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Photosensitized electron-transfer reactions between trigfgyridine)ruthenium(il) (Ru(bpyf") and bipy-

ridinium ions have been extensively studied. Entrapment of this deamreptor system in zeolite Y retards

the back electron transfer as compared to the forward electron transfer and appears to be an effective system
for the photogeneration of long-lived charge-separated species. In this paper, we evaluate how the properties
of the photoexcited zeolite-entrapped Ru(bkpyrhange as it is surrounded by bipyridinium ions. However,

most bipyridinium ions quench the excited state of Ru(bjdyand the characteristic properties of the excited

state of Ru(bpyf™ cannot be monitored. So, we have used tetraethylammonium (TEA) to surround the zeolite-
entrapped Ru(bpy)", which helps mimic the effect of the presence of large organic cations, while avoiding
the problem of quenching. Upon exchange of TEA, a blue shift in the fluorescence emission of 21 nm, an
increase in the emission intensity by a factor of 2.7, and an increase in the lifetime of excited Eti(bpy)

a factor of 2 are observed. We propose that these effects are a result of the intrazeolitic bulk-like uncomplexed
water being displaced by the TEA ions. The remaining water molecules are held tightly by the framework
and the sodium cations, creating an environment typical of a frozen medium. Similar effects should occur
when the intrazeolitic Ru(bpy)" is surrounded by bipyridinium ions. Indeed, very unexpected quenching
data and emission spectra are observed for Rugbpy) zeolite Y in the presence of the quenciéN'-
dimethyl-2,2-bipyridinium ion. This quencher has a large reduction potenti@l.{2 V), thereby inefficiently
guenching Ru(bpyj™* and making it possible to observe the emission spectrum. The implications of this
study are that in the Ru(bpy)—bipyridinium system in zeolite Y, the photoexcited reactant Ru(Bpy)

has a longer lifetime and should promote the extent of the forward electron-transfer reaction to the bipyridinium
ions in neighboring cages.

Introduction as the “water-transfer effect”, which should result in an altered
intrazeolitic environment® The reason we embarked on this
study is that in the Ru(bpy)™—bipyridinium system, the
bipyridinium ions exchanged into the zeolite must also be
replacing the intrazeolitic water. Our goal was to evaluate how
this altered environment influences the photoexcited properties
of Ru(bpy}?* and hence the forward electron transfer from Ru-
(bpy)s2™™* to bipyridinium ions. We succeeded in mimicking
the effect of bipyridinium ions by ion-exchanging with tetra-

O?thylammonium (TEA) cations, which should have no photo-

Utilization of the ordered topology of zeolites to provide
molecular level organization of photochemical systems is an
active area of researéi. A system that has been extensively
studied is tris(2,2bipyridine)ruthenium(ll) encapsulated within
the supercages of zeolite Y (Ru(bg¥)—Y).2~¢ The radius of
Ru(bpy)?* is ~12 A7 and ensures a tight fit within the13 A
supercage, yet allowing for effective interaction with molecules
in neighboring cages via the fo@ A windows. Of particular

interest to us and other research groups has been the study hemical int i ith Ru(b fi biv |
the mechanism of the electron transfer from photoexcited Ru- chemical interaction wi u(bpy)’, yet is reasonably large

(bpy)2—Y to acceptor molecules in neighboring cage® The in size and resembles the occupancy by the bipyridinium ions.
eventual goal of these studies is to promote long-lived charge ~The properties of the Ru(bpyfy —TEA—zeolite Y system
separation by exploiting features of the zeolite. Recently, we Were studied using fluorescence spectroscopy, temperature-
have shown that as compared to the forward electron transferdependent lifetime studies, diffuse reflectance, and Raman
from Ru(bpy}?™* to bipyridinium ions within the zeolite, the ~ Spectroscopy. A modified FranelCondon analysis was per-
back electron transfer is Considerab|y S|0wer, resu]ting in |0ng_ formed in order to extract parameters about the excited state of
lived charge-separated stafés. Ru(bpy}?". From temperature-dependent lifetime data of
Zeolites not only provide for novel spatial arrangements of Ru(bpy}**, information about rate constants of the decay from
molecules but also provide ways to introduce steric constraints the excited state was obtained. We find that the presence of
and a novel solvation environment. Properties of Ru(fpy)  TEA increases the emission quantum yield and lifetime of
are known to be strongly medium depend&nt? In this study, Ru(bpyy*** and the emission maximum is blue-shifted. By
we focus on how the photophysics of Ru(bgy)in zeolite Y using a bipyridinium molecule that only weakly quenches
is altered as large organic cations are ion-exchanged into theRu(bpy}***, it has been confirmed that the presence of
zeolite. A major physical effect of these ions is to displace the bipyridinium ions neighboring to Ru(bpy leads to enhance-

