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Emission from Zeolite-Occluded Manganese—Diimine Complexes

Peter-Paul H. J. M. Knops-Gerrits, Frans C. De Schryver, Mark van der Auweraer,
Hans Van Mingroot, Xiao-yuan Li and Pierre A. Jacobs*

Abstract: Manganese complexes of 2,2'-
bipyridine (bpy) and 1,10-phenantroline
(phen) have been synthesised in the su-
percages of cubic NaX and NaY and in
the hypercages of the hexagonal NaEMT
faujasites. The coordination and redox
chemistry were studied with ESCA, CA,
FT-IR, FT-Raman, diffuse reflectance
and emission techniques. FT-IR/FT-Ra-
man shows cis coordination for all com-
plexes and a high Mn—N stretching fre-
quency in the phen complexes as a result
of steric constraints imposed by the lig-
and. [Mn(bpy),]?* in the different zeolites
shows metal-to-ligand charge transfer
(MLCT; at 495 nm); for [Mn(phen),]**-
NaY the MLCT is broadened owing to

complex distortion. On MLCT excitation
[Mn(bpy),]** complexes show an ip-
sochromic shift in the emission and an in-
crease in quantum yield with increasing
steric restrictions imposed by the zeolite.
The ipsochromic shift of the emission
band of [Mn(phen),]** in NaY results
from the combined effect of the ligand
field (this suggests emission from a CT
state) and of coordinative distortion. The
key factor influencing the emission prop-
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erties is found to be the overall matrix-in-
duced complex distortion. Cation stabili-
sation of the ligand anion affects emission
indirectly. The decay times for [Mn-
(bpy),]**-NaY are in the millisecond
range (7.5-11.5ms). A proposed model
for excitation and emission properties of
zeolite-occluded Mn" complexes involves
excitation of a quartet CT state, intersys-
tem crossing and subsequent emission.
The enhanced stability of the coordina-
tion sphere in the zeolite allows complexes
to luminesce from a CT state, which is not
detected in solution. The zeolite behaves
as a supramolecular cryptating agent,
protecting complexes from photodissocia-
tion.

Introduction

Although Mn complexes in solution or on supports have been
studied in detail by spectroscopic techniques,!™ their photo-
physical properties are still not very well understood.l? 4
Polypyridine ruthenium complexes, such as [Ru(bpy),;)** or cis-
[Ru(bpy),]** (bpy = 2,2-bipyridine), have been extensively
studied in this respect.t®~% 8791 Complexes of Ru", Os", Cr'™,
Rh™ and Ir™ are the only species known to luminesce strongly
in solution at room temperature and to exhibit good photosen-
sitisation capacity for electron- and energy-transfer processes.
An overview of the photophysical, photochemical and electro-
chemical properties of such systems is available.!*! Occlusion of
Ru" tris and bis complexes in zeolites has been described by
Mallouk et al.,[® ~® Lunsford et al.,!” Dutta et al.1¥! and Kin-
caid et al.l!
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Emission properties of O- and N-ligand Mn" complexes
have been reported.’>”* At room temperature octahedral
Mn octamethylpyrophosphoramide complexes [Mn(OMPA),-
(Cl0,),]"*Y show a broad phosphorescence band centred at
585 nm, which is red-shifted at lower sample temperatures. At
liquid-nitrogen temperature it is situated at 620 nm and is as-
signed to a 4T, — ®4, transition. Tetrahedral Mn" in the cubic
sites of different inorganic lattices, such as ZnS, ZnSe and ZnTe,
has been characterised by emission spectroscopy.!?*? Ligand
variation shows that the governing effect on the decay time of
the Mn" *T, — 64, emission is the spin—orbit interaction of the
p clectrons of the ligands with Mn". Excitation and emission
luminescence spectra for complexes of Mn" halide with 2,6
dimethylpiperidinium and N-methylpiperidine have been pub-
lished as well.!?*~® In permanganate (MnO; ) tetrahedral Mn"™
is bound by four oxygen ligands and does not luminesce.!!

