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Abstract

Reactions between molecules leading to new materials are complex processes. In an effort to understand these complex systems chemist
have understandably attempted to minimize complexity. This has resulted in a distinct preference for study of reactions in homogenous, rather
than in heterogeneous media, despite the fact that heterogeneous reactions in real world situations are ubiquitous. Nevertheless, the advantage
of heterogeneous systems in terms of environmental friendliness and in the ability to control reaction outcome are widely recognized and as a
result are attracting increased attention. Zeolites are excellent examples. The early use of zeolites focused entirely on their use assacid catalyst
in petroleum processing and only recently has attention turned to their use in fine chemical synthesis. In this review we present recent results
in the design and use of the very interesting heterogeneous host—guest viologen/zeolite complexes.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

* Tel.: +1-307-766-6667; fax:+1-307-766-2807. The chemistry of viologen§l—3] and of zeolite4—6]
E-mail address: clennane@uwyo.edu (E.L. Clennan). have been extensively reviewed. The marriage of these two
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areas represents a more recent developif¥gnvhose po- A X %
tential has not been completely exploited. In this review .
we begin with a brief introduction to both zeolites and vi- 3 spiro-5 4-4 6-6

ologens and then move on to an exploration of these new

materials. C& g @

1.1. Zeolites
6-2 4-4=1 sodalite cage pentasil cage

Zeolites are crystalline solids consisting of catenated sili- Fig. 2. SBUs and the sodalite and pentasil structural units.
con and aluminum tetrahedra that enclose regular repeating
cavities or channels of well-defined size and sHapeThese ~ also a dual pore system A x 7.4 and 34A x 5.6A)
novel materials are generally synthesized by hydrothermal with 12 and 8-oxygen ring interconnecting channels. Linde
synthesis routes from gels at temperatures between 80 andype A (LTA) is a eight-membered ring pore system with
200°C [9]. Over 30 naturally occurring zeolites have been octahedrally arranged 4.2 A windows surrounding a 11.4 A
identified and over 100 zeolites without a natural occur- cage. ZSM-5 (MFI) is a medium pore zeolite consist-
ring counterpart have been synthesiZ&0]. In addition ing of two interconnecting channels.8A x 5.6A and
to these zeolites a large number of zeotypes containing5.1A x 5.5A). VPI-5 (VFI) is a meso pore zeolite with a
other framework atoms, such as P, S, B, and V have alsoone-dimensional 18-oxygen ring channel pore system with
been synthesized. The structure committee of the Interna-12 A pore size. In addition to these microporous materials,
tional Zeolite Association (IZAhttp://www.iza-online.org/ (pore diameters:~ 20 A) a new class of mesoporous (pore
has assigned, with the authority granted by IUPAC, 139 diameters~ 20-500A) zeolites, such as MCM-412],
different framework type codes (three capital letters) to with hexagonal pore systems are also available.
these materials. These mnemonic codes do not depend on Discussion of zeolites using the concept of secondary
composition (i.e. distribution of the tetrahedral atoms) but building units (SBUs) is a useful way of visualizing these in-
only describe the three-dimensional labyrinth of framework teresting structures. These non-chiral repeating units consist
atoms. A selection of different zeolites with their frame- of up to 16 tetrahedral atoms (EPand are always found
work codes are illustrated iRig. 1 [11a] The vertices in in an integral number within the unit cell. A selection from
these structures represent the tetrahedral atoms and the linethe 20 SBUs currently recognized by the I1ZA is depicted in
represent bridging oxygen atoms. These structures also ard-ig. 2 along with two other useful structural units; the so-
representative of five major groups (eight-membered ring, dalite and pentasil cages. The supercage in FAd. (1) is
medium, dual, large, and meso) classified on the basis ofsurrounded by 10 sodalite units connected via the 6-rings
their pore/channel systenfis0]. NaY (FAU) is a large pore by bridging oxygens. On the other hand, the 11.4A cage in
zeolite characterized by windows 7.4 A in diameter tetrahe- LTA (Fig. 1) is surrounded by eight sodalite units connected
drally arranged about a 13 A diameter supercage. Mordenitevia the four-rings via bridging oxygens. The pentasil struc-
(MOR) is a dual pore system with interconnecting chan- tural unit is also found in several zeolites including MOR
nels (70A x 6.7A and 26 A x 5.7 A). Mazzite (MAZ) is (Fig. 1) and ZSM-5.

Fig. 1. IUPAC framework codes for a selection of zeolites [code (example)] including a large pore [FAU (NaY)], dual pore system [MOR (mordenite)]
and [MAZ (Mazzite)], eight-membraned ring pore system [LTA9Linde Type A], medium pore [MFI (ZSM-5)], and meso pore sysrem [VFI (VPI-5)].
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Zeolites had a dramatic impact on petroleum processing ”

in the 1960s. Recent developments have seen a dramatic
expansion in their use for the synthesis of fine chemicals ¢ T

h | materials h | ive charac- \_ri )/
[13]. _T ese novel materials have several attractive charac- & ) —0.39" (—0.36f
teristics that have contributed to their increasing use as het-
erogeneous catalysts. These characteristics include: (1) the

+

DQ

ability to fine tune the interior electrostatic environment by m
ion exchange of the cations associated with the tetrahedral Yy —0.56¢
aluminum atoms; (2) the ability to fine tune the acid prop- ®K) ®
erties by ion exchange and/or framework manipulation; (3) pQ2*
the ability to dry these materials in air at elevated tempera- — —
tures (e.g. 300-500C) without structural damage; and (4) @—Q
the ability of these materials to discriminate between sub- @f ]'@ —0.67® (-0.66f
strates and/or products based upon size and shape selectivit
(molecular sieving property). Ba®"
1.2. Viologens = =
N\ 7\ / -0.3%
The name viologen has been used to describe the di- e\_/®
guaternary salts of 44and 2,2-bipyridines Fig. 3). The oP*

4,4 -viologen, also known as methyl viologen or paraquat Zln CHsCN vs. SCE.

(MVZ*; Fig. 3), was first reported in 1882 by Weidel and . #-JA;“hmO’ghC- C:'Olrg‘i“'l\g’é?Duer‘;'% ésésczarampp, F. Scandola, H.
Russo[14]. Despite much early work with these interest- KIS J: Phvs. Chem. A, 101 (1997) 6876-6852.

