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The first direct ion exchange of a luminescent metal complex into
an a-zirconium phosphate framework has been accomplished. A
hydrated form of o-ZrP, with an expanded 10.3 A interlayer
distance, has been used for the intercalation of Ru(bpy)s?*, resulting
in further expansion to 15.2 A. The Ru(bpy):2* luminescence band
is slightly blue-shifted. High Ru(bpy)s?* loadings lead to lumines-
cence self-quenching.

The ion exchange, catalytic, photocatalytic, and intercala-

Chart 1. Three Different Zirconium Phosphate Phdses

tion chemistry of zirconium phosphates and phosphonates
has become an intense area of investigation during the past 2ldealized representation of three different zirconium phosphate

two decade$ Zirconium bis(monohydrogen orthophosphate)
monohydrate, Zr(HPg),-H,0, calleda-zirconium phosphate
(a-ZrP), is the most extensively characterized zirconium
phosphate (Chart 18)Direct ion exchange of small ions
(diameter< 2.61 A) such as Nais achieved directly by
suspendingx-ZrP in a solution containing sodium chloride
and sodium hydroxid&ln contrast, larger cations, such as
metal complexes, can only be introduced after preintercala-
tion of polar organic molecules, such as alcohols, glycols,
and amines, which increase the interlayer separation. Thes
expanded forms ofi-ZrP greatly aid in the exchange of
larger cations into the interlayer region. Another strategy to
intercalate larger molecules in these materials has been th
synthesis of organic derivatives (zirconium phosphonates)
with expanded interlayer distance€olon et al. used the

strong ion exchanger zirconium phosphate sulfophenylphos-

phonate (ZrPS) to ion exchange the luminescent metal
complex tris(2,2bipyridine)ruthenium(ll), Ru(bpyf, for
photophysical and photochemical studfies.
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phases: (ay-ZrP, (b) expanded 10.3 A phase, (c) Ru(kfyexchanged
ZrP. Hydrogen atoms and water molecules are not shown for clarity.

Direct ion exchange of Ru(bpy) into o-zirconium
phosphated-ZrP) has been an elusive goal for the past 20
years. Yates et al. unsuccessfully attempted the direct ion
exchange of Ru(bpy)" into a-ZrP 8 However, these authors
were able to incorporate the metal complex into ¢hg&rP
lattice during its crystallization and obtained a phase with a
15.9 A interlayer distance. Vliers et al. and Kumar and

éNiIIiams ion exchanged Ru(bpy) into o-ZrP by pre-

intercalation with hexylamine (HAZrP)and butylamine
(BAZrP) 8 respectively. The interlayer distance of the Kumar

é':\nd Williams Ru(bpy#*-exchanged BAZrP was 19.5 A,

whereas Vliers et al. reported an interlayer distance of 16.3
A. We report here a procedure for the direct ion exchange
of Ru(bpy}?" into an a-ZrP framework. This procedure
allows for direct photochemical and photophysical studies
of the interaction of luminescent molecules and quenchers
within zirconium phosphates without interference from
preintercalated species.

Our approach utilizes a hydrated form @fZrP, which
instead of one water molecule per formula unit has ap-
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proximately six water molecules and an interlayer distance
of ca. 10.3 A (Chart 1b.This phase was first observed by
Clearfield et aP and characterized by Alberti et al., who
also observed a 10.4 A phadkijima developed a procedure
for the direct preparation of the 10.4 A hydrated ph4se.
Initial studies of this phase indicated that it exchanges some
alkali and divalent metal ions more easily than t&rP
phasé.

We synthesized the 10.3 A hydrated phase of ZrP using a

procedure similar to the one that Kijima used to prepare
6-ZrP, the 10.4 A hydrated phaeOne volume of a 0.05
M ZrOCl,-8H,0 aqueous solution was mixed with one
volume da 6 M HPO; aqueous solution at CODStant Stil’ri!’lg Figure 1. XRPD patterns for Ru(bpy)"-exchanged ZrP materials at
and at 94°C_ for 48 h. The product was obtained _as a f_me va?’ious Ibading Ie\f)els (% wiw) andpthe 10.3 Agphase. The interlayer
powder, which was analyzed by X-ray powder diffraction distances are indicated in the first order (002) diffraction.
(XRPD). The diffraction patterns were measured in the wet
sample to avoid dehydration of the material. As is common
for these materials, the first order diffraction peak gives the
interlayer distance that in this case was 10.3 A (Figure 1
and Chart 1b). As first reported by Clearfield et al., upon
dehydration thex-ZrP phase is obtained.

