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ABSTRACT: The direct intercalation of a pyrazolate-bridged
platinum(II) bipyridyl dimer ([{Pt(dmbpy)(μ-pz)}2]

2+; dmbpy =
4,4′-dimethyl-2,2′-bipyridine, pz− = pyrazolate) within a zirconium
phosphate (ZrP) framework has been accomplished. The physical
and spectroscopic properties of [{Pt(dmbpy)(μ-pz)}2]

2+ intercalated
in ZrP were investigated by X-ray powder diffraction and X-ray
photoelectron, infrared, absorption, and luminescence spectros-
copies. Zirconium phosphate layers have a special microenvironment
that is capable of supporting a variety of platinum oxidation states.
Diffuse reflectance spectra from powders of the blue-gray
intercalated materials show the formation of a low-energy band at
600 nm that is not present in the platinum dimer salt. The
nonintercalated complex is nonemissive in room-temperature fluid
solution, but gives rise to intense blue-green emission in a 4:1 ethanol/methanol 77 K frozen glassy solution. Powders and
colloidal suspensions of [{Pt(dmbpy)(μ-pz)}2]

2+-exchanged ZrP materials exhibit intense emissions at room-temperature.

■ INTRODUCTION
Hybrid materials represent one of the most fascinating
developments in materials chemistry in recent years.1,2 The
integration of metal complexes and layered inorganic materials
as building blocks, offers tremendous possibilities combining
different properties, opening the door for the creation of new
advanced multifunctional materials. Metal complexes that have
drawn considerable attention over the past few years include
platinum(II) pyrazolate monomers and a wide variety of
pyrazolate-bridged platinum(II) dimers.3−9 Cyclometalated
Pt(II) complexes have shown attractive applications as dopant
phosphorescent emitters in highly efficient organic light
emitting devices (OLEDs),10−15 photocatalytic generation of
hydrogen from water,16 antitumor activity,17,18 and lumines-
cence-based vapor sensing.19−21 Other interesting mononuclear
and dinuclear Pt(II) complexes that have attracted considerable
attention for many of the applications mentioned above are
mixed-valence complexes called “platinum blues”.16,22−37 Since
Barton and Lippard reported the first crystal structure of cis-
diammineplatinum α-pyridonate blue,34 several dimers, tet-
ramers, and octanuclear complexes with average platinum
oxidation states (2.0+, 2.25+, 2.5+, and 3.0+) have been
isolated and characterized.22−26,28−33 Examples of pyrazolate-
bridged platinum dimers containing diimine ligands are
comparatively rare. Minghetti and co-workers performed the
first studies of these systems,3 and later, Sakai et al. reported the

crystal structure of the tetrafluoroborate salt of the [{Pt(bpy)-
(μ-pz)}2]

2+ cation (pz− = pyrazolate) that exhibits a basket-like
geometry with a relatively short Pt···Pt distance of about
3.231(1) Å.38

Recently, we reported that the direct ion-exchange of two
monomeric platinum complexes, [Pt(Me2bzimpy)Cl]+

(Me2bzimpy = 2,6-bis(N-methylbenzimidazol-2-yl)pyridine)
and [Pt(tpy)Cl]+ (tpy = 2,2′:6′,2″-terpyridine), into layered
inorganic material zirconium phosphate (θ-ZrP)39−42 produces
novel luminescent materials.43 Those results were consistent
with an expansion of the interlayer spacing to about 18 Å to
accommodate aggregates of closely interacting platinum
complexes. Suspensions and powders of these intercalated
materials exhibit distinct absorption and emission spectroscopic
signatures characteristic of low-lying metal−metal-to-ligand
charge transfer (MMLCT) states resulting from short Pt···Pt
spacings.
In this article, we report the first direct ion-exchange of a pale

yellow pyrazolate-bridged platinum(II) bipyridyl dimer ([{Pt-
(dmbpy)(μ-pz)}2]

2+, dmbpy = 4,4′-dimethyl-2,2′-bipyridine;
Figure 1) into θ-ZrP layers. The intercalated material has an
interesting blue-gray color suggesting the formation of a variety
of platinum oxidation states incorporated in a rigid-framework
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matrix. Although the nonintercalated dimer is not emissive in
solutions at room temperature, powders and colloidal
suspensions of the intercalated materials are brightly emissive
at room temperature.