. . . . . . I. Nunn, B. Eisen, R. Benedix, H. Kischnor. Chem. 33 (1994)
ing compounds the examination of their chemistry did not 5579_50gs.

fully blossom until the mid 1950s when it was discov- d K.B. Yoon, J.K. Kochi,J. Am. Chem. Soc. 110 (1988) 6586-6588.

ered that diquat (D& ; Fig. 3 was a potent herbicide.

The synthesis and properties of these interesting materials,oever, is in general irreversible in water as a result of the
have been extensively and expertly revieWe3,15] and insolubility of the neutral partner. The reversible dication
as a consequence only a brief description of their attributes .40 radical reduction potentials for several viologens in
pertinent to their intrazeolite behavior is provided in this CHsCN are reported iffable 1 The reduction potentials for
review. the cation radicab> neutral redox couples are sufficiently
cathodic of these values to make the disproportionation re-

1.2.1. Redox behavior _ _ _ _ action Eq. (1) unfavorable (e.g. a value & = 1.7 x 10~/
Perhaps the best known attribute of the viologens is their o< peen reported for M in acetonitrile)[17].

ability to exist in three well-characterized oxidations states,

the dication, the radical cation, and the neutral forig.(4). 2Viologert™ — Violger?™ + Viologer? (1)

The availability of these oxidation levels play important roles

in the use of viologens as redox indicators in biological 1.2.2. Srructure

systems, as electrochemical display devices, and even in The structures of 2,2 and 4,4-viologen dications have

their herbicidal activity. been extensively investigated by both theoretical and ex-
The electrochemical behavior of viologens have been ex- perimental methodf3]. The agreement between these two

tensively examineflL6]. In organic solvents both redox cou- methods is excellent except in those cases in which the

ples (dication— cation radical and cation radicat neutral) counterions interact with the viologen core by a charge

are reversible for most viologens. The second redox couple,transfer (CT) mechanisni3]. In those cases the charge
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Fig. 4. Viologen redox states.

transfer induces a structural change in the viologen coreangle observed in the non-interacting PgCl salt [21].
that partially mimics the change that occurs upon complete Willner and coworkerg19] have demonstrated that the re-
reduction to the radical cation (vide infra). duction potentials of 2,2 and presumably 4,4/iologens

The bipyridinium rings in conformationally unre- are linearly related to the torsional angle between the two
stricted 2,2 and 4,4-viologen dications prefer to adopt pyridinium rings. The torsional angle was suggested to be a
a non-coplanar arrangement presumably as a compromisé€general measure” for the energetic barrier to force the vio-
between steric and electronic factors. Experimental andlogen into a planar conformation where fultr resonance
theoretically determined structures for several viologen overlap in the radical cation can occur.
dications are depicted iRig. 5. The bond lengths, bond an- Methyl viologen radical cation, MY, is the only violo-
gles, and the bipyridinum ring torsional angle in BQare gen radical cation whose crystal structure has been reported
nearly identical in the X-ray18] and molecular mechanics [22]. Nevertheless, many viologen radical cations can be
structure[19]. On the other hand, the 4B3LYP/6-31G(d) made in solution and their structures spectroscopically char-
torsional angle[11b] in MV2* is very different than the  acterized. Methyl viologen radical cation, NV has been
near O torsional angle observed in the halide {CBr—, suggested to adopt a near planar geometry that maximizes
and ) salts[20] but very similar to the 50 torsional delocalization. The UV-Vis spectra of methyl viologen rad-

7 N ) 28©

= 2
O/ ®
N ba™ J
1.45 1.41
1.37 1.40
1.46 1.40
1300 4195 190 1103
1.41 1-3,‘1‘ \ 1.41 1-4,9] \
1.37 1.36
1.49 1.49
1.51 1.54
X-Ray Molecular Mechanics

Torsional angle = 20.4° Torsional angle = 20.4°

— N \— 2x©
O~

N\ V2 J
Y
1.41
1.35 1.45
1.35
X-Ray PdCl,> X-Ray iodide salt

Torsional angle = 50° Torsional angle = 0°

Fig. 5. Selected bond lengths and angles for¥\and DG*.

ical cation, MV{, exhibits an intense absorption at approxi-
mately 390 nm 4 = 30,000 M~ cm~1) and at 605 nmg=
10,700 M1 cm1), which is responsible for its characteris-
tic deep blue coloj23], and is consistent with a planar geom-
etry. IR spectrd24,25]and a normal coordinate analysis of
MV { [26] reveals an increased bond order in comparison to
MV 2+ for the bond interconnecting the two pyridinium rings
providing additional support for a near planar structure. Sev-
eral theoretical studies also confirm the greater propensity
of MV { in comparison to M? to adopt a planar geometry
[27,28]

Radical cations derived from Z;Bipyridinium ions have
also been characterized. For example JDQgreer{29] and
exhibits ans of 3109 M~1cm~1 at 760 nm[30]. However,
conformational unrestricted 2,2-bipyridinium cation radicals
are not planar. MQ (Fig. 6) at the B3LYP level of theory
with a 6-31G(d) basis set exhibits minima at NCCN dihedral
angles of approximately 45 and 1'381]. As a result of this
severely twisted geometry the radical cation does not enjoy
delocalization and is significantly destabilized.

The neutral redox partners, viologeRig. 4) are by far
the least well characterized of the three redox forms.°"MV
has been generated in acetonitrile and in tetrahydrofuran by
magnesium and sodium reduction of ¥V[32]. It is char-
acterized by amax 0f 396 nm ¢ = 27,000) and the absence
of the absorption band near 600 nm that acts as a fingerprint
for MV $. The NMR shifts (GDg) of the ring protons at 5.52
and 5.31 ppm are significantly upfield of the aromatic-like
values of 9.21 and 8.68 ppm observed for f#V and the
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N-CHs chemical shift of 2.10 ppm is that expected for a

481
2. Construction of viologen/zeolite host—guest complexes

Viologens have been introduced into zeolites by three
different protocols: (1) ion exchange; (2) ship-in-a-bottle
synthesis, and (3) periodic mesoporous organosilica (PMO)
synthesis.