The photoprocesses of complexes of Mn® with carbonyl and
a-diimine ligands have recently been reported by Stufkens et
al™ Mononuclear 16-electron ligand-centred radicals of
[Mn(a-diimine)(CO),] with a n* singly occupied molecular or-
bital (SOMO) are formed upon excitation. In these low-spin
Mn° complexes the six electrons are in the t,, levels, and an
electron is excited either into the d, orbital for pentacarbonyl or
into the n* orbital for tricarbonyl/x-diimine complexes.

Occlusion of [Mn(bpy),)* © complexes in zeolite Y has recent-
ly been reported and leads to mainly cis-{Mn(bpy),]* * complex-
es.[!l The present work describes our attempt to understand
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steric influences around the Mn?* ion by ligating it to 2,2"-
bipyridine and 1,10-phenantroline in zeolite cages of different
sizes and with a different numbers of charge-compensating
cations. The change of zeolite topology is the first factor used
for steric variation. [Mn(bpy),)** was therefore synthesised in
the hypercages of a hexagonal faujasite and the supercages of
cubic faujasite. To obtain coordination geometries with differ-
ent degrees of distortion imposed by the ligand, occlusion of
[Mn(bpy),]** and [Mn(phen),}** within NaY was compared.
Fine-tuning of steric effects was achieved by changing the num-
ber of charge-compensating cations, that is, by comparing the
occluded complexes in zeolite NaX and NaY. The emission spec-
tra of the Mn complexes are reported, and the effects of coordi-
nation and sterochemistry on these spectra are discussed.

Experimental Procedure

Synthesis of materials: Hexagonal faujasite with EMT topology (NaEMT) which
was free of significant cubic intergrowths was synthesised according to a literature
procedure [16a]. After being washed with deionised water and dried at 333 K, the
crystals were calcinated in a muffle furnace at 823 K for 20 h. The hydroge! prepared
with Ludox HS-40 (Du Pont), Gibsite (Fluka), NaOH pellets (Merck) and 18-
crown-6 ether (Janssen Chimica) was aged at 293 K for 3 d. The Si/Al ratio of the
material was 3.50. Cubic faujasites with different Si/Al ratios [NaX (1.04), NaY
(2.45)] were obtained from Zeocat.

Synthesis of complexes: The synthesis of [Mn(bpy),}** in NaX, NaY and NaEMT,
and of [Mn(phen),]** in faujasite NaY were performed as previously described for
[Mn(bpy),]** in NaY [1,11]. After cation exchange of Mn?* for Na*, at a loading
of one Mn?* per supercage for faujasite X and Y and one Mn?* per hypercage for
faujasite EMT, the samples were dehydrated at 473 K and subsequently mixed at
298 K with bpy or phen at a 2.5:1 ligand-to-metal ratio under N, atmosphere.
Ligands were sorbed on the zeolite by solid-state mixing at 363 K for 48 h. The
samples were soxhlet extracted in dichloromethane for 24 h to remove uncomplexed
ligand.

Thermogravimetric analysis was performed with a Setaram-92 balance. Samples
were heated under 5 vol % of O, in a helium atmosphere at a rate of 5 K per minute.

XPS (X-ray photoemission spectroscopy) measurements were performed with a
Perkin-Elmer PHI 5500-5600 apparatus (using monochromatic Alg, X radiation,
1486.6 €V) in the 01400 ¢V window at 1.33 10~ !° Pa. The calibration values used
are: Mn{(2p 3/2): 639.6 eV (S. F. 150.146); Al (2p): 71.2¢eV (S. F. 19.719); Si (2p):
99.7eV (S. F. 28.827).

Chemical analysis (CA) measurements were performed with a Varian Liberty 100
ICP-emission spectroscopy apparatus.

FT-IR spectra were recorded on a Nicolet 730 spectrometer. KBr pellets containing
the zeolite powders were used.

FT-Raman spectra were recorded on a Brucker IFS-1000 spectrometer using 1000
scans at 100 mW laser power.

