLCT transitions, resulting from dimers or oligomers with
short Pt‚‚‚Pt interactions.38 These transitions are not resolved
in the spectra of the suspensions due to the scattered light
but are resolved in the spectra of the solid samples (vide
infra).

In the case of the [Pt(tpy)Cl]+-exchanged ZrP samples, at
low loading levels (from 1:25 to 1:5 Pt/ZrP) the intensities
of these features grows with increasing loading level. The
manifold of tpy IL absorption bands in the 260-370 nm
region15 is red-shifted by∼1200 cm-1 from those of the
aqueous solution spectrum of [Pt(tpy)Cl]+. The red shift
slightly exceeds the well-known bathochromic shift56-61

observed in fluid solution upon changing from aqueous to
less-polar solvents, such as dichloromethane. At higher
loading levels (1:1 and 5:1), the intensities of the bands
decrease, and the bands further shift to the red. Yam et al.
have recently suggested that a decrease in the intensity of
short-wavelength IL absorptions of platinum(II) diynyl
complexes of terpyridine at high concentration is the result
of the formation of aggregates.62 (It should be noted that
the Pt(5dπ) f π*(tpy) MLCT band is reasonably expected
to maximize near 370 nm;15,32,33,63however, the transition is
not well-resolved in any of the spectra.) The accumulated
data suggest perturbation of the ligand energy levels in the
rigid ZrP microenvironment, possibly as a result of inter-
molecular tpy‚‚‚tpy interactions between complexes.64

To better assess the long-wavelength absorption properties
of the platinum complex-exchanged ZrP samples, room-

temperature diffuse reflectance spectra of the platinum salts
and the intercalation materials at different loadings levels
(Figures 7 and 8) were recorded. For both classes of
intercalation compounds, there are additional long-wave-
length absorption features that are not present in dilute fluid
solutions of the platinum salts. In the case of [Pt(Me2-
bzimpy)Cl]+-exchanged ZrP powders, the reflectance spectra
are qualitatively similar to that of [Pt(Me2bzimpy)Cl]Cl·
2.5H2O. The platinum salt gives rise to a reflectance

(56) Michalec, J. F.; Bejune, S. A.; Cuttell, D. G.; Summerton, G. C.;
Gertenbach, J. A.; Field, J. S.; Haines, R. J.; McMillin, D. R.Inorg.
Chem.2001, 40, 2193-2200.

(57) Cummings, S. D.; Eisenberg, R.J. Am. Chem. Soc.1996, 118, 1949-
1960.

(58) Pomestchenko, I. E.; Castellano, F. N.J. Phys. Chem. A2004, 108,
3485-3492.

(59) Willison, S. A.; Jude, H.; Antonelli, R.; Rennekamp, J. M.; Eckert,
N.; Krause, J.; Connick, W. B.Inorg. Chem.2004, 43, 2548-2555.

(60) McGarrah, J. E.; Eisenberg, R.Inorg. Chem.2003, 42, 4355-4365.
(61) Vanhelmont, F. W. M.; Johnson, R. C.; Hupp, J.Inorg. Chem.2000,

39, 1814-1816.
(62) Yam, V. W. W.; Wong, K. M. C.; Zhu, N.J. Am. Chem. Soc.2002,

124, 6506-6507.
(63) Aldridge, T.; Stacy, E.; McMillin, D. R.Inorg. Chem.1994, 33, 722-

727.
(64) Colón, J. L.; Yang, C.; Clearfield, A.; Martin, C. R.J. Phys. Chem.

1988, 92, 5777-5781.

Figure 6. (a) UV-vis absorption spectra of [Pt(Me2bzimpy)Cl]+-exchanged ZrP methanol suspensions (0.008% w/v) at different loading levels: (s -,
1:1), (----, 1:5), (s, 1:10), and (‚‚‚‚, 1:30) and a 1.9× 10-5 M [Pt(Me2bzimpy)Cl]+ methanol solution (s, solid line) at room temperature. (b) UV-vis
absorption spectra of [Pt(tpy)Cl]+-exchanged ZrP water suspensions (0.008% w/v) at different loading levels: (- -, 5:1), (----, 1:1), (- -, 1:5), (‚‚‚‚, 1:10),
and (- -, 1:25) and a 1.9× 10-5 M [Pt(tpy)Cl]+ aqueous solution (s, solid line) at room temperature.