■ EXPERIMENTAL SECTION
Materials. Zirconium oxychloride octahydrate (ZrOCl2·8H2O,

98%) was obtained from Aldrich Chemical Co. Phosphoric acid
(H3PO4, 85% v/v) was obtained from Fisher. The pyrazolate-bridged
platinum(II) bipyridyl dimer ([{Pt(dmbpy)(μ-pz)}2]

2+) and θ-ZrP
were synthesized according to established procedures.3,38,41,42 All other
reagents were of spectroscopic grade and were used without further
purification.
Intercalation Procedure. ZrP was suspended in 1:1 ethanol:water

solutions of [{Pt(dmbpy)(μ-pz)}2](BF4)2 at various [{Pt(dmbpy)(μ-
pz)}2]

2+:ZrP molar ratios (1:30, 1:25, 1:10, 1:5, and 1:1) with constant
stirring at ambient temperature for 5 days producing [{Pt(dmbpy)(μ-
pz)}2]

2+-intercalated ZrP materials with different loading levels. The
materials are referenced according to the molar Pt:ZrP concentration
ratio of the mixture used in their preparation. The mixture was filtered,
and the solid was washed with abundant nanopure water and dried at
ambient temperature for 3 days. [{Pt(dmbpy)(μ-pz)}2]

2+-exchanged
ZrP blue-gray materials were prepared following the procedure
mentioned above. The yellow-brown materials were obtained using
the same procedure, but in the presence of sodium dithionite
(Na2S2O4).
Characterization. X-ray powder diffraction (XRPD) patterns were

recorded using a Rigaku Ultima 3 X-ray diffractometer system (Rigaku
MSC, Woodlands, TX) with Ni filtered Cu Kα radiation (λ = 1.5418
Å). The X-ray source was operated at 40 kV and 44 mA. Powders of
the intercalated materials were mounted on a silicon zero background
material. The XRPD patterns were obtained using a high precision and
high resolution parallel beam geometry in the step scanning mode with
a counting time of 11 s per 0.02°. Scans were recorded in the 2θ range
of 2−45°. The interlayer distance (dhkl) of the ZrP materials were
determined from the first order diffraction peak using Bragg’s law.44

X-ray photoelectron spectroscopy (XPS) analyses were performed
at the Materials Characterization Center of the University of Puerto
Rico using a Physical Electronics PHI 5600 ESCA System equipment.
Primary excitation was provided by a Mg anode (Kα 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. High resolution XPS spectra were
obtained for the Pt 4f region. Deconvolution was carried out using
MultipackXPS software in which a Shirley type background was used.
The mixing ratio of Gaussian and Lorentzian functions was fixed at
80:20 and the fwhm values of four components were constrained to
1.93 eV.

Infrared spectra were obtained using a Bruker Tensor 27 infrared
spectrophotometer coupled to a Helios Bruker FT-IR microscope.

UV−visible spectrophotometric and steady state luminescence
measurements were performed on ethanol:water suspensions
(0.008%, w/v) of the intercalated material purged with N2
(99.999%) for 15 min prior to the analysis. UV−visible absorption
spectra were recorded using a Shimadzu UV-2401 PC spectropho-
tometer. Emission and excitation spectra of Pt(II) complexes-
exchanged ZrP colloidal suspensions (0.008% w/v) at different
loadings levels were obtained using a Horiba Jobin-Yvon spectro-
fluorometer (NanoLog FL-322). Glassy solutions at 77 K were
prepared using a FL-1013 liquid nitrogen Dewar assembly. For the
solid-state samples, the intercalated material was placed in the solid
sample holder at 30° from the excitation source and the detector. The
emission and excitation spectra were corrected.

Molecular modeling was performed using Spartan Student Physical-
Chemistry Edition for Windows v.1.0.1 with the RHF/PM3
semiempirical model for molecular minimization.