Molecular modelling was performed with the program Hyperchem V 3.0 for Win-
dows (Auto-desk), using a completed version of the MM + force field, that is, a
completed version of Allinger’s MM 2 [13a]. The zeolite lattice coordinates used
were derived from Rietveld refined X-ray diffraction studies of faujasites Y and
EMT ([13b], and references therein). The coordinates of pseudooctahedrally coor-
dinated cis-[Mn(bpy),])?* were obtained from an XRD study [13c]. The symmetry
of tris(diimine) and cis-bis(diimine) complexes in the ground state are D, and C,,
respectively. Excited states(e.g., *7;) were simulated with O, symmetry as six-coor-
dinate pseudospherical complexes.

Diffuse reflectance spectra (DRS) were recorded in the 200-800 nm range with a
Cary 5 instrument, a type I diffuse-reflectance attachment and an Eastman Kodak
white reflectance standard. The spectra were computer-processed with intensity
scales in arbitrary units.

Luminescence spectroscopy: The front-face stationary emission spectra of powder
samples were recorded with an SPEX Fluorolog model 1691 apparatus with a
double monochromator (SPEX spectramate 1980 B) in the 300—-800 nm range with
excitation at wavelengths corresponding to positions of the CT maxima. The sam-
ples were pretreated in vacuum and kept at 1.3 Pa during the measurements. The
spectra are uncorrected for spectrometer response, and intensity scales are arbitrary.
Quantum-yield (®) determination was based on calibration with [Ru(bpy);J**, for
which ¢ approaches unity [10a—c]. It should be stressed that the measurements for
zeolite-occluded species occur on samples with much higher concentrations (around
0.88 M or eight complexes per unit cell) than in solution (usually 10~ % m).

Chem. Eur. J. 1996, 2, No. 5

Time-resolved emission measurements were obtained by excitation with a Spectra
Physics Quanta-Ray DCR 3A pulsed Nd: Yag laser coupled to a temperature-con-
trolled HG-2 harmonic generator with a PHS-1 prism harmonic separator from
which the second (532 nm, 360 mJ, 6 ns) and the third (355 nm, 160 mlJ, 5 ns) har-
monics were used. A high-voltage pulse generator (Princeton Applied Research,
model 1302 fast pulser 5-10—20 ns gate) and gated intensifier coupled with a silicon
photodiode array detector (Princeton Applied Research, model 1421) were used to
create a delay (ranging from 100 ns to 40 ms) between the excitation pulse and the
detection time window (of 1 ps). The spectrum was analysed in the 200—700 nm
domain by using an OMA-3 console with data-processing unit.

Results

Intrazeolitic complexation of Mn by diimines was performed by
a stepwise method comparable to that previously reported for
the synthesis of [Mn(bpy),]** in NaY zeolites.[! There is a
major difference between the cage structure in cubic and hexag-
onal faujasites. Molecular graphics tells us that complex reten-
tion occurs in the supercages of cubic and the hypercages of
hexagonal faujasite (see Fig. 6 below). Although two types of
cages exist in the latter topology,!* ¢! for steric reasons only the
targer hypercages with a free diameter of around 1.3 x 1.4 nm
and with five 12-membered ring (12 MR) apertures are suitable
for synthesis of the complexes. The smaller hypocages with three
12MR apertures are too small for complex fixation.
Thermogravimetric analysis showed that, after extraction of
MnNaY loaded with ligand, the average number of remaining
ligands per Mn ion does not differ significantly from 2, which
corresponds to the proposed stoichiometry for the complex
(Table 1). With NaX a small amount of residual bpy ligand

Table 1. Thermogravimetric analysis of zeolite-occluded [Mn(L),]?* complexes
before (a) and after (b) soxhlet extraction.