water molecules and has been referred to in the zeolite literaturement of emission intensity and shifts of emission maximum to
higher energies. The implication here is that in the zeolite,

 Part of the special issue “Thomas Spiro Festschrift”. Ru(bpy)?™ in the presence of bipyridinium ions should have
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longer excited-state lifetimes, thus facilitating the extent of the
forward electron transfer.

Experimental Section

The synthesis and purification of zeolite-entrapped Ru@py)
has been described in previous wérR. Zeolite Y (Union
Carbide) was calcined and washed extensivelyn @itV NaCl.
This zeolite was then exchanged with Ru(j¢d* at a loading
of 1 molecule of Ru(NH)¢®" in 30 supercages. These samples
were air-dried and mixed with a 0.006 M bipyridine solution . . . .
in ethanol. After extensive mixing, the ethanol was evaporated 400 500 600 700 800 900
under nitrogen and the remaining powder was heated {200
under vacuum for 24 h. The synthesis yielded a yellow-orange Wavelength (nm)
powder of zeolite-entrapped Ru(bg3/). This was followed by
Soxhlet extraction with ethanol to remove excess bipyridine, 11(b)
followed by washingn 1 M NaCl. For TEA exchange, 200
mg pellets were treated with solutions bM TEABr several
times.

UV —vis diffuse reflectance spectra were obtained using a
Shimadzu UV-265 spectrometer with a HVC-DRP reflective
attachment, built by Harrick Scientific. Emission spectra were
measured using a Spex Fluorolog fluorometer at an excitation
wavelength of 450 nm. Spectra were collected using the
DM3000F (version 3.3) software. The emission spectra were
corrected for the lamp emission profile. Fluorescence lifetimes 0 2000 4000 6000 8000 10000
were measured using 532 nm radiation from a Quantel YG581
Nd:YAG laser (15 ns pulse widths) pulsed at 1 Hz. The
photomultlipier signal at 620 nm was sent to a Tektronix DSA ; e
601 Digitizing analyzer oscilloscope, where 256 decays were N%y)zzfr:z glEoAanq' i(nb)Ng‘:(mgsgs% Acf\;h%;irg'sﬂgg %?gﬁéh()fthzu
collected and averaged. The decays were exported and analyzegsis are fits to the data.
using SigmaPlot (Jandel Scientific). The temperature dependence
of the lifetimes was measured with the help of an Oxford . . .
DN1704 liquid nitrogen cryostat with ITC 502 intelligent "9 Supercages as well as a blue-shifting of the emission

temperature controller. Temperatures were varied in a random™Maximum from 626 to 605 nm. Absorption spectra and
manner with at least 10 min between temperature changes to/€Sonance Raman spectra showed no changes upon replacement

ensure sample equilibration. A variation af0.1 K was  ©Of Na" by TEA Figure 1b compares the lifetimes of zeofite
achieved. Resonance Raman spectra were collected using & -€ntrapped Ru(bpyj" exchanged with sodium and TEA ions.
Coherent 90C-6 Af laser (457.9 nm) as the excitation source | N€re is & lengthening cf the lifetime in TEAY. To extract
and a liquid nitrogen cooled charge-coupled detector (Princetonthe lifetime of Ru(bpyy*", several models were examined,

Instruments LNCCD-1100 PB UV-AR). Data were collected including single exponential, double exponential, and the Albery

using CSMA data analysis program and transferred to Grams model. The Albery model assumes a Gaussian distribution of