■ RESULTS AND DISCUSSION

Synthesis. Samples of pyrazolate-bridged binuclear
platinum(II) diimine complex-exchanged ZrP were readily
prepared from suspensions of ZrP in 1:1 ethanol:water
solutions of the tetrafluoroborate salt of [{Pt(dmbpy)(μ-
pz)}2]

2+. The loading level was controlled by varying the
Pt:ZrP molar ratio used in the suspension over a wide range
(1:30−1:1), and the materials are referenced according to this
concentration ratio. The ZrP underwent a color change from
pale yellow to blue-gray during the intercalation process. The
color of the resulting powders were increasingly more blue as
the loading level was varied from 1:30 to 1:1, ranging from pale
gray to intense blue-gray. To determine if [{Pt(dmbpy)(μ-
pz)}2]

2+ had undergone any chemical change during or after
the intercalation process, FT-IR measurements of the

Figure 1. Pyrazolate-bridged binuclear platinum(II) diimine complex ([{Pt(dmbpy)(μ-pz)}2]
2+) intercalated into θ-ZrP.
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intercalated materials were performed. As expected, the
intensity of the bands associated with the platinum complex
increases with loading level (Supporting Information, Figure
S1), but no new bands are observed. Overall, the spectra are
entirely consistent with the superposition of the spectra of the
nonintercalated ZrP and the platinum dimer salt, except for the
“lattice” water vibrational bands at 3589, 3508, and 1617 cm−1

in unintercalated ZrP which are dramatically reduced in the
[{Pt(dmbpy)(μ-pz)}2]

2+-exchanged ZrP IR spectrum, as
expected for water displacement upon intercalation of the
dimer. These results suggest that no significant chemical change
in ZrP or the dimer occurred upon intercalation.
X-ray Powder Diffraction. Figure 2 shows the XRPD

patterns for θ-ZrP and the [{Pt(dmbpy)(μ-pz)}2]
2+-exchanged

ZrP materials from 1:30 to 1:1 Pt:ZrP molar ratios. The
patterns show the formation of mixed phases. At the lowest
loading level (1:30 Pt:ZrP) a first-order diffraction peak occurs
at an angle corresponding to a 15.6 Å interlayer distance with
an intense second-order peak at 7.8 Å. In addition, the
diffraction patterns for the 1:30 and 1:25 Pt:ZrP materials show
a weaker peak consistent with a 10.0 Å interlayer spacing. The
latter feature is in agreement with the interlayer distance
expected for ZrP intercalated with one ethanol molecule per
formula unit previously observed by Costantino.45 As the
loading level increases from 1:30 to 1:1 Pt:ZrP, this peak loses
intensity, indicating the disappearance of the ethanol-
intercalated phase because of displacement of ethanol. Since
the intercalation process in ZrP is topotactic,46 the increase in
the interlayer distance to 15.6 Å from that of the wet
nonintercalated starting material (10.3 Å) indicates that the
[{Pt(dmbpy)(μ-pz)}2]

2+ is being intercalated between the
layers of ZrP. Assuming that the pyrazolate ligands coordinate
in an exo-bidentate fashion, forming a puckered six membered
ring composed of two Pt atoms and the four pyrazolate N
atoms,38 the van der Waals dimensions of [{Pt(dmbpy)(μ-
pz)}2]

2+ are estimated to be 13.3 × 10.5 × 9.3 Å (Figure 3)
using SPARTAN.47 The estimated Pt1···Pt2 distance of 3.661 Å
is in reasonable agreement with platinum(II) dimers with a
single pyrazolate-bridging ligand (3.43−3.88 Å)6,48−50 and
slightly longer than other dimers with a {Pt2(μ-pyrazolate)2}
core (3.16−3.49 Å).5,7,12,38,51,52 The resultant Pt···Pt distance
of 3.661 Å is consistent with little-to-no metal−metal
interactions.
Since the ZrP layer thickness is 6.6 Å,53 having the dmbpy

ligands perpendicular to the ZrP layers (i.e., the Pt−Pt vector

parallel to the layers) would give a theoretical expected
interlayer distance of 15.9 Å (6.6 Å + 9.3 Å). This theoretical
interlayer distance is only 0.3 Å larger than the distance
experimentally measured by XRPD (15.6 Å). However, as we
have previously observed for other intercalated ZrP materials
(with intercalants such as [Ru(bpy)3]

2+, PYMA, [Ru-
(phend)2bpy]