L/Mn (a) L/Mn (b)
[Mu(bpy),J2*-NaX 2.46 1.74
[Mn(bpy),)**-NaY 2.52 2.02
[Mn(bpy),]**-NaEMT 243 2.27
[Mn(phen),]?*-NaY 2.49 214

remains, while a small amount of uncomplexed Mn?* seems to
be present with NaEMT. The chemical analyses (Table 2) and
XPS results (Table 3) show that silicon is enriched at the surface
of these three zeolites. The Mn/Si ratios obtained with XPS and
chemical analysis is similar for both Y and X zeolites. This is a
clear indication that significant amounts of complex do not

Table 2. Chemical analysis of zeolite-occiuded [Mn(L),]** complexes after extrac-
tion.

Mn:Si Mn:Al AlLSi
[Mn(bpy),]?*-NaX 0.141 0.058 0.962
[Mn(bpy),]2* -NaY 0.060 0.138 0.407
[Mn(bpy),|?*-NaEMT 0.042 0.196 0.286
[Mn(phen),]**-NaY 0.067 0.144 0.409

Table 3. XPS analysis of zeolite-occluded {Mn(L),)** complexes after extraction.

Mn:Si Mn: Al Al:Si
[Mn(bpy),]**-NaX 0.117 0.084 0.794
[Mn(bpy),)**-NaY 0.049 0.199 0.248
[Mn(bpy),]**-NaEMT 0.080 0.365 0.218
[Mn(phen),]**-NaY 0.060 0.300 0.199
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remain adsorbed at the external surface of the crystals.!!8-* This
is not the case with EMT. Given the Al depletion in the crystal
rim and the heterogeneity in site population across the crys-
tal,11®9) the data cannot be directly rationalised. Scanning elec-
tron microscopy (SEM) photographs of [Mn(bpy),)** in NaY¥
and NaX!"! confirmed the absence of crystals of the [Mn(L),]**
complexes at the outer surface. With NaEMT similar pictures
are obtained (Fig. 1).

B

Fig. 1. Scanning electron micrographs of the cubic and hexagonal faujasite NaY
(A) and NaEMT (B) containing [Mn(bpy),]** complexes.

cis{trans Biscomplexation of diimine-containing zeolites: FT-IR
spectra of [Mn(bpy),]** in NaX, NaY and NaEMT (Table 4)
show only minor frequency shifts for all vibrations relative to

Table 4. FT-IR wavenumbers of cis-{Mn(bpy),(NO,),] and cis-[Mn(bpy),]**-NaY [a].

Assignment Homog.{b] FAU-X FAU-Y EMT
in-plane ring deformation 623 (m) 628 (m) 634 (w) 627 (m)
in-plane ring deformation 667 (s) 667 (s) 668 (s) 667 (s)
out-of-plane ring and C—H deformations 735 (s) 736 () 737 (my 736 (m)
out-of-plane C—H deformation #1 757 (m) 756 (sh) 757 (sh)
out-of-plane C—H deformation 765 (s) 768 (sh) 765 (sh)
out-of-plane C—H deformation #2 772 (s) 771 (sh) 772 (s) 771 (s)
in-plane C—H deformation 1305 (m) 1317 {(m) 1317 (m) 1315 (m)
ring stretch (C=C/C=N stretch) 1436 (s) 1435 (s)

ring stretch (C=C/C=N stretch) 1440 (s) 1444 (vs) 1442 (vs)

ring stretch (C=C/C=N stretch) 1473 (m) 1474 (s) 1475 (s) 1473 (sh)
out-of-plane ring and C-H deformations 1490 (m) 1492 (m) 1493 (m) 1491 (m)
ring stretch (C=C/C=N stretch) 1568 (m) 1567 (vw) 1568 (vw) 1567 (vw)
ring stretch (C=C/C=N stretch) 1574 (m) 1576 (w) 1577 (w) 1575 (w)
ring stretch (C=C/C=N stretch) 1594 (s) 1596 (s) 1597 (s)

ring stretch (C=C/C=N stretch) 1605 (s, sh) 1606 (s} 1602 (s)

[a] Zeolite pore-stretching, bending and pore-breathing vibrations of the FAU and EMT
zeolites are omitted for clarity {13b]. [b] The homogeneous cis-[Mn{bpy),{(NO;),] were
synthesised according to ref. [13¢]; cis or trans coordination only has a significant effect
on the splitting of the bpy C—H out-of-plane vibration, not on the nitrate bands.

