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Abstract: Spherical polyoxometalates (POMs) such agOM?~ and SiMi2O4¢*~ (with M = Mo or W) and

planar arene donors (anthracenes and pyrenes) can be cocrystallized (despite their structural incompatibility)
by attaching a cationic “anchor” onto the arene which then clings to the POM anion by Coulombic forces. As
a result, novel charge-transfer (CT) salts are prepared from arene donors and Lindqvist4§@aeMand
Keggin-type [SiM2O40]*~ acceptors with overall 2:1 and 4:1 stoichiometry, respectively. The CT character of
the dark-colored (yellow to red) crystalline materials is confirmed by the linear Mulliken correlation between
the CT transition energies and the reduction potentials of the POM acceptors, as well as by the transient
(diffuse reflectance) absorption spectra (upon picosecond laser excitation) of anthracene or pyrene cation radicals
(in monomeric andr-dimeric forms). X-ray crystallographic studies reveal a unique “dimeric” arrangement of

the cofacially oriented arene couples which show contact points with the oxygen surface of the POMs that
vary with distance, depending on the POM/arene combination. Moreover, the combination of X-ray
crystallographic and spectroscopic techniques results in the observation of a logical structure/property
relationship-the shorter the distance between the POM surface and the arene nucleus, the darker is the color
of the CT crystal and the faster is the decay of the laser-excited charge-transfer state (due to back-electron
transfer).

Introduction materials, which affect the ferromagnetic, nonlinear optical, and
conducting properties, are critically controlled by the size and

attracted great attention in recent years due to their versatility shape of the POMs as well as by their reduction potentials,

and utility in catalysis (e.g., photochemical dehydrogenations which are readlly tqned by varying the metal centers.

of organic substrates), medicine (e.g., anti-viral and anti-tumor | "€ cocrystallization of the bulky spherical polyoxometalates
drugs), and material sciencehis broad range of applications ~ With planar aromatic compounds represents an enormous
is based on (i) the ability of POMSs to act as electron reseroirs €XPerimental challengeCertainly, the donor/acceptor interac-
and (ii) the extreme variability of their molecular properties, tions between the “hard” POM acceptors and the “soft” aromatic
including size, shape, charge, charge density, redox potential,_(”_'_) donors are too weak to overcome the structural incompat-
acidity, solubility, etc-3Of particular interest is the use of POMs  Pility of the two components. On the other hand, there are a
as electron-accepting moieties in charge-transfer materials thaf€W €xamples of charge-transfer crystals with POMs that are
are prepared by cocrystallization with organic donors including Stabilized by hydrogen bondirfgand the majority of POM
substituted amidekaromatic amine8pr electron-rich substrates ~ COCrystals with organic donors are based on Coulombic forces
such as tetrathiafulvenes or decamethylferroéevest impor- in ion pairs consisting of (partially or fully) oxidized donors

tantly, the donor/acceptor interactions in such charge-transferand reduced POMS.
We have recently shown that Coulombic forces can also be

utilized to prepare charge-transfer crystals with less electron-

Metal oxide clusters or polyoxometalates (POMs) have

(1) Hill, C. L., Ed. Polyoxometalate€hem. Re. 1998 98 (1, Thematic
Issue).

(2) (a) Dabbabi, M.; Boyer, M.; Launay, J. P.; JeanninFYectroanal. rich donors.v.vhich are not oxidiged to the cation rqdical state.
Chem.1977, 76, 153. (b) Pope, M. T.; Varga, J. Nhorg. Chem.1966 7, Thus, a positively charged substituent (e.g., ammonium) attached
1249. (c) Launay. J. Rl. Inorg. Nucl. Chem1976 18, 807. to the aromatic donor via a flexible polymethylene chain is used

(3) For reviews on the chemistry, the properties, and the applications of . . -
polyoxometalates, see: (a) Pope, M Heteropoly and Isopoly Oxometa- @S @ cationic anchor that clings to the anionic polyoxometalate,

lates Springer-Verlag: Berlin, 1983. (b) Pope, M. T.;"Nar, A. Angew. as illustrated in Scheme 1.