2+, and MV2+)42,54−56 ionic, hydrogen bonding,
and other electrostatic interactions between the cations and the
layers can cause the observed spacing to be somewhat smaller
than those predicted from strictly van der Waals distances. In
addition, it is possible that the intercalating molecules slightly
interpenetrate the layers between the phosphate groups,
thereby decreasing the interlayer spacing. The peak corre-
sponding to about 10.6 Å at the highest loading level in Figure
2 corresponds to an available interlayer distance of 4.0 Å (10.6
Å−6.6 Å) for the intercalant. However, from the estimated
dimer dimensions, it is improbable that the intact dimer can
occupy a 4.0 Å interlayer distance.57 To probe the origin of this
peak at 10.6 Å, we intercalated separately the dmbpy and
pyrazole ligands within the ZrP layers.58 The XRPD patterns of
dmbpy- and pyrazole-intercalated ZrP materials show max-
imum interlayer distances of 10.8−11.2 Å and 9.9 Å,
respectively (Supporting Information, Figure S2). The obtained
interlayer distances are in good agreement with previous
reports of organic aromatic diamines,59,60 amino acids,61 and

Figure 2. XRPD patterns of 1:30, 1:25, 1:10, 1:5, and 1:1
[{Pt(dmbpy)(μ-pz)}2]

2+-exchanged ZrP and θ-ZrP.

Figure 3. Dimensions of [{Pt(dmbpy)(μ-pz)}2]
2+ as calculated by

SPARTAN using RHF/PM3* as a basis set.43.
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other heterocyclic compounds62 such as pyridine and quinoline
intercalated in different ZrP phases. The calculated shortest
dimensions of the platinum monomer (i.e., one subunit of the
dimer), pyrazole, and dmbpy ligands are 4.1, 3.2, and 4.3 Å,
respectively;47 indicating that, if these molecules were to lie
parallel to the ZrP layers, they would give interlayer distances
ranging from 9.8 to 10.9 Å. While it is premature to make a
definitive assignment, a possible explanation for the appearance
of this peak at 10.6 Å at higher loading levels is dissociation of
the dimer to form a monomer(s) and possibly free ligand(s).
X-ray Photoelectron Spectroscopy. Table 1 shows the

Pt:P:N molar ratios of the [{Pt(dmbpy)(μ-pz)}2]
2+-exchanged

ZrP materials as estimated from X-ray photoelectron spectros-
copy (XPS) measurements. The XPS data show that the Pt:P
molar ratios of the intercalated solids increase monotonically
with an increase in the Pt:ZrP concentration ratio of the
mixture used in their preparation. The 1:1 [{Pt(dmbpy)(μ-
pz)}2]

2+:ZrP sample shows a Pt:P molar ratio of 1:11, which
indicates that for each [{Pt(dmbpy)(μ-pz)}2]

2+ ion there are
5.5 ZrP formula units, corresponding to replacement of <10%
of the exchangeable protons. To further assess whether
[{Pt(dmbpy)(μ-pz)}2]

2+ had undergone any chemical change
after the intercalation process, the Pt:N molar ratios were
determined. The XPS data show that the Pt:N molar ratios of
the intercalated solids increase monotonically with an increase
in the Pt:ZrP concentration ratio of the mixture used in their
preparation; the observed ratios depart from the expected
theoretical ratio of 1:4.
These results are consistent with the notion that the

[{Pt(dmbpy)(μ-pz)}2]
2+ dimers remain largely intact at lower

loadings. The surface area occupied by one zirconium
phosphate formula unit is 24 Å2.63 The dimer has an
approximately triangular footprint, and the area projected on
the ZrP layers by a [{Pt(dmbpy)(μ-pz)}2]

2+ ion positioned
with the dmbpy ligand perpendicular to the ZrP layers is 54 Å2.
This gives a theoretical maximum loading of 0.44 [{Pt-
(dmbpy)(μ-pz)}2]

2+ ions per ZrP formula unit. From the XPS
data the experimental maximum loading achieved is 0.22
[{Pt(dmbpy)(μ-pz)}2]

2+ ions per formula unit.
To assess the oxidation state of platinum, we performed high

resolution XPS measurements at the Pt 4f region on the 1:1
[{Pt(dmbpy)(μ-pz)}2]

2+-exchanged ZrP blue-gray material.
The spectrum shown in Figure 4 presents two sets of doublets,
a major component with 4f7/2 and 4f5/2 peaks at 73.5 and 76.8
eV (90.4%) and a minor component at 71.3 and 74.6 eV
(9.6%), confirming the presence of Pt in different oxidation
states. The ratio of the 4f5/2 peak area to the 4f7/2 peak area in
each doublet is 0.75, as expected from the degeneracy of the
orbitals from which ionization occurs. To define the origin of
the major and minor components in the XPS spectrum, we

recorded the XPS spectrum of Pt foil, as well as that of the
nonintercalated Pt(II) dimer complex (Table 2).