that of the homogeneous cis-[Mn(bpy),]** complex.] The fre-
quencies for [Mn(bpy),]>* in EMT closely resemble those of
the homogeneous complexes. The [Mn(bpy),]** complexes
encaged in NaX and NaY zeolites contain mainly cis and little
trans isomer. The spectra of homogenecous cis- and trans-
bipyridyl complexes differ only in the out-of-plane C—H defor-
mation bands at 757(m) and 772(s) cm™': the symmetrical
[Mn(bpy),]** (D,,) and trans-[Mn(bpy),]** (D,,) show a single
band for the C—H out-of-plane deformation; when the symme-
try is lowered as in cis-[Mn(bpy),]** (C,), this strong vibration
is split into two bands of medium intensity. For [Mn(bpy),]**-
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NaY complexes a broad
maximum oceurs at
772 cm”~ ! with a shoulder
at 768cm”!, indicative
of a major fraction of
cis-coordinated complexes
(Table 4). For [Mn-
(phen),]**-NaY complex-
es, the out-of-plane C-H
deformations (Fig. 2 B) also
point to cis coordination.
Two different out-of-plane
C—H deformations of the
aromatic ring hydrogens
are observed—at 848 cm ™!
for the central ring and at
725cm™ ' for the pyridyl
ring.'®¥ The spectra of ho-
mogeneous cis- and trans-
(phen), complexes again
differ in the out-of-plane
C-H deformation bands,
as a result of their different
symmetry. Although the
splitting is better resolved
for the 725cm™! band (to
723 and 729 cm ™ !) than for
the 848 cm™! band, the
spectrum again points to
the presence of cis-coordi-
nated complexes (Fig. 2A).

In FT-Raman the M—N bands occur in the 180290 cm ™!
region for metals with partially filled e, orbitals such as Mn".[0%)
For [Mn(bpy),]*"-NaY this band, which is a combination mode
of the Mn-N-C deformation and the Mn—N stretch modes, is
observed at 243 cm ™! (Fig. 3B). Owing to the steric constraint
in [Mn(phen),]?*-NaY, the Mn-N stretch frequency is shifted
to 251 cm ™! (Fig. 3A).

10% Transmission

800 700 600

Wavenumber (cm-1)

Fig. 2. FT-IR Spectra in the C-H out-
of-plane deformation region for ecis-
[Mn(phen),(NO,),] (A) and [Mn-
(phen),]**-NaY (B).

|
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Fig. 3. FT-Raman spectra in the = ol
Mn-N stretch region of [Mn- 500 400 300 200 100
(phen),]>*-NaY (A) and [Mn- - 1
(bpy),I*-NaY (B). AV (cm™)

Coordination of Mn?* in [Mn(bpy),]* *-NaX/NaY/NaEMT and
[Mn(phen),]?*-NaY: The reflectance spectrum of [Mn(bpy)2]2 .
NaY (Fig. 4, left, spectrum a) shows MLCT maxima at 495 nm
with a shoulder at 530 nm. Since it is a high-spin complex,

Absorbance

a

b

500 600

0 .
200 300 400

., Luminescence Intensity

700 00 550 600 650 700

Wavelength ( nm ) Wavelength ( nm )
Fig. 4. DRS (left) and emission spectra (right) at 490 nm excitation of
[Mn(bpy),]**-NaY (a) and [Mn(phen),]**-NaY (b).

0947-6539/96/0205-0594 8 15.00+.25/0 Chem. Eur. J. 1996, 2, No. 5



Absorbance

Zeolite-Occluded Mn Complexes

592-597

a significant degree of © backbonding occurs. It is hardly pos-
sible to identify the d—d bands of the Mn?* complex, since they
can even be obscured by the very weak UV organic absorption
tailing into the visible. The excitation spectra are comparable to
the diffuse reflectance spectra.