Figure 7. Room-temperature diffuse reflectance spectra of [Pt(Me2-
bzimpy)Cl]+-exchanged ZrP at different loadings (b, 1:30; ----, 1:10;2,
1:5; 9, 1:1) and [Pt(Me2bzimpy)Cl]Cl‚2.5H2O (s, solid line).

Figure 8. Room-temperature diffuse reflectance spectra of [Pt(tpy)Cl]+-
exchanged ZrP at different loadings ([, 1:25; ----, 1:10;b, 1:5; 9, 1:1; 2,
5:1) and [Pt(tpy)Cl]Cl·2H2O (s, solid line).
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maximum at 536 nm. Although the structure of these
materials is not known, by analogy to previous work,38 the
band is reasonably attributed to a spin-allowed MMLCT-
[dσ*(Pt) f π*(tpy)] transition resulting from short Pt‚‚‚Pt
interactions. Upon intercalation, the band shifts by 170 cm-1

to 541 nm, suggesting slightly stronger intermolecular
interactions.

In the case of [Pt(tpy)Cl]+, the long wavelength absorption
bands are poorly resolved, although a distinct shoulder occurs
near 475 nm, co-incident with a maximum in the reflectance
spectrum of [Pt(tpy)Cl]Cl‚2H2O. Bands at nearly the same
wavelength in the spectra of related platinum(II) terpyridyl
complexes have been assigned to a spin-allowed MMLCT
transition;31,32,65however, the assignment in the present case
is not certain. For example, the terpyridyl-centered3π-π*
transition of [Pt(tpy)Cl]+ is known to maximize at 463 nm,32

and we have already noted that the1IL transitions of the
intercalated material are shifted significantly to the red. At
longer wavelengths, the reflectance gradually tails off with
no well-resolved features. By contrast, the reflectance
spectrum of [Pt(tpy)Cl]Cl·2H2O shows a broad shoulder near
540 nm. The [Pt(tpy)Cl]+ cations pack in a head-to-tail
fashion to form dimers in crystals of [Pt(tpy)Cl]Cl·2H2O with
relatively short (∼3.4 Å) Pt‚‚‚Pt distances,51,66 suggesting
that the 540 nm band of the chloride salt arises from a low-
lying MMLCT transition.

At room temperature, the platinum complex-exchanged
ZrP materials are brightly emissive as powders (Supporting
Information Figures S4 and S5) or in colloidal suspensions
(Figures 9 and 10). This result is somewhat surprising since
neither [Pt(Me2bzimpy)Cl]+ nor [Pt(tpy)Cl]+ is emissive in
room-temperature fluid solution.13,15,38,56,63For both classes
of intercalated materials, the emission intensity increases
steadily with increasing loading. The emission profiles are
unstructured and shifted to the red of the vibronically
structured emissions observed for the free complexes in 77

K dilute glassy solutions ([Pt(Me2bzimpy)Cl]+, 545 and 590
nm);31 [Pt(tpy)Cl]+, 475, 507, and 544 nm).22 The resulting
excitation spectra are in agreement with the diffuse reflec-
tance spectra, showing long-wavelength features that are
absent from the absorption spectra of dilute fluid solutions
of the platinum salts. Taken together, these observations point
to the influence of intermolecular interactions on the lowest
emissive states.