In 1989, Yoon and Kochi reported the ion exchange in-
troduction of both M\#+ and D@+ (Fig. 3) by addition of
NaY (Fig. 1) to an aqueous solution of MVgand DQBp
[41]. MV 2t in particular, has subsequently been introduced
by ion exchange into a wide variety of zeolites includ-
ing sodium mordenite (MORM3], zeolite L [43], mazz-
ite (MAZ or ), [43] sodiump [44], NaZSM-5[44], NaX
[44], and HMCM-41[44]. This ion exchange procedure is
very convenient since the intercalation of the viologen into
the zeolite can be monitored by several techniques including
UV-Vis examination of the supernatant aqueous solution.

The dimensions of the zeolite pore system, the violo-
gen volume/dimensions, and the number of exchangeable
cations provide limits on the amount of viologen that can be
successfully incorporated. For example, it has been demon-
strated that a maximum of two molecules of KW and
DQ?* can be incorporated into the supercage of N43].

This is reasonable given the 7.4 A entrance window and the
13 A diameter and 8273&supercage volumft5] of NaY

and the molecular dimensions of MY and DG (MV 2+

has a molecular volume of approximately 255akhd can be
viewed as a cylinder 5A in diameter with a length of 11 A;
DQ?* has a molecular volume of approximately 285ahd

can be viewed as a cylinder 6 A in diameter and 11A in
length)[46]. This result is also consistent with the number
of sodium cations reasonably available (5 per supercage) for

simple amine rather than a methyl on a positively charged exchange in NaY. These cations occupy three different sites

nitrogen (4.56 ppm in M¥*). These data are all consis-
tent with the closed shell enamine-like structure given in
Fig. 4.

1.2.3. Charge transfer complexes
Another well established attribute of viologens is their
propensity to function as the electron poor partner in CT

(Fig. 7) and have been referred to as Type | (16 per unit cell
or 2 per supercage), Type Il (32 per unit cell or 4 per su-
percage), and Type Ill (8 per unit cell or 1 per supercage).
On the other hand, neither MV nor DQ? intercalates into
zeolite A with a 4.2 A pore size consistent with the estimates
of their molecular sizef3].

Intercalation of the viologen (ion exchange) with one of its

complexes. These electron-donor/electron acceptor interac-associated counterions (e.g. MVAG] although possible, is

tions have been extensively examined in solufi®d] and

have played a key role in the development of modern theories

of electron transfef34]. Viologen intra- and intermolecu-

lar CT complexes have been documented with a wide range

of donors including halidef35,36), ferrocyanidg37], car-
boxylate anion$38], amineq39], phenols, and aren¢40].

These CT complexes are characterized by very small asso-

ciation constantsKct ~ 0.2—-2 M~1) indicative of a weak
interaction. Nevertheless, isolation of bright orange crys-
tals of the M\2t/2,6-dimethoxynapthalene CT complex has
been reporte1]. Interestingly, the face-to-face alignment
(interannular separation 3.46 A32] shows a crossed ori-

entation of the long axes of the CT partners with the as-

sociation localized over only one of the pyridinium rings
[43].

Type II

Type 11

Fig. 7. Location of exchangeable (Type Il and Type IlI) and
non-exchangeable (Type I) cations in NaY.



482 E.L. Clennan/ Coordination Chemistry Reviews 248 (2004) 477-492

O C 50 PMO synthesis[49], like “ship-in-a-bottle synthesis,
N NS NaY has rarely been employed to generate viologen embedded
/\ | /\ | o AT Aey zeolites but it has great potential to produce novel new

’ inorganic—organic hybrid materials with useful properties.
Z Z This protocol involves typical hydrothermal crystallization
SN SN techniqueg9] using appropriately silylated organic precur-

sors and structural-directing agents. The presence of the
silylated organic precursor generates a material in which
the organic fragment is directly embedded in the zeolite
framework. The first application of this technique to gen-
erate a viologen PMO of the MCM-41 type is illustrated
in Fig. 9 [50] This reaction uses tetraethylorthosilicate
(TEOS) as the silicon source, cetyltrimethylammonium

1 bromide (CTABr) as the structural directing agent, and

Fig. 8. Ship-in-a-bottle synthesis of a viologen. N,N’-bis(trimethylsilylpropyl)-4,4-bipyridinium  diiodide,

2, as the viologen sourceig. 9). A recent investigation
highly unlikely. Alvaro and coworkergl4] have used X-ray  of this new material suggests that it has distinctly different
photoelectron spectroscopy to demonstrate the lack of chlo-properties than the corresponding ion-exchanged materials
ride incorporation during ion exchange with NaZSM-5 and [51]. A vinylogous viologen PMO synthesized by incorpora-
MCM-41. Counterion (Ct) incorporation would be more tion oftrans-1,2-bisN-(trimethyloxysilylpropyl)pyridiumyl]
likely in these zeolites than in the other zeolites examined ethylene A in Fig. 9) has also recently been report&@].
because of their high Si/Al ratio, lower cation content, and Irradiation of this material appears to inducecia—trans
the anticipated greater distance separating the negative cenisomerization and a marked change in the surface area and
ters on the framework. pore volume.

The “ship-in-a-bottle” synthesis of viologen imbed-
ded zeolites has rarely been employed. Nevertheless, the
“ship-in-a-bottle” synthesis of bis-viologed, (Fig. 8) has 3. Structural characterization/spectroscopic properties
recently been reportgd7]. This particular viologen is ide-  of viologen/zeolite host—guest complexes
ally suited for this incorporation method since its dimension
(7.4 x 102 A) is too large to allow intercalation from solu- Dealkylation/decomposition of viologens can occur
tion but it is the correct size to fit within the 13 A supercage during incorporation into the zeolite using any of the
of NaY [48]. In addition, a high yield ship-in-a-bottle  synthetic protocols outlined in the previous section. For-
bis-alkylation step generating byproducts conveniently re- tunately, the structural integrity of the viologen in these
moved by solid—liquid extraction is availablEi¢. 8). The viologen-embedded zeolites can be verified with a remark-
preferred intrazeolite U-shape geometry of precursor A ably wide range of spectroscopic and non-spectroscopic
(Fig. 8 that mimics the geometry of this fragment in the structural tools. These tools include fluorescence spec-
product also promotes product formation. This templating troscopy, Raman spectroscopy, infrared spectroscopy (IR),
effect along with the highly selective bis-alkylation step 13C NMR, thermogravimetry, diffuse reflectance UV-Vis
guarantees a high yield ship-in-a-bottle synthesis. spectroscopy, and X-ray photoelectron spectroscopy (XPS).