32 (Galactic Industries). Acetaminophen was used as a referencdifetimes around a single valu€.Best fits to the data were
to define the spectral shift. obtained using the Albery model, and previous work has justified

Carbon and nitrogen analysis on TE&eolite was performed using this model because of the heterogeneous environment in

by Galbraith Laboratories, Inc. using the American Society for the zeolite® Two parameters were extracted from the fif,
Testing Materials D5373/D5291 method, with the results of the Which provides a measure of the spread of the Gaussian

“ Ru-NaY
@® Ru-TEA-Y

Normalized Intensity

Time (ns)
Figure 1. (a) Comparison of the emission spectra of Ru(kByjn

analysis being 6.93% C and 0.93% N. distribution and lifetimez, related to the mean rate constant of
emission decay. Fits to the data in Nand TEA-Y are also
Results shown in Figure 1b. The calculated room-temperature lifetime

(a) Studies of Ru(bpy)**—TEA—Y. As-synthesized Ru- * (y_) of Ru(bpy}?"—Y increases from 620 ns (0.69) in the
(bpy)k2*—Y was extensively ion-exchanged Wi M TEABr sodium-exchanged sample to 12_20 ns (0.61) in the TEA sample.
solutions in order to obtain maximum exchange with the'Na ~ Temperature-dependent lifetimes were measured for Ru-
cations. The TEA cation is too large to penetrate into the sodalite (PPY)s*" in Na—Y and TEA-Y between 200 and 300 K, and
cage and can only be present in the supercages. To determinde data are shown in Figure 2. These data were fit to eq 1,
the loading levels of the TEA in the zeolite, the exact procedure . ABKT
of ion exchange as with Ru(bpy)y —Y was repeated with just T () =k tke 1)
Na—Y, followed by a C and N elemental analysis. On the basis
of this analysis, the TEA loading was determined to be 1.45 wherez(t) is the temperature-dependent lifetinkg andk, are
molecules per supercage (assuming 4itdl/g of zeolite). This rate constants, andlE is an energy difference term. Use of eq
loading of TEA should be similar in Ru(bpyy —Y, since only 1 to describe the temperature dependence of lifetimes has been
1 Ru(bpy}?* was present per 30 supercages. reported previously? In this equatiork; represents the sum of

Figure la compares the fluorescence emission of Ru- radiative k) and nonradiative ratek() constants representing
(bpy)y?t—TEA—-Y and Ru(bpy}*"—Y. Two changes are no- decay from an excited state. The temperature-dependent term
ticeable. There is an increased intensity (2-fold) of the emission indicates the existence of another excited-stafeabove the
upon surrounding the Ru(bpyJ by TEA ions in the neighbor-  first excited state with rate constarks(k. + ky). Best fits to
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Figure 2. Dependence of the emission lifetimes of Ru(bpy)in IN-MeDQ?"], pmolesfg zcolite
Na—Y and TEA-Y on temperature. Solid lines are fit to the data using
eq 1. . N—MeDQ§:(0.65/1)
D e
TABLE 1 . N-MeDQH(108/1
: E.Mingyﬁ.zsn?
compound ki, s1x 10° ky,s1x 107 AE, cnmt 00 . N-MeDQ™( 1.4/1 )
Ru(bpy)?*—2z2 3.8 11 890 550 600 650 700 750 800 850
Ru(bpy)}*"—CAP 10 1.7 810
Ruﬁbﬁiizu Na—Y 5.5 4.9 800 ' . w.ave.length ()
Ru(bpy)2"—TEA—Y 4.9 16 800 Figure 4. Quenching of the emission of Ru(bg¥)—Y by N-MeDQ?*.
' ' (a) Emission spectra of Ru(bp§) and upon exchange with various
a7 = zeolite®> ® CA = cellulose acetat¥. loadings of N-MeD@" (loadings shown in lower left of the figure).
(b) Expanded view of the emission spectra shown in Figure 4a,
10] o excluding the spectrum of Ru(bpy)—Y. (c) Change in peak emission
1.0 4 intensity as a function on N-MeDX) loading.
g 0.5 4 L]
00 | ¢ . . Figure 3 shows the change in emission spectra as a function of
0.8 4 ’ . . . . i 2D@*" loading into the zeolite, along with a plot of the change
e 0 DDg’ﬁ] n‘igf'es/ Z(e)glite 800 in emission intensity with loading (inset). Similar data are shown
é HmeeE in Figure 4 for N-MeDG@™. Figure 4a is the emission quenching
E 0.6 1 Ru-Y as a function of N-MeD®&" loading (varying from 0.65 to 1.4
9 o Ru-2DQ¥(1/15)-Y N-MeD@** per supercage). These data have been expanded in
= v Ru-2DQY(1/10)-Y Figure 4b without the spectrum of the parent Ru(apy) Y to
s 044 Ru-2DQ™(1/1) -Y ; ; ; ;
£ . R“‘ZDQH(I 631 y show the intensity changes clearly. Figure 4c is a plot of the
2 ¢ ReZDQQ61) maximum intensity as a function of N-MeB3®Q loading. The
0.2 4 decrease in the emission intensity of Ru(kpy)arises from
the electron-transfer quenching of Ru(bgy¥ by the bipyri-
dinium ion. For 2D@", the driving force for the electron-
0.0 4 transfer reaction is+0.47 V as compared te-0.12 V for
N-MeDQ@?". In the case of 2D&, the emission intensity