For [Mn(phen),]**-NaY a broadened MLCT region is ob-
served (Fig. 4, left, spectrum b), owing to the structural rigidity
of the ligand. No deformation of the ligand from its flat confor-
mation is allowed; a distortion of the coordination sphere
occurs as a result, and the coordinative environment is thus
less well defined than in case of the more flexible bipyridine
ligand.

The intensity decrease of the MLCT absorptions (Fig. 5, left)
in the order NaX >Na¥Y >NaEMT can be rationalised as fol-

2 =
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a ¢
b £
c E
0 2
200 300 400 500 600 700 525 600 675 750
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Fig. 5. Effect of zeolite topology and composition on the DRS (left) and emission
spectra (right) at 490 nm excitation: [Mn(bpy),)* *-NaX (a), [Mn(bpy),]* *-NaY (b)
and [Mn(bpy),}> *-NaEMT (c).

lows: since the Si/Al ratio of the zeolite increases in the same
direction, the walls of the large cages show a decreasing Na
cation population.

Molecular models of the complexes in the FAU (X,Y) su-
percages and EMT hypercages are shown in Figure 6.

Fig. 6. Space-filling molecular models of the [Mn(bpy),]** complexes in FAU (left)
and EMT (right) topologies.

MLCT emission occurs by excitation of the MLCT state: The
[Mn(bpy),)?>*-NaY complexes in the zeolites show straightfor-
ward MLCT characteristics. Mn" complexes are fairly ionic, in
part due to their zero crystal field stabilization energy. With
excitation at 490 nm, the emission maximum for the
[Mn(bpy),]**-NaY (Fig. 4, right, spectrum a) complexes is at
580 nm (® = 0.045), while for [Mn(phen),]>"-NaY (spec-
trum b) it is at 555 nm (@ = 0.019). The lowering of quantum
yields observed in the latter case reflects a higher nonradiative
decay, probably as a result of the more distorted coordination
geometry. The blue-shifting of the emission band is probably the
combined result of a distortion of the coordination polyhedron

Chem. Eur. J. 1996, 2, No. 5
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and an increase of the 10Dq value. The 10Dq value is
10640 cm ™! for Mn(bpy) and 10720 cm ™! for Mn(phen); the
latter is indicative of a charge-transfer state.[®® Indeed, distor-
tion of the phen ligand on coordination is negligible, because, as
a result of its planarity, no twisting around the C2-C2’ axis is
possible, in contrast to the bpy ligand.

Bathochromic shifts in the charge-transfer emission with decreas-
ing steric constraints: The influence of the zeolite topology and
cation content on the emission characteristics (Fig. 5, right)
demonstrates the importance of the steric parameter in the
choice of the zeolite as a cryptating agent. When the
[Mn(bpy),]** complexes synthesised in NaX zeolites (Si/
Al =1.04) are analysed with excitation at 490 nm (Fig. 5, right,
spectrum a}, the emission is blue-shifted to 570 nm with an in-
creased quantum yield (@ = 0.055). When [Mn(bpy),]** com-
plexes are occluded within the larger EMT hypercages (Si/
Al = 3.5) (spectrum c), the emission maximum is red-shifted to
591 nm with a lower quantum yield (® = 0.033).[*52~% The in-
crease of the Si/Al ratio, with concomitant reduction of cation
exchange capacity (CEC) and hence reduction of Na* ion con-
tent in the large cages, provides more free space for the encapsu-
lated complexes. The decrease in interaction between the anion
radicals and the framework cations causes red-shifting of the
emission band. The metal complexes show rotational mobility
when the they are hydrated;!” this is lost upon dehydration.
Consequently all faujasite-occluded complexes are blue-shifted
and the decay time is reduced in the absence of the water
mantle.l” ~8] However, the single ligand localised anions of the
MLCT state are stabilised by the charge-compensating Na*
ions that are present; this effect decreases in the order
X>Y>EMT.