(MeO)asiz; Si(OMe)3
H,O, CTABr
0 o)  twcmer
N\//:\>—</jN NHa, TEOS
— — 80°C, 4 days
2

CSi(OMe)g
7 (MeO),Si
Ao\ =
\ 7/ ®
A

Fig. 9. PMO synthesis.
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In addition to providing structural information many of equipped with front-face attachments that prevent reflected
these tools also provide valuable insight into specific inter- excitation light from reaching the detect@?].

actions between the viologen and the zeolite host. The fluorescence of M& in solution and in zeolites has
been the source of considerable controversy. Many authors
3.1. UV-Vis spectroscopy claim that agueous solutions of methyl viologen, &ty

are non-fluorescerib5] while others report weak but eas-

Zeolites do not contain chromophores that absorb elec-ly discernible emission intensity at 345n[88,59} The
tromagnetic energy in the UV-Vis region of the spectrum. intensity of a reported54] green fluorescence~620 nm)
Consequently, optical probing of embedded guests is pos-aPPears to be dependent on the history/source of the sam-
sible using diffuse reflectance techniqyss]. These tech-  Ple of MVZ* and upon the absence or presence of oxygen.
niques measure the difference in the scatter light absorbedThese observations induced Mau et 5] to speculate
by a pure white surface reference and that absorbed by thehat the 520 nm fluorescence is due to adventitious forma-
embedded guest. In general, integrating spheres are use§fon of 1',2-dihydro-1,1-dimethyl-Z-oxo-4,4-bipyridinium
to collect the low intensity of scattered light generated by cation, 3, although other green emitting species were also
this method. The reflected lighR(s.) is plotted according ~ observed but were not identified. In contrast to MV_V"
to the Kubelka—Munk equatiorE(). (2) to give an optical ~ ©logen4, 1,1,2,2,6,6-hexamethyl-4,4dipyridinium dica-
spectrum similar to the transmission spectrum obtained in tion fluoresces in aqueous media at 360 nm from ¢S
normal UV-Vis absorption spectroscopy. The absorption co- <> 7) State with a quantum yield of 0.0855], and DG+
efficient,K, under conditions of low guest concentration and (Fig- 3) fluoresces with a quantum yield of 0.030]. The
high standard surface area is proportional to the concentra-congruence of the aqueous absorption and photoexcitation

tion of the embedded guest reminiscent of the Lambert—BeerSPectra ot rules out the possibility of emitting impurities. It
Law. is not entirely clear why M¥+ and4 exhibit different emis-

sion properties in water. However, the six methyl groups in

(1— Rx)? _kK 4 might sterically protect its Sstate from quenching by the

F(Roo) = ———— = — 2 . . .

(Rec) 2R S 2) counterion and/or solvent.Significant emission of f\Vn
K is the absorption coefficieng the scattering coefficient. o

The absorption maximum for M& is a sensitive func- ® _(?q = = N@_
tion of counterion and solvef4,55] With non-interacting MesN. /1 N-Me WY
counterions M\t is colorless but with the strongly in- = s 4

teracting iodide a charge transfer interaction occurs to
give a brilliant scarlet colored solifB]. Park and cowork-  gcetonitrile has recently been attributed to the high ioniza-

ers [56] reported aivax of 265nm for MV? in NaY; tion potential (IP) and the lack of electron transfer quench-
slightly different than that observed in solution in the ing of MV2+* by this difficult to oxidize solven[59].
presence of non-interacting counterions{x = 257 nm; Villemure et al.[58] have reported that M¥% in the in-

¢ = 20,800 in BO) [55]. A careful examination of the  terlamellar region of several smectite clays, including mont-
diffuse reflectance spectra of a series of #Vdoped al-  oyilionite, emits easily detectable fluorescence. The inter-
kali metal-exchanged Y zeolites also revealed a red-shift amellar space of only 0.30nm in montmorillonite forces
with increasing size of the alkali metal (Li264 nm; N& MV 2+ to adopt a planar geometry and severely restricts ro-

265nm; K" 268 nm; Ry 271nm; C$ 272nm). Inspection  tation around the interpyridinium ring bond. The authors
of the diffuse reflectance spectra revealed that the red-shiftspecylate that since rotation around this bond provides the
of the higher energy fronts of the absorption bands were main pathway for non-radiative deactivation of the excited
responsible for the change Juax . Deconvolution of the  singet state that the structural confinement itself is respon-
absorption bands resulted in identification of contributions gjpje for the observation of fluorescence. These authors also
of a broad high-energy band and a narrow low-energy band gemonstrated that the fluorescence is quenched by iron and
to the overall absorption profile. The observation that the exhipits a distribution of lifetimes consistent with hetero-

high-energy band was broad and thatjigax correlated  geneity of the clay structure and population of different ab-
with the donor strength of the zeolite framework is consis- gqrption siteg61].

tent with a charge transfer interaction between ¥\and MV2+ embedded in NazZSM-5, NaY, Na-mordenite,

zeolite framework. and CsY emits fluorescence at 330 and 420[6i. The
counterions in these zeolites are presumably the negative

3.2. Fluorescence spectroscopy framework aluminum atoms. Consequently, the observed

emission in these materials might be due to the curvature

The lack of zeolite chromophores in the UV and visible of the zeolite wall that prevents close approach to the coun-
region also means that light emitted by viologens will not be terions preventing the quenching observed in solution. In
absorbed and can be detected with conventional fluorimetersaddition, photoexcitation spectra in NaY demonstrate that
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different species are responsible for the 330 and 420 nmthe two pyridyl rings. In addition, they also used the frame-
emissions. The authors have suggested based upon molecwork vibration bands as internal standards for determination
lar modeling and3C CP/MAS NMR results that the 330nm  of loading levels.