Chem., Int. Ed. Engl1991 30, 34. (c) Polyoxometalates: from Platonic ; ; ; foti
Solids to Anti-retreiral Activity; Pope, M. T., Milier, A., Eds.; Kluwer In this work, we WIII present a S.e“es of salts ConSIStmg.Of.
Academic Publishers: Norwell, MA, 1994. (d) Ma, J. C.; Dougherty, D. POlyoxometalate anions and cationic arene donors, the stoichi-

A. Chem. Re. 1997, 97, 1303.

(4) (a) Prosser-McCartha, C. M.; Kadkhodayan, M.; Williamson, M. M.; (6) (a) Ouahab, LChem. Mater1997 9, 1909 and references therein.
Bouchard, D. A.; Hill, C. L.J. Chem. Soc., Chem. Commd986 1747. (b) Le Maguets, P.; Ouahab, L.; Golhen, S.; Grandjean, D.; Pena, O.;
(b) Williamson, M. M.; Bouchard, D. A.; Hill, C. Linorg. Chem.1987, Jegaden, J. C.; Goez-Garc, C. J.; Delhag P.Inorg. Chem.1994 33,

26, 1436. (c) Hill, C. L.; Bouchard, D. A.; Kadkhodayan, M.; Williamson,  5180. (c) Attanasio, D.; Bellito, C.; Bonamico, M.; Righini, G.; Staulo, G.
M. M.; Schmidt, J. A.; Hilinski, E. FJ. Am. Chem. S0d.988 110, 5471. Mater. Res. Soc., Symp. Prd@92 247, 205.

(d) Niu, J. Y.; You, X. Z.; Duan, C. Y.; Fun, H. K.; Zhou, Z. Ynorg. (7) For other examples of cocrystallizations of spherical (fullerene) and
Chem.1996 35, 4211. planar (porphyrin) molecules, see: Olmstead, M. M.; Costa, D. A.; Maitra,

(5) (a) Attanasio, D.; Bonamico, M.; Fares, V.; Imperatori, P.; Suber, L. K.; Noll, B. C.; Phillips, S. L.; Van Calcar, P. M.; Balch, A. LJ. Am.
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Scheme 1 Table 1. Redox Potentiafsof the BuN™ Salts of [MsO14)>~ and
[SiM 120404~ (M = Mo', WV') Acceptors
[WeOig]?>™ [MOgO19]%™  [SiW1204q]*  [SiMO12040]*~
o o E°ea(VVvs —0.96 —0.44 —-0.75 —0.36
pOM) T > E\L\\ POM SCE)
R a|n acetonitirile containing 57 mM POM and 100 mM ByN*PFRs~
®NR3 at 20°C.
ometry of which is determined by the charges of the two Chart 4
components and their packing in the cocrystal. We will show
=

that the new crystal engineering concept leads to a unique
arrangement of the arene donors as cofacially oriented couples
embedded between the spherical POM units. Moreover, the
donor/acceptor interactions between the arene couples and the
POM acceptor surface are found to vary significantly with the
type of arene, the cationic anchor, and the POM unit chosen.
The structural diversity of these new intensively colored
materials is explored by X-ray crystallography, and the charge-
transfer properties are examined by steady-state and time-
resolved (diffuse reflectance) UV/vis spectroscopy.

NR;" = NMe;”, NEt;*,
NBu;", Pyridinium"
Me-ANT-CH,-NR," ANT-(CH,);-NR;*

1.40 1.29 E . (V vs. SCE)

Results

|. Preparation of Charge-Transfer Salts of Aromatic
Donors with Polyoxometalates. 1. Synthesis of the Aromatic

Donors. We prepared aromatic donors derived from anthracene NR3' = NMe;', r_N*W
or pyrene in which a cationic pyridinium or trialkylammonium Pyridinium A

substituent was remotely attached to the aromatic nucleus (ArH)
via a flexible saturated hydrocarbon chain of variable length
(see Chart 1). The various synthetic procedures are described

in detail in the Experimental Section. Besides their different romethanesulfonate salts of Ar-(Q#NRs™ and of (BuN)»-
electron donicities, these aromatic donors exhibited various [M0,¢] (M = MoV!, W¥!) at 25°C resulted in yellow solutions

PYR-CH,-NR;" PYR-(CH,),-NR;"

130 1.25 E’ (V vs. SCE)

cationic anchors (viz., pyridinium or trialkylammonium) with
different steric bulkiness (viz., trimethyl-, triethyl-, or tributyl-
ammonium groups) and had different lengths of the hydrocarbon
chains (viz., one, three, or four methylene units).