In the case of the [Pt(Me2bzimpy)Cl]+-exchanged ZrP, the
room-temperature emissions from [Pt(Me2bzimpy)Cl]+-
exchanged ZrP originate from a lowest MMLCT state. The
emission profile is characteristically symmetric and narrow
(full-width at half-maximum (fwhm),∼1950 cm-1), maxi-
mizing at 612 nm. The spectra are slightly shifted to shorter
wavelengths than those of room-temperature solid-state
samples of methanol vapor-exposed [Pt(Me2bzimpy)Cl](Cl)
(643 nm, fwhm, 2100 cm-1), suggesting somewhat longer
Pt‚‚‚Pt separations.38 By contrast, the [Pt(tpy)Cl]+-exchanged
ZrP gives rise to a broad, asymmetric emission band
maximizing near 600 nm with a fwhm of∼3040 cm-1. As
the loading level increases up to 1:10 Pt/ZrP, the emission
maximum shifts by∼150 cm-1 to longer wavelengths; at
higher levels, the maximum remains unchanged. The ob-
served behavior is different than that of Pt(tpy)Cl+ in 77 K
frozen solution, where a unimolecular vibronically structured
emission (λmax, 475, 507, and 544 nm) dominates at low
concentration and longer wavelength emissions (λmax g 600
nm) due to aggregates grown at higher concentrations.
Interestingly, the asymmetry of the [Pt(tpy)Cl]+-exchanged
ZrP emission band manifests as a skewing of the emission
maximum towardlongerwavelengths, which is the opposite
of what is encountered for unimolecular MLCT emissions
of platinum(II) polypyridyl complexes.31,34,56,67 Similarly,
MMLCT emissions of aggregates tend to be symmetric or
slightly asymmetric with maxima skewed toward shorter
wavelengths because of poorly resolved vibronic struc-
ture.19,23,66 While it is premature to make a definitive
assignment, it is noteworthy that the observed emissions bear(65) Kobayashi, K.; Sato, H.; Shinobu, K.; Kato, M.; Ishizaka, S.; Kitamura,

N.; Yamagishi, A.J. Phys. Chem. B.2004, 108, 18665-18669.
(66) Miskowski, V. M.; Houlding, V. H.Inorg. Chem.1991, 30, 4446-

4452.
(67) Connick, W. B.; Miskowski, V. M.; Houlding, V. H.; Gray, H. B.

Inorg. Chem.2000, 39, 2585-2592.

Figure 9. Room-temperature emission (λex ) 355 nm) and excitation (λem

) 612 nm) spectra of [Pt(Me2bzimpy)Cl]+-exchanged ZrP methanol
suspensions (0.008% w/v) at different loading levels: (blue, 1:1), (pink,
1:5), (yellow, 1:10), (cyan, 1:30).

Figure 10. Room-temperature emission (λex ) 366 nm) and excitation
(λem ) 600 nm) spectra of [Pt(tpy)Cl]+-exchanged ZrP aqueous suspensions
(0.008% w/v) at different loading levels: (navy blue, 5:1), (pink, 1:1),
(yellow, 1:5), (dark purple, 1:10), and (cyan, 1:25).
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a resemblance to those of various orange and yellow [Pt-
(tpy)Cl]+ salts (PF6-, 630 nm; Cl-, 650 nm; ClO4

-, 645 nm;
CF3SO3

-, 640 nm; fwhm, 3000-4250 cm-1) at room
temperature. The emissions from those materials has been
assigned to a lowest IL excimeric state arising from tpy‚‚‚
tpy interactions.32

Conclusion

[Pt(tpy)Cl]+ and [Pt(Me2bzimpy)Cl]+ are readily ion-
exchanged into 10.3 Å-ZrP to give novel luminescent
materials. Spectroscopic measurements show that the physi-
cal and chemical structures of the complexes and the layers
are maintained. The results are consistent with an expansion
of the interlayer spacing to∼18 Å to accommodate ag-
gregates of closely interacting platinum complexes. [Pt(Me2-
bzimpy)Cl]+-exchanged ZrP exhibits distinct absorption and
emission spectroscopic signatures that are independent of
loading levels and characteristic of low-lying MMLCT states
resulting from short Pt‚‚‚Pt spacings. By contrast, the
spectroscopic properties of [Pt(tpy)Cl]+-exchanged ZrP are

dependent on loading levels, suggesting the existence of more
than one type of intercalated platinum aggregate. At high
loading levels, [Pt(Me2bzimpy)Cl]+ and [Pt(tpy)Cl]+ ions can
serve as pillars inside the ZrP framework. Overall, these
results open the door to a rich and relatively unexplored area
that takes advantage of the tendency of the negatively
charged ZrP scaffold to promote formation of rather well-
defined, high-density assemblies of platinum(II) cations.
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