emission is from a planar conformation of MY and the

420 nm emission from a twisted conformer associated with 3.4. Solid state NMR

the basic oxygen atoms in the zeolite framew[@K]. This

interpretation, however, is not universally acced&®] and Solid state NMR is perhaps the least useful of the spec-
more work is clearly needed to understand the photophys-troscopic techniques that can be applied to the examination
ical behavior of viologens in zeolites and in solutions. of viologen embedded zeolites. MASC NMR spectra are
often characterized by poor resolution, which is due in part
3.3. FT-IR/Raman spectroscopy to the interaction of the viologen with the quadrupolar alu-
minum and as a result of heterogeneous population of the
The functional group region from 3400 to 1200chis viologen in various zeolite framework locations. Neverthe-

relatively free of zeolite framework vibrations making both |ess, several authors have reported MAE NMR spec-
FT-IR and Raman spectroscopy extremely valuable tools totra of viologen embedded zeolites, which have assisted in
characterize viologen embedded zeolites. Use of diffuse re-their characterizatiof42,44,47] 13C labeling dramatically

flectance accessories or nujol/fluorolube mufigg(1Q are  improves the signal to noise and can provide insight into
all appropriate for FT-IR data_colllecnon. The IR spectra of these heterogeneous samgi5s]. NMR techniques are not
NaMVY and NaMQY shown irFig. 10a and kare domi-  suitable at all for the study of the paramagnetic embedded

nated by the water stretching band at 3500 ¢rand bend- viologen radical cations.

ing band at 1630 cmt and directly reflect the hydrophilic

character of most zeolites. These bands can be minimized by3 5. Electrochemistry

taking the IR spectra in sealed cells of samples dehydrated

at elevated temperatures and reduced pressures. The anticipation that zeolites could potentially influence
The IR[24,25]and Raman spectf@2,63]of MV2" have electrochemical reactions by both physical and chemical

both been exhaustively examined and complete assignmentsneans has produced a large number of studies with zeo-

of specific vibrational bands have been made. Calzaferri ite modified electrode§66]. Recent electrochemical work

and coworkerg64] have examined M¥%" in zeolite L and  with M2+ doped Y zeolite has focused on distinguishing

demonstrated the analytical potential of in situ FT-IR and between intra- and extrazeolite mechanisms for reduction

Raman spectroscopy as well as the ability of these techniquessf MV 2+ [67-70] Enhanced current at the potential of the

to detect interactions between the host and guest. For examsecond reduction has been attributed to a conproportiona-

ple, these workers used the appearance ofufhe-CHj) tion reaction(MVZ+ + MV° — 2MV{) which reforms the

peak in the M#" embedded zeolite-L Raman spectrum to electroactive radical catiorf71]. Recent results which

argue that the viologen is twisted about the bond connectingdemonstrates that a size and charge excluded surfactant
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diminishes the importance of the conproportionation ar- embedded zeolite to a diethylether solution of slightly more

gues that the reduction is occurring outside of the zeolite than one equivalent of 18-crown-6 and potassium. The use

supercage structur@?2]. The electrochemical behavior of of excess solvated electrons results in over reduction of the

a viologen containing PMO of the MCM-41 type has also viologen moiety.

recently been reporteff3]. The as-synthesized structure Carbonylmanganate anions have also been introduced

directing agent (cetyltrimethylammonium) filled material is as convenient reducing agen{80]. The addition of

nearly electrochemically inert but the extracted material void NatMn(CO)~ to MV2T@NaY in a THF or acetonitrile

of the structure directing agent exhibits two well resolved slurry resulted in rapid formation of a blue zeolite powder

reduction peaks at0.36 and—0.75V versus AgCl/Ag. and quantitative formation of Mi{CO),g exclusively in the
supernatant solution. This suggests that the anion does not
have to migrate into the zeolite for quantitative reduction to

4. Reactions of viologen/zeolite host—guest complexes occur. This suggestion was verified by the rapid and quanti-
tative reduction with the sodium salt of Mn(C{P(OPh}—,
4.1. Reduction which is too large to enter the zeolite. The lack of size

selectivity for the anion requires a mechanism for transport

In 1995, Kevan and coworker§74] reported that irra-  of the electron into the pore system of the zeolite. The
diation of a series ofi-alkyl substituted 4,4viologens at authors suggested an electron conduction mechanism in
77K in dehydrated zeolites X, Y, and A resulted in forma- which MV{ acts as an electron relay agent via donation to
tion of a light blue colored zeolite. This characteristic color a MV?* in an adjacent supercage by close approach at the
and a single ESR line wita g \alue of 2.0033 is consis-  supercage window.
tent with formation of the radical cation. Subsequent work  In contrast, the carbonylmanganate reduction appears to
with both conventional and laser light sources have demon-be highly sensitive to the size of the cationic counterion.
strated that the photoyield of radical cation is a function of The reduction is quantitative with Nabut decreases in ef-
the donor strength of the zeolite and is far larger than can beficiency with increasing size of the counterion. However,
accounted for by the presence of defect sjeg75] Fur- even with size excluded counterion 1% reduction was still
thermore, laser flash photolysis experiments demonstratedobserved. This was attributed to reduction of ft\only in
that both the formation and disappearance of Mw a the peripheral supercages where the large cation can remain
series of alkali exchanged Y zeolites was critically depen- near the external surface of the zeolite to provide electrical
dent on the identity of the counterigd4]. In the cases of  neutrality.
MV/RbNaY and MV/CsNaY, M\{ is so long lived that it
can be monitored conveniently by conventional diffuse re- 4.2, Formation, reactions and characterization of charge
flectance spectroscopy. These observations led to the sugtransfer complexes
gestion that excited viologens abstract an electron from the
oxygen bridges in the framework of the zeolite and that back In a seminal contributionf41], Yoon and Kochi in
electron transfer to regenerate the ground state viologen lim-1989 reported that addition of a series of arenes to
its their lifetimes. Estimations of the oxidation potential of MV2+ or DQ?*t embedded NaY generated highly col-
[MV 2+]* both in solution (3.65V versus NHE%9] and in ored intra-zeolite viologen/arene charge transfer complexes
the zeolite (3.1V versus SCI4] provide evidence forits ~ [43,81] The linear correlation of the diffuse reflectance
potent oxidizing power and evidence that the redox potential absorption maximum with the ionization potential (IP) of
of the zeolite framework is less than 3.1V. the arenes is in accord with Mulliken theory and provided