500 550 600 650 'R)o 750 800 850 900 essentially decreases to zero with increasing loadings. However,
Wavelength (nm) for N-MeDQ?", beyond a loading of about 1 bipyridinium ion

) ) . o per supercage, the emission intensity actually increases with

l':'gu.re 3. Quenching of the emission of Ru(bg}/)—Y with increased 7 4in g of N-MeDG+. The emission maximum also exhibits a

oadings of 2D@" bipyridinium ions. The inset shows the emission . . ; .

intensity changes with intrazeolitic loading of 2BQloading levels progress've blut_a shift, W't,h a_ peak at 59_1 nm at the highest

are reported as molecule of bipyridinium ion per supercage e.g 1/15 loadings. No noticeable shifts in the bandwidths (fwkm20—-

refers to 1 2D@" per 15 supercages. 130 nm) were observed upon ion exchange.

both the Na-Y and TEA-Y were obtained with &\E ~ 800 Discussion
cmt (solid line in Figure 2). Table 1 lists the rate constants
obtained from eq 1 along with results from previous studies
done in heterogeneous media, such as cellulose aEetate
Na— zeolite Y5

(b) Studies of Ru(bpy}?™—Bipyridinium —Zeolite. Two
bipyridinium ions with different reduction potentials were
examined as electron-transfer quenching reactants. These were
ion-exchanged into Ru(bpyy —Na—Y at various loading levels

(a) Emission Spectralnformation about excited-state param-
eters of Ru(bpyf™ was obtained by fitting the emission bands
using a modified FranckCondon analysis that included an
anharmonic Morse potential and previously used by Hartmann
et all” The following expression was used to model the spectra:

4 |[Eoo = b (v = (v° + v)z9)|*

until saturation loading and the emission spectrum of Ru@py) I(E) = Z) E X

was monitored. The bipyridinium ions wekgN-dimethylene- "= 00

2,2 -bipyridinium (2DG@") andN,N'-dimethyl-2,2- bipyridinium S, E — Ey + Ao, (v — (v + 1)y |
(N-MeD@?"). The reduction potentials of 20® and N- — expg —4In(2) x