2. Choice of the Polyoxometalate Acceptors:or this study,
we chose the readily available Lindqvist-type {02~ and
Keggin-type [SiM2040]*~ polyoxometalatéswith either mo-
lybdenum (M= Mo) or tungsten (M= W) as metal centers. In
both of these structurally different classes of clusters, the
modification of the metallic centers resulted in a significant
variation of the reduction potentials by 40800 mV (see Table
1). In addition, these POMs are commercially available as acids
and can be easily converted to their tetrabutylammonium
(BugN™) salts by direct metathesis with tetrabutylammonium
bromide in aqueous solution (see the Experimental Section).

Polyoxometallate Structures

Lindqvist

Keggin

3. Isolation of Crystalline Charge-Transfer Salts. The
mixture of dilute acetonitrile solutions of the iodide or trifluo-

(9) (a) Lindqvist, I.Ark. Kemi.1953 5, 247. (b) Keggin, J. FProc. R.
Soc. London Ser. A934 144, 75.

with a UV/vis spectrum that represented the sum of the
absorption bands of the two components. However, upon the
slow (1 or 2 days) evaporation of solvent, intensely colored
crystals formed according to the 2:1 stoichiometry ineq 1, i.e.,

2Ar-(CH,) -NR; "X~ + (Bu,N),M 0, —
[Ar-(CH,),-NR; 1,M¢0,s"~ + 2Bu,N"X"~ (1)

Similar treatment of dimethyl sulfoxide solutions of Ar-(Qkt
NRs™ and (BuN)4[SiM1:040] (M = Mo, W) afforded strongly
colored crystals of 4:1 salts, i.e.,

4Ar-(CH,),-NR; X~ + (Bu,N),SiM,,0,,—
[Ar-(CH,),-NR;1,SiM,0,,"~ + 4Bu,N"X"~ (2)

The color of these crystals faded immediately upon their disso-
lution in acetonitrile or dimethyl sulfoxide, and yellow solutions
were obtained® Moreover, the UV/vis absorption spectra of
solutions obtained from the colored crystals dissolved in
dimethylformamide or dimethyl sulfoxide were identical to those
of the mixture of both components prior to crystallizatién.

Il. Spectroscopic Characterization of the Polyoxometalates
Salts. Since the color of the various polyoxometalate salts was
observed only in the solid state, UV/vis absorption spectra of
the crystalline salts dispersed in alumina were obtained by the
diffuse reflectance technique. The spectra exhibited broad, low-

(10) The polyoxometalate charge-transfer salts were insoluble in less polar
media such as tetrahydrofuran, diethyl ether, various hydrocarbons, or
dichloromethane.

(11) Note that even upon addition of extremely large (excess) amounts
of the organic donor to a solution containing the polyoxometalate acceptor,
solely the absorption bands of the two components were detected by UV/
Vvis spectroscopy.
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Figure 1. Diffuse reflectance spectra of the crystalline charge-transfer

salts of Me-ANT-CH-Py" donor with the POM acceptors: (A)
[MOGOlg 2- (_) and [V\/eolg 2= (- - -) and (B) [SiMQ204o 4= (_) and

[SiW1204g)* (- - -). The dotted lines represent the diffuse reflectance

spectra of the physical mixtures of the iodide salt of Me-ANT-CH
Py" with (A) the BuwN™ salt of [WsO14]%>~ in a 2:1 ratio and (B) the
BusN™ salt of [SiWi040]*™ in a 4:1 ratio.
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Table 2. WavelengthsA,;) at Which the Charge-Transfer Band
Reaches the Baseline Value for the Charge-Transfer Salts of
Me-ANT-CHx-Py" Donor with [MgO1g]>~ and [SiMi2Osq]*~ (M =
MoV, WY') Acceptors