Photoreduction of M¥*+ also occurs by irradiation at  compelling evidence for the charge-transfer character of
406.7 nm in silver cluster doped NgY6]. Direct reduction the intra-zeolite speciegl2]. From a practical viewpoint
by the zeolite framework does not occur at this wavelength, intra-zeolite formations of the charge transfer complexes
however, the silver clusters do absorbed at 406 nm and asprovide a visual probe for shape-selective absorption and
a consequence the optically excited surface plasmon of thealso a means to characterize the kinetic diameter of the
Ag patrticles is responsible for the reduction. arened82]. In addition, careful examination of the charge

The corresponding thermal initiated reductions of violo- transfer bands provide a unique opportunity to explore
gens have occasionally been suggeg#d78] However, the character of the intrazeolite environment. For exam-
this process appears to be far less efficient with formation ple, bathochromic shifts of intrazeolite charge transfer
of the radical cation often not visibly appardii8]. For ex- maxima can be used to detect absorption of wi8&]
ample, heating of several MV alkali metal exchanged Y  and changes in the intensity of the bands have been at-
zeolites at temperatures below 2@ did not did not lead  tributed to changes in the free volume available to the CT
to any visibly detectable formation of MV[44]. complex in the zeolitg84]. Similar studies with neutral

A very convenient reduction of intercalated viologens by 1,2,4,5-tetracyanobenzene/arene CT complexes have also
solvated electrons has been reported by Yoon and coworkerdeen reported85,86] Unlike the viologen CT complexes
[79]. This procedure involves addition of the dry viologen these neutral CT complexes also exhibit emission providing
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an advantage and an additional tool to explore the intraze-including cage-separated or compartmentalized ions. Paren-

olite environment. thetically, similar enhanced lifetimes are not observed in the
Formation of intrazeolite M¥t and D@ iodide charge ionic liquid, 1-butyl-3-methylimidazolium hexafluorophos-

transfer complexes have also been reported by treatment ophate despite similar diffusional and polarity restrictions in

acetonitrile slurries of the viologen embedded zeolite with the two media[90]. This suggests that other factors, such

sodium iodide[87]. These materials exhibit a remarkable as framework enhanced charge separation may be play-

range of colors that depend on the concentration of Nal useding a key role in the long lifetimes observed in zeolites

during their synthesis. For example, ¥V proceeds from [47,91])

yellow to red and D@" from orange to deep purple as the

concentration of Nal is increased. The diffuse reflectance 4.4, Synthesis and reactivity of organized molecular

spectra of the M¥+/NaY/I~ CT complex at low concentra-  gssemblies (Ru(bpy)s2+)

tions of iodide is characterized by a well-resolved CT band at

Amax = 362nm, while at intermediate concentrations two  vjologens and zeolites have played an important role in
resolved bands atwax = 362 and 528 nm were evident.  the construction of organized molecular assemblies designed
An examination of the spectral changes as a function of Nal to frustrate back electron transfer (BET) that is responsi-
concentration allowed assignment of the band at 362 nm topje for the inefficiency in attempts to store solar energy in
a contact ion pair, M¥*[I7], and the band at 528nm to  photoinduced electron transfer (PET) generated ion pairs
the ion triplet, MV#*[I ~]2. These bands are not resolved in  [92,93] These studies provide important information about
solution preventing quantitative determination of the equi- the features of organized molecular assemblies that control
librium constants for their formations. The unique ability poth charge separation and recombination and as a conse-
to observe the separate equilibria in NaY may be a result quence play a pivotal role in the modeling of the electron
of pressure effects which force Unique intra-Charge trans- transport chain in natural photosynthesis'
fer complex distances, especially in the ion triplet, which  Zeolites, as a result of their ability to compartmental-
generates dramatic spectral shifts. Addition of tetramethyl jze reactants and products, provide an ideal platform for
and tetraethylammonium iodide produced exclusively the these assemblies since spatial separation of charge is an
ion pairs with no trace of ion tripletS. This diﬁerence, in obvious means to prevent energy Wasting back electron
comparison to Nal, is indicative of ion pair intercalation and transfer. Viologens provide ideal electron transfer partners
the accompanying shape selectivity. Consistent with this in- (but not the only type of component that can be envi-
terpretation is the complete lack of iodide charge transfer sjoned) in these assemblies since their radical cations are
complex formation when NaMVY is treated with the very staple, readily detected, and easily incorporated into zeo-
large tetran-hexylammonium iodide. lites. Tris(2,2-bipyridine)ruthenium(ll), [Ru(bpy?*], and
Charge transfer complex formation with the framework jts derivatives have often been chosen as the other elec-
included 4,4viologen embedded in the PMO depicted in  tron transfer partner in these assemblies because of their
Fig. 9 does not appear to be as favorable as CT complexell-established photophysics and the ability to place these
formations described aboy®1]. This may be a function of  gpecies either on the surface or in the cages/channels of a
the curvature of the PMO framework which prevents close yariety of zeolites.
approach to the viologen and hinders CT complex formation.  Three basically different architectures for these orga-
nized molecular assemblies are possible as illustrated in
4.3. Photoinduced electron transfer reactions in charge Fig. 11 The donor can reside outside and the acceptor in-
transfer complexes side (architecture diad), the donor can reside inside and
the acceptor outside (architecture diay-or the donor and
Irradiation of the intrazeolite CT Complexes formed be- acceptor can both reside within the zeolite pore System (ar-
tween MVt and various arenes using 10 ns 355 or 532nm chitecture diads). In addition to these basic diad systems,
Nd3+/YAG pulseS resulted in formation of transients identi- more Comp|ex Systems (triadS, etc_) that further extend

fied as MV;" and the arene radical cati§®g]. Examination  the lifetime of the charge-separated states have also been
of these systems with transient diffuse-reflectance laserexamined.