The MLCT transitions are also strongly influenced by the
difference in o-donor and m-acceptor properties of the ligands.
The electrons are promoted into the ©* levels of a single bpy or
phen ligand and not delocalised over the two ligand orbitals, as
the electron hopping process would require an energy of about
1000 cm .17 =8 Time-resolved measurements with 355 nm ra-
diation show decay times between 7.5 and 11.5ms for the
[Mn(bpy),]?*-NaY complexes. This is longer than the 1.7 ms
decay time of the quartet —sextet transition of sulfur-coordinat-
ed Mn?* .12 For these nondehydrated occluded complexes the
decay can be modelied by a single exponential. Other authors!®
have shown that rotational mobility of the complex is reduced
upon dehydration, and multiexponential or Gaussian decay
models should be used, since dehydration results in direct inter-
action of complex and surface, creating different environments
for the complexes.

Discussion

The nature of the ground and excited states of metallodiimine
complexes: The data presented above confirm the general con-
cept of charge transfer related emission properties of ligand-ex-
cited species stabilised inside zeolite cages. In photophysical
studies of the excited states of organic molecules or complexes
of transition metal ions (TMI} the most extensively studied spe-
cies are the d* and d octahedral complexes and the d® square-
planar complexes because of their usually inert ground state.
The polypyridine complexes of Ru", Os", Cr'™, Rh™ and Ir'™
complexes'*! are reported to luminesce strongly in solution at
room temperature and to exhibit good photosensitisation ca-
pacity for electron- and energy-transfer processes.

The position of the luminescence observed in our spectra is
quite analogous to that of other Mn" complexes such as
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[Mn{OMPA),(C10,),],"*? which show a broad phosphores-
cence band at room temperature centred at 585 nm. The in-
crease of the 10 Dq value for Mn(phen) compared to Mn(bpy)
complexes agrees with the blue-shifting of the emission band
and is indicative of CT states. The decay time of this emission is
only slightly longer than the 1.7 ms quartet—sextet transition
observed for S-coordinated Mn?* 129

The results obtained shed new light on the influence of zeolite
topology and the nature of the ligand; these factors have a
profound influence on the emission characteristics of zeolite-
occluded TMI complexes.

Steric restrictions imposed by the FAU and the EMT topologies
on the occluded complexes differ significantly: Within the FAU
topology the free space in the supercages varies significantly
with the number of charge-compensating cations. Moreover,
when the zeolite is dehydrated at around 473 K, Na* ions remain
partially hydrated. Thus, effects of stabilisation might result
from the proximity of the positive charge and associated water.

All emission experiments reported in the literature have been
performed on Ru complexes encapsulated in NaY. Although
effects of cation loading and degree of hydration could be mon-
itored, effects of topology and of density of the charge-compen-
sating 1ons could not be taken into account. For water satura-
tions of up to 80 %, a nonlinear relationship between emission
intensity and water content was observed.!”® For higher degrees
of hydration, emission is quenched.!”® Destabiliation of the *
orbital due to lack of solvation causes the emission to blue-shift
and the lifetime to decrease.!8®!

The occupancy of CT states in the present samples is consis-
tent with the observed blue shift in the emission as the ligand is
varied, although the effect is too big to be assigned entirely to an
increase in 10 Dq . An extra steric factor needs to be taken into
account.

A blue shift is observed when the ligand favours distortion in
the coordination sphere (phen), or when the zeolite topology is
changed, or when the amount of hydrated cations is increased
according to the sequence EMT <Y < X. This ipsochromic shift
can be explained in terms of a ligand- or matrix-induced distor-
tion of the complex. Thomas et al. showed that steric restriction
causes a blue-shifting of [Ru(bpy),]*>* incorporated into a poly-
merised silica.l'¥ A marked blue shift is observed with respect
to that of species adsorbed at the surface. The hypercage of
EMT is bigger than the supercage of FAU. In the FAU su-
percage, free space can be further restricted by an increasing
number of (hydrated) Na or charge-compensating cations,
caused by a decreasing Si/Al framework ratio. This steric effect
is operative in the materials investigated here. Apart from steric
effects, ion pairing between Na * ions and organic radical anions
can have an effect on the emission and can stabilise the n* ligand
orbitals. Na* stabilisation of the n* orbitals is evident from the
observed red shift in pyrenes adsorbed in NaY and NaX.[!7:*]
Thus, in the present case the steric effect or the effect of matrix-
induced distortion (blue shift along the series EMT, Y, X) is
dominant over the effect of ion-pair or ion-triplet formation
(red shift going from Y to X zeolite).