WOl Moy [SiW,,041"  [SiMo041"
A (nm) L, (nm) A, (nm) %, (nm)
I 550 720 630 800
LN@ (yellow-orange) (red) (orange) (red-brown)
I/

40 4
3
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380 480 580 680 780
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Figure 2. Diffuse reflectance spectra of the crystalline charge-transfer
salts of [MaO1g)>~ acceptor with Me-ANT-CHNR3" donors: NR*

= NMes" (=), NEt" (= —), and NBuy* (---). The dotted line
represents the diffuse reflectance spectrum of the physical mixture of
the BuN* salt of [MasO192~ with the iodide salt of Me-ANT-Cht
NBus* in a 1:2 ratio.

crystals, respectively) showed new absorptions extending up to
Ao = 800 nm andl, = 640 nm, respectively (see Figure 1B
and Table 2). The red shift iA, accompanied an increase in
the reduction potentials of the POM acceptors. Thus, in accord
with Mulliken theory?? the new (visible) absorption bands were
ascribed to charge-transfer transitions between the aromatic
donors Me-ANT-CH-Py" and the various POM acceptors, and

energy absorptions (tails) in addition to the local absorption the strongly colored crystals were identified as charge-transfer
bands of the components, rendering the determination of newgg|ts!3

absorption maxima difficult. Therefore, these new absorptions

were described by the wavelengthat which the absorbance
reached the baseline value.

1. Evidence for Charge-Transfer Interactions in the
Polyoxometalates SaltsThe 2:1 (physical) mixture of the
iodide salt of Me-ANT-CH-Py" (see Chart 1) and the (BN™)
salt of either [M@O16]2~ or [WeO1¢)2~ in the solid state was
transparent at wavelengths > 500 nm. In contrast, the
crystalline 2:1 complex of Me-ANT-CHPy* with both poly-
oxometalates showed strong absorptiong a 500 nm (see
Figure 1A). Thus, the [MgD1¢]?~ salt, which crystallized as

2. Variation of the UV/Vis Absorption Spectra of Charge-
Transfer Salts of Various Compositions and Structures. (a)
Variation of the Cationic Anchor. When the same Lindqvist-
type polyoxometalate [Mg1¢]2~ was mixed with a donor in
which the pyridinium anchor was replaced by a trialkylammo-
nium group NR*™ (R = Me, Et, or Bu, see Chart 1), the color
of the charge-transfer crystals changed significantly, and ac-
cordingly differences in the UV/vis spectra were obserifed.
Thus, cocrystallization of the organic donors Me-ANT-£H
NMe;+ and Me-ANT-CH-NEtst with [MogO14]2~ led to dark-
red crystals with broad (new) absorptiords & 750 nm) that

bright-red crystals, showed a broad additional absorption thatere not present in the UV/vis spectra of the single components
extended tol, = 700 nm, and the yellow-orange crystals of (see Figure 2 and Table 3). Interestingly, when the bulkier
the isostructural [WO14]*~ salt showed a weak shoulder tailing  sypstituent (ByN)* was used as the cationic anchor of the

to 4o = 550 nm (see Table 2). The bathochromic shift with gjectron donor, the color of the charge-transfer crystals obtained
Ao(Ws01627) < Ao(M0gO1¢%7) corresponded to the order of the

reduction potentials WithE °e(We016?7) < E °red(M0gO1627)
(compare Table 1).

Similarly, the physical mixture of the iodide salt of Me-ANT-

CHy-Py" with the (BwN)™ salt of either [SiM@,O4g]*~ or
[SiW12040]*~ did not show any absorption at> 500 nm. In
contrast, the 4:1 isostructural complexes of Me-ANT ARy
with [SiM01,040]4~ and [SiWi2040]*~ (dark-red and orange

(12) (a) Mulliken, R. SJ. Am. Chem. S0d952 74, 811. (b) Mulliken,

R. S.; Person, W. BMolecular Complexes. A Lecture and Reprint Volume
Wiley: New York, 1969. (c) Foster, ROrganic Charge-Transfer Com-
plexes Academic: New York, 1969.