MeDQ@?" are —0.37 and—0.72 V (vs NHE), respectivel§t vl hawy,
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2 responsible for the temperature dependence of the d8dae
(a) excited-state decay pathways of Ru(kfy)have been studied
extensively. Upon excitation into the metal to ligand charge-
transfer transition, a singlet excited state is formed that
undergoes an effectivey & 1) intersystem crossing to the triplet
SMLCT states** These®MLCT states consist of a manifold of
three closely spaced level®\E = 60 cnt?), and in the
temperature range of this study (26800 K), these three lowest
lying 3MLCT states are in thermal equilibrium. The presence
of the additionaPMLCT state about 606800 cn1! above the
manifold of the three low lying MLCT states has been observed
in the single-crystal polarized emission spe€t@nd in solu-
tion.26 There also lies a metal-centerédd state about 3000
cm~1 above the lowefMLCT states? In solution, the’dd state
provides the efficient means of nonradiative decay resulting in
2 (®) either ligand loss or relaxation to the ground state. It has been
previously reported that upon entrapment within solid matrices,
such as cellulose acetatand zeolite Y5 the3dd state becomes
destabilized due to the steric constraints limiting the elongation
11 of the Ru-N bond characteristic of this state. The increased
energy of the state makes it thermally inaccessible and tem-
perature dependence of the lifetimes was found to arise from
thermal population of the fourttMLCT state, 806-900 cn1!
01 above the manifold of the three MLCT states. In agreement
with these previous studies, we find that in both TEAnd
Na—Y, the temperature dependence of the lifetime arises from
the fourth3MLCT state, which we calculate to be 800 ch
above the manifold of the three-MLCT states.

The two rate constantg andk, that are obtained from the
temperature TEA lifetimes (Table 2) reflect the decay from
the low lying manifold (set of three) MLCT state as well as the
thermally activated fourtAMLCT state, respectively. Each rate
constant has a radiativé) and nonradiativek,) component.

It is known that for*MLCT states of Ru(bpyf", k> k. and
the decay is dominated by the nonradiative component of the
rate constam® Previous studies have shown that tke

Normalized Intensity

10000 12000 14000 16000 18000 20000 22000
Wavenumber

Normalized Intensity

10000 12000 14000 16000 18000 20000 22000
Wavenumber

Figure 5. Fits of the emission spectra of (a) Ru(bgy)-Y and (b)
Ru(bpy)**—TEA-Y. Solid lines are the experimental data and the
calculated data are shown as dots.

TABLE 2: Fitting Parameters from Frank-Condon Analysis
of Ru-X-Y

sample Eoo(cm?) Sn hom(em?) Aopz(cm™) e . \ativel p db ! | ch
R Na—Y 16296 094 1295 1680 001 component is re+a2t(|)vey unaffected by environmental changes
RTEA_Y 16790  0.98 1300 1720 001 around Ru(bpyf*.2° Thus, the change iky andk, from 5.5 x

10° and 4.9x 10" s1to 4.9 x 1C° and 1.6x 10" s~ upon

In this equationEq is the energy difference between the zero €Xchanging Nasby TEA is primarily arising from changes in
point vibrational levels of the excited and ground stagsis k. The fourth®MLCT state has more singlet character and

. . . . . 27 i H
the dimensionless fractional displacement of the effective normal Should have a greater value &h,*’ consistent with the

mode between the equilibrium configurations of the ground and &XPerimental data. We could not determine the contribution of
excited statesye is the anharmonicity parameter of the Morse K {0 ki andk, since quantum yields for these scattering samples

potential iwm is the effective energy of the relevant vibrations ¢ould not be determined.

involved in excited-state relaxatiohwy, is the fwhm of an
individual vibrational component, and are the vibrational

The increase in energy gap from 16 296 to 16 790cupon
replacing Na with TEA should decrease the nonradiative decay

sublevels that contribute to the emission profile. Figure 5 shows and hence the lifetime of Ru(bpy} in TEA—zeolite Y should

the fits of the emission spectra for Ru(bg¥)in Na- and TEA-

be higher than Nazeolite Y, as is observed experimentally.

exchanged Y. The parameters extracted from these fits are listedOn the basis of the formalism developed by Meyer and co-

in Table 2. TheEg for the Ru(bpy}?**—Y and Ru(bpy}*™—
TEA-Y are calculated at 16 296 crh(613.7 nm) and 16 790
cmt (595.6 nm), respectively. Values b, of ~1300 cnr?

are consistent with the role of bipyridyl localized vibrations as
the acceptor vibrations in the decay procEs€.The fractional
displacement of the effective normal mo8g (~1300 cnt?)

workers?%ait is possible to estimate the expected change,in
upon TEA exchange based on the change in the energy gap.
This formalism takes into account only a single manifold of
excited states as contributing to the decay. The parameters
obtained by fitting the emission spectra (Figure 5, TablEgg)