The data in Table 2 show that the binding energies of the
peaks associated with the minor component in the intercalated
ZrP are in excellent agreement with those of Pt metal,
indicating partial reduction of the complex to give Pt(0)
because of the reduction of some of the metal centers.65,66 The
obtained binding energies and areas for [{Pt(dmbpy)(μ-
pz)}2](BF4)2 are in good agreement with those previously
reported for Pt(II) complexes.64,65 However, these energies are
0.4 eV less than those for the major component of the
intercalated ZrP material. On the other hand, typical Pt 4f
binding energies for Pt(IV) complexes are between 2 and 3 eV
greater than their Pt(II) analogues.28,65,67 Pt(III) 4f binding
energies also are typically greater than the values obtained here,
occurring in the 74.6−78.5 eV range.25,35

Therefore, the binding energies for the major component are
consistent with an oxidation state intermediate between Pt(II)
and Pt(III). In support of this interpretation, we present the
binding energies of amidate-bridged tetramers23,25 with average
oxidation states of 2.25 (72.8 and 76.2 eV) and 2.5 (72.9 and
76.4 eV), as well as those of a platinum oxamate blue68

Table 1. Platinum/Phosphorous/and Nitrogen Molar Ratios
Obtained from XPS for [{Pt(dmbpy)(μ-pz)}2]

2+-Exchanged
ZrP Samples

Pt:ZrP loading Pt:P (XPS) Pt:N (XPS)

1:1 1:11 1:3.4
1:5 1:13 1:3.5
1:10 1:17 1:3.7
1:25 1:18 1:3.9
1:30 1:22 1:3.8

Figure 4. High resolution XPS spectrum for the blue-gray powder of
1:1 [{Pt(dmbpy)(μ-pz)}2]

2+-exchanged ZrP at the Pt 4f binding
energy region. The red color spectrum represents the fitted curved of
the individual function doublet peaks.

Table 2. High Resolution XPS Data: Binding Energies (eV)
of Pt 4f Core Level of [{Pt(dmbpy)(μ-pz)}2](BF4)2 Complex
and 1:1 [{Pt(dmbpy)(μ-pz)}2]

2+-Exchanged ZrP Materials

binding energy
(eV)

material (color) Pt 4f7/2 Pt 4f5/2

[{Pt(dmbpy)(μ-pz)}2](BF4)2 (yellow powder) 73.1 76.4
[{Pt(dmbpy)(μ-pz)}2]

2+-exchanged ZrP
(blue-gray powder)

73.5 76.8

71.3 74.6
[{Pt(dmbpy)(μ-pz)}2]

2+-exchanged ZrP
(yellow-brown powder)

73.0 76.3

71.9 75.2
Pt foil60,61 71.2 74.5
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(Pt(2.25), 72.3 and 75.6 eV, 74.1 and 77.3 eV after
deconvolution). Therefore, the binding energies for the blue-
gray intercalated ZrP material are similar to the values obtained
for this species with average oxidation states between 2 and 3.
Thus, the XPS data are consistent with disproportionation of
the Pt dimer within the heterogeneous chemical microenviron-
ment of ZrP. The blue-gray color of the intercalated material
also is consistent with this suggestion, since a blue color is
characteristic of partial oxidation of the metal centers of
“platinum blues”.22−24,34,36,69,70 The grayish tint may be
explained by the presence of Pt metal.71,72

In an attempt to suppress this chemistry, the intercalation
process was also carried out under two other conditions: (a)
under a nitrogen gas stream atmosphere and (b) in the
presence of Na2S2O4. Dimer intercalation was insensitive to the
nitrogen atmosphere, yielding a blue-gray color intercalated
material. In contrast, a yellow-brown powder was obtained in
the presence of Na2S2O4. Similar to the blue-gray intercalated
material, the high resolution XPS spectrum for this yellow-
brown powder of 1:1 [{Pt(dmbpy)(μ-pz)}2]