flash photolysis have also identified three different types of
ion pairs with characteristically different lifetimes from the

picosecond to millisecond regini89]. These lifetimes are Ru(bpy)g@) diad - A
an order of magnitude to several orders of magnitude longer

than in solution. In analogy to the contact, solvent sepa- 20 ] o .
rated, and free ion pairs observed in solution the different Ru(bpy)s Viologen diad - B
intrazeolite ion pairs were assigned to species with different

separation distances. The long lifetimes were attributed to Ru(bpy)2® diad - C

the ability of the negative zeolite framework to pull the ions
apart leading to a variety of “internuclear distance isomers” Fig. 11. Molecular assembly architectures.
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Dutta and coworker§d4] reported the construction of a
diad-C (viologertt = MV?2t) molecular assembly in ze-
olite Y in 1987. Laser excitation into the metal to ligand
charge transfer (MLCT) band at either 413.1 or 457.9 nm
resulted in formation of a blue colored zeolite and the ob-
servation of UV-Vis and Raman spectral bands characteris-
tic of the viologen radical cation. The decay of the visible
MV ¢ band at 600 nm over a period of an hour mimicked the
recovery of the Ru(bpgft band at 430—-460 nm suggesting
that the lifetime of the radical cation was limited by back
electron transfer. These workers subsequently extended this

initial study to a time-resolved-diffuse-reflectance UV-Vis iather length. In contrast, the quantum yields of charge
study of diads containing M¥%, DQ?*, PG?*, and BG* separation (1-7%) increased and then decreased with tether
[95]. The forward electron transfer rate constants to form length with a maximum az = 5. The decreased quan-
Ru(bpy);3:f1 and the viologen radical cations were gieater tum yields for the longer tether lengths were attributed
than 10 S but the reverse rate constants for_"EleP(f v to competition with other more efficient modes of MLCT
and BG* (4.0x 10%, 1.1x 10%, and 73 x 10°s*, respec- (metal-to-ligand-charge-transfer state) decay. The maximum
tively) decrease with increasing driving force indicating that quantum yield atz = 5 was attributed to a combina-
the back electron transfer is in the Marcus inverted region. tjon of siow BET, favorable intermolecular lateral electron
Kinetic modeling of the back electron transfer in these sys- yansfer on the zeolite surface, and reasonably rapid forward
tems at high viologen loading levels (1.2-1.7 viologens per gjectron transfer quenching of the MLCT state. In addition,
supercage) required including a rate constant for electron giagA systems that have the donor absorbed to the surface

hopping from viologen-to-viologen. This additional mecha-  rather than tethered to the intrazeolite viologen donor have
nism for charge separation resulted in a larger accumulationgsg heen reportef®7].

of the viologen radical cation than that anticipated by only 5 example of a diad system is shown iffig. 12 [98]
consideration of the forward and reverse electron transfer\ﬁobgen PVS because of its lack of overall charge shows no
rate constants. _ propensity for migration into the zeolite. Nevertheless, pho-
Mallouk and coworker$96] reported the construction of  4}vsis (420-680 nm) resulted in significant accumulation of
a diadA molecular assembly in zeolite L in 1988. Addition  ihe PVS radical anion (P\;S. The charge separation was
of the tethered donor-acceptor diab zeolite L resulted in - 54rihyted to, among other factors, electrostatic repulsion be-

formation of viologen intercalated dial-5. Irradiation for  yyeen the negatively charged zeolite and the viologen radi-
10ns at 532 nm resulted in a transient at 390 nm assigned to.5| anion.

the intramolecular charge-separated stat_%*‘H_I]Qf which Molecular assemblies with addition complexity (e.g. tri-
decayed by a first order process with a lifetime of Q44 54s) can be constructed by addition of new components to
In solution, the lifetime of this state is:5ns. This work  gyisting arrays. The new component is thermodynamically
was later extended65] to a series of 4/4bipyridinium chosen Fig. 13 to function as an electron donor, acceptor,
ion tethered diad$ and 7 embedded in zeolite L, Y, and o a5 an ambiphile (i.e. both electron donor and acceptor).

mordenite. The previous suggestion of intercalation of the e construction of the new molecular assembly is then done
viologen end into the zeolite was demonstrated with doubly i, s,ch a fashion to enhance the lifetime. for example by

3 ; . 13
labeled"*CHs- NaY diadA-6; only the CP-MAS™C NMR increasing the spatial separation between the oxidized and
peaks for the accessible methyl groups on the donors weregqyced centers. of the charge-separated state.

influenced by addition of a paramagnetic probe molecule.  geyeral successful complex molecular assemblies
The forward first order electron transfer rate constants in (CMAs) have been reportd®6,98,99] However, we only
diad-A-6 decrease as a function of increasing illustrate the concept here with the construction of two

zeolite Y

Fig. 12. A diadB molecular assembly.

6m=0;n=2-5,7,8
5 7m=1;n=23
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Fig. 13. Construction of complex molecular assemblies (CMA's).
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CMAs; a triad and a tetradr{g. 14). The triad (A inFig. 14 the viologen. The tetrad (B ifrig. 14 [100] consists of a
[65] consists of a donor, ¥W(CN)g-2H,0, an ambiphile, the  donor, Ru(mmky?t, and two ambiphiles, Ru(bpydpZ*
Ru(bpyr?*t derivative, and a tethered mordenite embedded and DG, all embedded in NaY, and an acceptor, PVS, in
viologen acceptor. This triad results in a five-fold increase, the surrounding solution. Ru(mmy3) functions in the triad

in comparison to the corresponding Ru-tether-viologen diad, to reduce Ru(bpygppZ* in order to prevent back electron

in formation of a charge-separated state. The long tether intransfer from DG . DQ?* acts as a readily diffusable elec-
the diad allows other processes to compete with electrontron transport agent moving charge from deeply embedded
transfer from the MLCT state to form the charge separated Ru(bpyybpZ* to PVS in solution.