Sn, wm Were used to calculate, and values of 2.24 10° and

between the ground and excited states increases from 0.94 tdl.6 x 10° st for Na—Y and TEA-Y, respectively were

0.98 upon TEA exchange. An increaseSf with an increase

obtained. The facto€2w which is a measure of the transition

of Egp arises from an increased charge transfer in the excited between the excited and ground states was taken to be 4.2
state as the energy gap increases and is consistent with previou0'’, calculated from the data reported by Meyer and co-workers

observations on Rupolypyridyl complexes?3

for Ru(bpy}?" in a series of non-hydroxylic solvents.The

(b) Lifetimes. The temperature dependence of the lifetimes decrease ik, predicted on the basis of the energy gap law in

of Ru(bpyk2™ in Na—Y and TEA-Y provide information

changing from Na'Y to TEA—Y is 29%, whereas the experi-

about the rate constants and the energy levels of the statesnental data fok; andk, (both primarilyk,) show a decrease
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of 12% and 66% upon changing from N& to TEA—Y. Not noted that even thoudhy increased with solvent polarity, the
surprisingly, these calculations &f, demonstrate that it is lifetime decreased (increasekn), in apparent violation of the
important to take into account the fourBMLCT state. For energy gap law’ This anomaly was explained due to the
polypyridyl Os(Il) complexes, it has also been noted that not presence of ©H groups that promoted nonradiative decay, the

considering the contributions of the foufILCT state tokn, effect being more pronounced in solvents of higher polarity. A
resulted in poor correlation of theory and experinf@rit third system involves Ru(bpyd" in sodium lauryl sulfate

(c) Origin of the Spectral Perturbations Due to TEA lons. (NaLS) micellar solution$? It was reported that upon micel-
The perturbations of Ru(bpy in TEA—Y include a blue shift lization, the emission energy decreased, but the lifetime and

in the emission maximum and increases in both the quantumguantum yield of emission both increased. It was proposed that
yield and lifetime of the excited state. The tetraethylammonium the polar headgroups of the micelle rearrange upon excitation
cation is not expected to have any electronic interaction with of Ru(bpy}?* and help stabilize the excited state, but in this
Ru(bpy)}?t. This is evident from the fact that no significant process, water molecules get excluded from the vicinity of the
spectral perturbations were observed for Ru(gyin solutions micelle-bound Ru(bpyj*. The stabilization of the excited state

of 1 M tetralkylammonium (methyl or ethyl) chlorides. In the leads to lower emission energies and the lack g igrolonged
zeolite, both UV~ visible and resonance Raman spectroscopy the excited-state lifetime. The fourth system of interest is a
of Ru(bpy}?" show no changes on ion-exchanging TEA, polymerized SiQ particle onto whose surface Ru(bg¥) was
indicating minimal perturbation on the ground state. The major adsorbed? After several hours of incubation, it was found that
spectral perturbations are evident in the emission spectrum andhe emission spectrum exhibited a marked blue shift with the
the lifetime. Since no electronic interaction is expected between appearance of two bands at 573 and 606 nm, as compared to
Ru(bpy)}?* and TEA, these perturbations in the excited-state 613 nm for the Ru(bpy}* immediately after adsorption. Also,
properties of Ru(bpy}* in the presence of TEA must arise from  the lifetime and quantum yield of emission increased. It was
other causes. Since TEA carries a unit positive charge, it ion proposed that the Ru(bpy) was bound tightly and rigidly just
exchanges with one Nan the zeolite. No exchange with Na ~ below the Si@—water interface. Our observations on the

in sodalite cages is expected. Change in the intrazeolitic waterspectral properties of Ru(bpy) upon changing from NaY
content with the size of the exchanging cation has been discussedo TEA—Y most closely correspond with the porous $iO

by Barrer and co-worker®. As expected, the water displaced particles.