2+-exchanged ZrP
at the Pt 4f region also shows two sets of 4f7/2 and 4f5/2
doublets (Table 2 and Supporting Information, Figure S3).
However, in contrast to the blue-gray intercalated material, the
binding energies of the Pt 4f doublet at 73.0 and 76.3 eV
corresponding to the major component (59% of the material)
match those observed for the nonintercalated dimer,
confirming at least partial suppression of the redox chemistry.
A second Pt 4f doublet was also observed for the yellow-brown
powder material at 71.9 and 75.2 eV (41% of the material), ∼1
eV less than values for the nonintercalated Pt(II) dimer
complex and 0.6 eV higher than for Pt(0). The binding energies
for this minor component are unprecedented in the literature
for Pt multinuclear complexes. We suggest that the oxidation
state of the Pt metal center of the yellow-brown intercalated
material obtained in the presence of the reducing agent is closer
to +1.73 Taken together, these results suggest that the ZrP
microenvironment can accommodate a wide range of platinum
oxidation states.
Absorption and Emission Spectroscopy. Figure 5a show

the UV−visible absorption spectra of the blue-gray to light gray
ethanol:water suspensions of the [{Pt(dmbpy)(μ-pz)}2]

2+-
exchanged ZrP. The absorption bands are characteristically
broad with a tailing long-wavelength profile attributed to
scattered light. Nevertheless, absorption features can be
distinguished which are consistent with bands observed in the
spectrum of the dimer complex in fluid solution. Notably,
vibronic structure in the 290−320 nm range matches the
intense bipyridyl-centered spin-allowed π−π* transition
(290sh, 306, 318 nm) observed in the UV−vis absorption
spectrum of a 2.0 × 10−5 M [{Pt(dmbpy)(μ-pz)}2]

2+

ethanol:water solution. Similarly, the longer wavelength
shoulder near 350 nm in the spectrum of the intercalated
material, is in good agreement with the long-wavelength MLCT
band maximizing at 343 nm in the spectrum of the dimer. As
we have seen previously for intercalated platinum terpyridyl
complexes43 and other metal complexes,42,55,74−76 the integrity
of the complex is maintained, and we found no evidence of
leaching of the intercalant to the solution.
To better assess the long-wavelength absorption properties

of the [{Pt(dmbpy)(μ-pz)}2]
2+-exchanged ZrP samples, room-

temperature diffuse reflectance spectra were recorded of the
dimer salt in KBr (2%) and the intercalated materials at
different loadings levels (Figure 5b).

The spectrum of the pale yellow powder shows two broad
absorption bands at 250 and 315 nm, and a shoulder near 350
nm with a long absorption tail until 450 nm. These are not
features characteristic of metal−metal or intermolecular
interactions. The diffuse reflectance spectra of the blue-gray
[{Pt(dmbpy)(μ-pz)}2]

2+-exchanged ZrP materials show a
broad absorption band from 250 to 300 nm and a shoulder
near 350 nm. In addition, a long-wavelength absorption band
appears at 600 nm and is absent from both the spectra of these
materials in fluid solutions and the diffuse reflectance spectrum
of the dimer salt (Inset Figure 5b). Similar results have been
observed for “platinum blues” in which the blue color arises
from absorptions in the 550−800 nm region. This absorption
has been attributed to a mixed-valence transition between metal
centers in different oxidation states.33,36,69,70,77 Santiago et al.
reported the appearance of a long-absorption band at 619 nm
from powders produced in the intercalation reaction of
ferrocene with ZrP; the band was attributed to the acidic
microenvironment of ZrP inducing the formation of
ferrocenium in the intercalation reaction.55 The presence of
the long-wavelength absorption band in the spectrum of the
blue-gray intercalated ZrP material is consistent with our XPS
results for the intercalated material (Figure 4) which suggested
the presence of platinum metal in an oxidation state between
Pt(II) and Pt(III).
[{Pt(dmbpy)(μ-pz)}2]

2+ is nonemissive in room-temper-
ature fluid solution, but gives rise to intense structured blue-
green emission from 4:1 ethanol/methanol glassy solution at 77