Whereas pyrenes are flat molecules, bisdiimine complexes are
almost spherical; this makes the latter more sensitive to steric
influences. For the sequence EMT, Y, X, the average number of
water molecules per Na* should decrease; less O—H vibrations
will therefore be available to couple with the excited complex
and assist in radiationless transition from ligand H atoms, and
the quantum yield will thus increase. An analogous increase in
quantum yield has been reported on substitution of D,O for
HZO.[IOC]
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The mechanism of emission involves a charge-transfer state: The
distinction between d —d-related emission and CT-related emis-
sion is a complex issue, as has been pointed out for
[Ru(bpy),]**.!®) The emission was initially attributed to a
charge-transfer fluorescence; ¥ this was later disputed, and the
emission was reassigned as a “d—d” phosphorescence,’™ a “d-
d” fluorescence,'®) charge-transfer®®~¢ and charge-transfer
phosphorescence.’! Today, consensus has grown towards a
charge-transfer phosphorescence mechanism (i.e., *MLCT —
ground state) .18 Furthermore, the MLCT state was found to be
localised,!!° and symmetry groups and CT characteristics for
ground and excited states of [Ru(bpy),]*>* were studied.t>™
Mn" complexes have five unpaired electrons in the d orbitals
in a pseudospherical (d°) configuration, and Mn" has a high-
spin A4, ground state (Fig. 7). Excitation to a *T, state is fol-
lowed by the population of a *CT, which is converted by inter-

Mn(ll) *T, bpy
A (Mn(ll) *E bpy 2P)
‘CT
Inter
System
Crossing
Mn(lHl) °E bpy P
h (Mn(u) °E bpy °P)
490nm
§70nm NaX
ho §80nm NaY
591nm NaEMT
v
Mn(ll) *A, bpy

Fig. 7. Scheme of the excited states proposed for the zeolite-occluded Mn/a-diimine
complexes.

system crossing to a ®CT state from which emission occurs.
Mixing of the 3E state of Mn with the 2P state of bpy results in
a #/SCT state. The CT complex with an a-diimine radical, when
formed in the zeolite, does not dissociate, in analogy with
[Ru(bpy);]**-NaY.B "I MLCT ligand-centred radicals of com-
plexes such as [Mn(bpy)(CO),]™* have a n* SOMO. For a
mono-Mn(bpy) complex the radical is evidently localised at a
single ligand.*! For bis- or tris-[Ru(bpy),]** the single ligand
localised nature of the radical was probed by excited-state reso-
nance Raman,!* > transient absorption, ! EPR!™ and flash
fotolysis.!**~¢) The emission decay times of the [Mn(bpy),]**-
NaY complexes are significantly longer than those of
[Ru(bpy),]**-Na¥Y (98 ns at high complex loading; 440 ns at
lower complex loading) .[®®! The intersystem crossing to the °CT
state is followed by the emission from the °CT state to the 4,
ground state. Only a preceding ®CT can be responsible for the
very long decay times of the luminescence of the Mn"/«-diimine
radical system.

Complexes with labile states can be made luminescent when the
ligand is enclosed in a suitable cage ligand: An example of this is
the well-defined coordination spheres formed by bpy-bpy-bpy
cryptates.[!28] Also zeolite cages impose steric constraints on
ligands so that they cannot move away from the TMI. Zeolites
thus function as supramolecular cryptating agents that enhance
coordination sphere stability, which critically protects the com-
plex against photodissociation. “Forced” inertness imposed on
TMI complexes by intrazeolitic encapsulation is a valuable al-
ternative to the use of organic cage-type ligands.['?!
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