per cation increased with the volume of the entering cation.  These four examples provide clues about the observed spectral
The effect was the strongest for organic ions, especially the largechanges of Ru(bpy* as Na ions are replaced by TEA. It is
alkylammonium ions. Displacement of water from the zeolite now well accepted that the excited state of Ru(epygan best

to solution is an endothermic process and Barrer and co-workerspe described as one with a Ru(lll) center, with an electron
pointed out that the water molecules that tend to have the localized on one of the bipyridine ligan@sThe size of the
weakest interaction with the framework will be displaced Ru(bpy)?t molecule and the zeolite Y supercage guarantees
initially. Thus, upon ion exchange with TEA, more of the that once synthesized, the Ru(bgy)is completely immobilized
bulklike water from the zeolite will be displaced. Indeed, ion in the cage. The synthesis of Ru(bg)proceeds from the bis
exchange can stop if the water molecules being removed from complex, Ru(bpy)»?* to the tris complex. The third bipyridine

the zeolites are too strongly held and the costs are too highligand must approach through a neighboring supercage and once

energetically. it attaches to the Ru, the complex is immobilized. This implies
There are roughly 34 Na* per supercag® Since the radius ~ that in zeolite-entrapped Ru(bpy), one of the bipyridine
of TEA (3.37 A) exceeds the Na(~1.02 A) it replace®? it is ligands must face a neighboring cage through A window.

expected that kD molecules that are in the supercages must Visualization of molecular models of Ru(bpy} in zeolite Y
also be removed with TEA exchange. A maximum of 28 indicates that for orientations in which one of the bpy ligands
molecules of water can be accommodated in a supeitage face a supercage window, the other two bipyridine ligands must
occupying a volume of 1150%8Most of these water molecules  be surrounded by the aluminosilicate framew&tKhis leads
are bound strongly to the cations and the aluminosilicate to an asymmetric environment around the Ru(bpy)n the
framework. The volume of a TEA molecule is 16G,And so zeolite. Thus, in the excited state of Ru(bgy) it is highly
about 6-7 molecules of bulklike water need to be replaced per likely that the electron will be localized on the ligand facing
supercage with the levels of TEA exchange that are being the supercage rather than the ligands facing the negatively
considered here. As the free water molecules are replaced, thecharged framework walls, purely for electrostatic reasons. This
medium left behind will resemble more of a “frozen” state, with arrangement also allows for the mobile water molecules in the
the remaining HO molecules bound to the framework and™Na  neighboring cage facing the bipyridine to reorganize and help
and in a more rigid state. stabilize the excited state. On the basis of this model, it is then
At this point, it is worthwhile to introduce results of previous not surprising that the spectral properties of Ru(giiyn Na—Y
studies of Ru(bpy}* that have similarities with what we are resemble that of a homogeneous aqueous solution. However,
observing in zeolites. Four systems appear to be appropriate UPon exchange with TEA, the free, bulklike water molecules
First, it has been noted that increases in emission energies andhat can reorient and provide solvation of the dipolar excited
lifetimes are observed in going from a fluid to a rigid medium State of Ru(bpy#** is lost, resulting in the blue-shift of the
by lowering the temperatu.This is explained by the fact ~emission maximum by 30 nm. Increased quantum yields and
that under frozen conditions, the solvent molecules cannot longer lifetimes are a reflection of the decrease in the nonra-
reorient around the dipolar excited state on the time scale of diative decay rate constant, as expected from the energy gap
the excited-state lifetime and therefore do not provide any law of internal conversion as well as the loss in nonradiative
stabilization of the excited state, and this leads to a blue shift decay pathways via the-€H stretching modes of water.
in the emission maximum. The lifetime increase upon freezing  (d) Implications for the Quenching of the Intrazeolitic Ru-
is a reflection of the increase in the energy gap. A second system(bpy)s?t—Bipyridinium System. For Ru(bpy}?"—viologen—
involves Ru(bpy¥" in a series of alcohols, in which it was zeolite Y, exchange of viologen ions into the zeolite will also
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result in replacement of the water molecules by virtue of the quenching of the excited Ru(bpyJ actually decreased. The
large size of the organic cation. In parallel with the TEA case, reason for this anomaly is that at higher loading levels of
this should lead to increased lifetime, quantum yield, and blue N-MeD@?*, enough water molecules are being replaced from
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