Figure 5. (a) UV−vis absorption spectra at room temperature of a 2.0
× 10−5 M [{Pt(dmbpy)(μ-pz)}2]

2+ ethanol:water solution and of
[{Pt(dmbpy)(μ-pz)}2]

2+-exchanged ZrP ethanol:water suspensions
(0.008% w/v) at different loading levels; (b) room-temperature
diffuse reflectance spectra of [{Pt(dmbpy)(μ-pz)}2](BF4)2 in KBr
(2%) and [{Pt(dmbpy)(μ-pz)}2]

2+-exchanged ZrP at different
loadings levels. The inset shows the long wavelength region.
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K (Figure 6a). The emission spectrum shows maxima at 453,
487, 512, and 524, with two shoulders near 555 and 605 nm.

The resulting excitation spectrum from the glassy solution at 77
K shows bands at 306, 317, and 343 nm. The 1:1
[{Pt(dmbpy)(μ-pz)}2]

2+-exchanged ZrP materials are brightly
emissive at room temperature in colloidal ethanol:water
suspensions or as powders (Figures 6b and 6c). Both media
show vibronically structured emissions from the intercalated
materials similar to the dimer in glassy solution at 77 K. The
resulting excitation spectra are in excellent agreement with the
absorption spectra of dilute fluid solutions of the platinum salt
and suspensions of the [{Pt(dmbpy)(μ-pz)}2]

2+-exchanged ZrP

(Figure 5a), as well as the diffuse reflectance spectra of the
dimer salt and powders intercalated materials (Figure 5b). The
emission intensity of [{Pt(dmbpy)(μ-pz)}2]

2+-intercalated ZrP
materials at different loading levels decreases with increasing Pt
loading level. The observed emission from powders and
suspensions of [{Pt(dmbpy)(μ-pz)}2]

2+-exchanged ZrP at
room-temperature are consistent with the rigidochromic
effect,78 enforced by the more rigid environment of the layered
exchanged material.
The emission profiles of the dimer glassy solution and

[{Pt(dmbpy)(μ-pz)}2]
2+-exchanged ZrP materials bear an

approximate mirror image relationship to the spin-allowed
π−π* absorption band with vibronic structures consistent with
bipyridine ligand modes in the 800−1600 cm−1 range.8,79−81

These observations suggest that the metal−metal interaction is
too weak to result in a lowest emissive MMLCT state. Our
results suggest that emissions from the colloidal suspensions
and powders of [{Pt(dmbpy)(μ-pz)}2]

2+-exchanged ZrP
materials arise from a lowest predominantly spin-forbidden
π−π* excited state centered on the bipyridine ligand, as noted
for closely related compounds.8,81,82

Conclusions. The intercalation of [{Pt(dmbpy)(μ-pz)}2]
2+

into ZrP occurs by ion-exchange. The intercalant is likely held
between the ZrP negatively charged layers by electrostatic
interactions. In suspensions, there is no evidence of leaching of
the intercalant to the solution. Zirconium phosphate layers
promote the formation of a wide range of platinum oxidation
states incorporated in a rigid-framework matrix. The
intercalation reaction is accompanied by disproportionation
to give Pt(0) and a product(s) with Pt in an oxidation state
between 2 and 3. Diffuse reflectance from powders of the blue-
gray intercalated materials show the formation of a low-energy
band that is not present in the platinum dimer salt, supporting
the presence of other platinum species. Use of dithionite in the
synthesis largely suppresses oxidation of the complex. The
[{Pt(dmbpy)(μ-pz)}2]

2+ complex is nonemissive in room-
temperature fluid solution, but gives rise to intense blue-green
emission in 77 K frozen glassy solution, characteristic of a
lowest ligand-centered excited state. These observations suggest
that the metal−metal interaction remains weak in the layered
ZrP framework. Similarly, powders and colloidal suspensions of
[{Pt(dmbpy)(μ-pz)}2]

2+-exchanged ZrP materials are brightly
emissive at room temperature. The incorporation and behavior
of this type of platinum system within the ZrP layers exhibits
potential applications in many fields, such as chemosensors,
photocatalysts, anticancer drugs delivery, and organic light
emitting devices (OLEDs). Future efforts will focus on
exploring the powder and solution properties of these novel
materials by EPR, as well as kinetic investigations using 195Pt
NMR and 35P NMR.
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