configuration. However, in the triad quenching of the pho-  The viologen/Ru(bpy?+ molecular assemblies discussed
tochemically generated MLCT state by,W/(CN)g-2H,0 so far have been investigated in water where ion migration
competes efficiently with these other processes to generatds reasonably facile. Nevertheless, a comparison of the pho-
Ru(bpykt which is a 400mV better electron donor than toinduced growth of M\ as a function of counterion, M, in
the MLCT state, [Ru(bpy2t], and can more easily reduce  Ru(bpy:2t/MV2t/MY molecular assemblies show that the

mordenite

Fig. 14. Examples of two CMA'’s.
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charge separated states form and decay more rapidly and ac- ~@—< HO < 5 < R
cumulate to a greater extentin NaY than Ld01]. This was
attributed to the smaller diffusion coefficient foriLithan \02:
Nat which is a result of its greater affinity for the zeolite
framework. The importance of ion migration to insure elec- o

“7~d
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trical neutrality was elegantly demonstrated in acetonitrile
using the diadB molecular assembly shown Fig. 15 [78]
The addition of dicyclohexyl-18-crown-6, a potent binder
of KT, resulted in over a 10-fold increase in the yield of
the charge-separated state. This increase was attributed to
the binding of K" that stabilizes the charge-separated state monoterpenes which slowly were converted to p-cyméne,
by 8.9 kcal/mol and mitigates against back electron transfer as the only product after 45-60 min. In a later manuscript
which must be accompanied by diffusion of kback into  these authors corrected this earlier work reporting that isoter-
the zeolite in order to maintain electrical neutrality. A lin-  pinolene 8f rather than terpinolen8e was formed as an
ear increase in the yield of the charge-separated state as ttermediate terpene that subsequently leads to p-cymene,
function of the binding constants of a series of crown ethers 9 [105]. Remarkably, the reaction was fairly insensitive to
provided compelling evidence for this suggestion. oxygen although formation of a moderate amount (3—15%)
Despite the remarkable progress in the construction of ascaridole]0, was reported. The authors suggested that
of molecular assemblies to enhance population of the the reaction was initiated by reduction of MY by the ze-
charge-separated states, challenges still exist to both underolite (Fig. 16 followed by oxidation of the substrate by
stand the mechanisms and to harvest the stored energy fothe hole created in the zeolite framework. The dehydro-
useful chemical work. For example, it has now become ev- genation reaction appears to be general at least with good
ident that the yield of the reduced viologen can exceed the hydrogen donors, such as 1,2-dihydronaphthalene and 9,10-
amount of available donor, [Ru(bps)]. In water this has  dihydroanthracene. Perhaps the most surprising aspect of
been attributed to a complex process involving formation of the reaction is the reduction of the viologen by the zeolite
a Ri*F/H20 complex, subsequent oxidation of the violo- framework. Alvaro et al[44] reported that heating of a va-
gen to a pyridone, and regeneration 0f?Rij99,102,103] riety of MV2+ doped zeolites at temperatures below 200
In acetonitrile this has been attributed to the zeolite host did not lead to any detectable amount of §1MOn the other,
rather than the Ru donor acting as the ultimate electron hand, Park et al[78] recently reported that several alkali
source[78]. However, the viability of this suggestion has metal exchanged Y zeolites were capable of thermally re-
recently been questioned and a concern about the structurajucing the viologerN-[3-(dicyclohexylmethyl)oxypropyl]-
integrity of the extensively oxidized zeolite framework has N’-methyl-4,4-bipyridinium bis-hexafluorophosphate even
been expressgd04]. In addition, the impact of the recently  though its characteristic blue color was not visually apparent.

Fig. 16. Mechanism of a zeolite induced dehydrogenation.

demonstrated ability of electron transfer from Ru(kgy) In addition, Alvaro et al[51] reported a thermal (10@)
to MV2" to occur through the zeolite framewo[1] on reduction of the framework embedded viologen in the PMO
the design and mechanistic understanding of molecular material depicted ifFig. 9. However, in this case even though
assemblies has not yet been fully evaluated. the source of the reducing electron was not established un-
equivocally they speculated that residual halide in the PMO

4.5. Miscellaneous reactions might be responsible for the reduction.
4.5.1. Dehydrogenation reactions 4.5.2. Reactions with oxygen

In 2001, Stratakis and Stravroulakig7] reported that The herbicidal action of viologen radical cations has been
addition of each of the monoterpen8a—e (Fig. 16 to attributed in part to their ability to reduce oxygen to form

MV 2+ doped NaY resulted at short reaction times and am- superoxide[2]. Examination of this reaction with MY/
bient temperatures in the formation of a mixture of isomeric and D@ in NaY has provided the first direct evidence for
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superoxide formatiof29]. These reactions were conducted R
by adding the radical cation salts, NVPF; and DQ@ PR
to NaY then introducing oxygen while monitoring the ESR  _hv

spectrum of the blue (MYPF,) and green (DQPF,) ze- " 4

olite powders. The blue color of NaY@MWF, imme-

diately disappeared at78°C concomitant with formation B N EDTA Pt
of the ESR spectra of superoxide. On the other hand, the _ _
bleaching of the green color of NaY@Q®F, required Fig. 18. Hydrogen generation array.

10 min reflecting the smaller driving force for the P@han
the MV, reduction of oxygenTable J). In addition, the dif-
ference inAE® of 0.06 V is sufficient to made the reduction
of oxygen with NaY@DQPFg reversible but irreversible
with NaY@MV{ PF; .

at pH 4.0 in agueous EDTA which served as a sacrificial
electron donor. Substantial hydrogen evolution was ob-
served only at high M¥" loadings suggesting that close
MV 2t—MV?2+ and porphyrin-M* contacts are required.
The quantum vyield for this first generation heterogeneous
composite (lower limit 0.003%) is likely to be improved by
use of more complex interfacial assemblies.

4.5.3. Hydrogen evolution

In 1987 Mallouk and coworkerfl06] reported a novel
MV 2+ zeolite-L based array for the generation of hydrogen.
Zeolite-L is a channel zeolite with the structure depicted
in Fig. 17. It consists of a series of six cancrinite cages
(Fig. 173 connected via the four rings to form a 12-ring REferences
channel as shown ifig. 17h The circle inFig. 17bcir-
cumscribes a cancrinite unit looking down the axis indicated 1] L-A- Summers, in: A.R. Katritzky (Ed.), Advances in Heterocyclic
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