The direct ion exchange of Ru(bpy) was conducted in
aqueous solution using various concentration ratios of the
10.3 A hydrated phase with Ru(bg¥) at constant stirring
and ambient temperature. To monitor the ion exchange

process, every 24 h, an aliquot of the suspension was fiItered,ZrI:,_type layerda15 we calculate 9.74 cationic sites per
and a U\+~vis absorbance spectrum of the filtrate solution Ru(bpy)2* mole’cule Assuming that we achieve the maxi-
Was.obtaiqed. The ion exchange procedure was stopped Wherrlnum loading level in the 24.36% Ru(bg§) sample and
the intensity of the spectrum ceased to decre_zase, which togiijsing elemental analysis to determine the amount of sites
4-5 days._The most apparent re_sult of the ion exphange 'Savailable, we calculate that there will be 10.18 sites per
the formation of a new phase with an expanded interlayer Ru(bpy)?* ion if we have a pure phase. Since this experi-

(Fj\)lstzncez +°f 146152 fA (Ft'gl_Jrle D). Th? |c|)etrc§r}tage tﬁf mental result is in agreement with the theoretical value, the
u(bpy)™* per gram of material was calculated from the sample with the highest loading level has reached the

elemental analysis results.The XRPD patterns show a maximum theoretical loading level.

tsn%enc;zg ?f j_harper anddbetter defined peaks as the The dependence of the interlayer distance on loading level
u(bpy)* loading increased. is a result of the ordered packing of the Ru(kf{)

The diffraction patterns of the Ru(bp§)-exchanged ZrP gy changed cations with increased loading. When Rugpy)
and the interlayer distance of 15.2 A are in agreement with is ion exchanged into 10.3 A ZrP, it acts as a wedge. At

the results of Yates et eﬂ.,vvho obtained an _interlayer higher loading, more Ru(bpy) cations serve as pillars
distance of 15.9 A for their Ru(bpy)-cocrystallized ZrP keeping the ZrP layers apart and avoiding imperfections on

material. A 16.4 A interlayer distance can be caIcuIateciSfrom the ZrP stacking. That is reflected in the XRPD patterns as
the minimum expansion that Ru(bg¥) ions can producé a tendency to sharper and more defined peaks, especially

and the thickness of am-ZrP type layer:t However,a-ZrP on the 002 diffraction, as the Ru(bg¥) loading increases

_ _ _ (Figure 1)1
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investigating this resuit. one in aqueous solution with a small blue shiftigfy from
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separate ZrP layers on the basis of the Ru(y)crystalline shift is consistent with the rigidochromic efféétdue to a
structure!t? The minimum distance that Ru(bpy) ions can separate more rigid environment in the interlayer region of the
ZrP layers is obtained if thei€; axes are normal to the 002 planes, h d terial

giving an interlayer distance of 9.8 A. Since the thickness af-afiP exchanged material.
type layer is 6.6 A, adding the expansion produced by the Rugbpy)
ions would give an expected interlayer distance for Ru(¥py) (15) Vliers, D. P.; Schoonheydt, R. A.; De Schryver, FJCChem. Soc.,
exchanged ZrP of 16.4 A. Faraday Trans. 11985 81, 2009-2019.

type layers are made of nearly perfect planes of Zr atoms
having bridging QPO groups above and below each plane.
Therefore, nothing precludes intercalating molecules from
penetrating slightly between 0™ groups, reducing the
calculated interlayer distance for the intercalated material.
The cross-sectional area of Ru(bgy)(based on its van
der Waals dimensions) can be used to calculate its maximum
theoretical loading within Zr® The cross-sectional area of
Ru(bpy)}?" oriented with aCs axis perpendicular to the ZrP
layers is 116.9 A Using an area per site of 0.24 Aror
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with neighboring ground-state Ru(bp¥) complexes. A
complete elucidation of the role of excited-state quenching
reactions within directly ion exchanged ZrP requires quench-
ing experiments with other molecules that deactivate the
Ru(bpy}*" excited state. We are currently pursuing such
investigations, and the results will be reported in a future
publication.

In conclusion, we have performed the first direct ion
exchange of Ru(bpy)" into ana-ZrP framework, that avoids
the incorporation of Ru(bpy)" during a highly reactive
synthetic procedure for preparingZrP 8 In addition, we
have avoided having Ru(bpy) coexchanged with alkyl-
amines withino-ZrP 8 which promotes a rigid and hydro-
phobic microenvironment in the interlayer space. Our method

Figure 2. Luminescence spectra of aqueous suspensions of Rgtbpy) provides a rigid but hydrophilic environment which allows
exchanged ZrP at different Ru(bg¥) loading levels and of a 1.6 10°° the encapsulation of Ru(bpy) and similar complexes

M Ru(bpy)?" aqueous solution. Inset shows the luminescence intensity at without affecting significantly its luminescent properties
Amax VS %Ru(bpy}?t (w/w). The luminescence spectra of the suspensions 9 si9 y prop '
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