(13) Vogler, A.; Kunkely, H.Top. Curr. Chem199Q 158 1.

(14) Note that the attachment of a pyridinium or a trialkylammonium
substituent to the aromatic nucleus through a methylene chain did not affect
the oxidation potential of the arene donor, and thus the only changing
parameter was the bulkiness of the trialkylammonium group.
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Table 3. Wavelengths 4,) at Which the Charge-Transfer Band
Reaches the Baseline Value for the Charge-Transfer Salts of
[MogO1g]?>~ Acceptor with Various Me-ANT-CHHNR3;*™ Donors

“ e RS =
secllvee
N*'ﬁ “NMe;* TNE1" “NBuy”

b
M, (nm) o (nm) A, (am) A, (nm)

60

P

[Moﬁowlz_ 720 750 750 650
(red) (dark-red) (dark-red) (orange)

Absorption (%)

with the same POM [MgD1¢]?~ changed from red to orange.
Accordingly, the UV/vis (diffuse reflectance) spectrum of [Me-
ANT-CH2-NBug]2[M0eO19] salt exhibited a charge-transfer
absorption band that was blue-shifted by 100 nm relative to 400 600 800

that observed with the charge-transfer crystals containing Wavelength (nm)
NMes"- and NEg*-substituted analogues (see Table 3).

(b) Variation of the Polyalkyl Chain Length. Changes in B
the length of the polyalkyl chain linking the cationic anchor to
the aromatic core resulted in a significant decrease of the
oxidation potential of the arene moiety and substantial changes
in the UV/vis spectra. For example, we compared two anthra-
cene derivatives linked to pyridinium via a hydrocarbon chain
of one or three methylene bridges (see Chart 1). Cocrystalli-
zation of these two donors, viz., Me-ANT-GHPYy" and ANT-
(CHp)s-Py", with the same Keggin-type POM [SiMgD40]*~
led to the formation of red-brown and dark brown crystals,
respectively, of the corresponding charge-transfer salts. Ac-
cordingly, [Me-ANT-CHy-Py']4[SiM01,040]*~ showed a UV/

1000

Absorption (%)

vis spectrum with a charge-transfer absorption extending to o L : ; P,
= 800 nm, while the charge-transfer band of the analogous 380 480 580 680 780
[ANT-(CH2)3-Pyt]4[SiM01204g]*~ salt was substantially red- Wavelength (nm)

§h|frt]ed a?d: .1000 nm),_lrll accord_an(;e with a 160'm\r< ?ecrease Figure 3. Diffuse reflectance spectra of the crystalline charge-transfer
In the oxidation potential, on going from a one-methylene to a salts of [SiMazOsd* acceptor with (A) ANT-(CH)s-Py* (—) and Me-

four-methylene chain. The latter salt showed a clear maximum aNT.CH,-Py* (- - -) and (B) PYR-(CH)«-Py* (—) and PYR-CH-Py*
of the change-transfer absorptiontabx = 610 nm (see Figure (...,

3A and Table 4). Similarly, the attachment of a pyridinium _
anchor to a pyrene nucleus through a chain of variable length Table 4. Wavelengths4,) at Which the Charge-Transfer Band

. Reaches the Baseline Value for the Charge-Transfer Salts of
(in the PYR-CH-Py" and PYR-(CH),-Py" donors) decreased [M060162~ and [SiMa040*~ Acceptors with Electron Donors

the oxidation potential of the arene by 200 mV (see Chart 1). sypstituted with a Pyridinium Ring via Polyalkyl Chains of Various
As a consequence, the new absorption band of the [S{Mg*~ Lengths
charge-transfer salt with PYR-(GH-Py" was red-shifted by
more than 100 nm as compared to that of the charge-transfer Q2 N
salt with PYR-CH-Py* (see Figure 3B and Table 4). (\ : O ~

(c) Variation of the Aromatic Nucleus. We compared " ﬂj " O
charge-transfer salts of the Lindgvist POM [M&g]2~ with the n=1 n=4 n=1 n=3
electron donors Me-ANT-CHPy+ and PYR-CH-Py*, both of A, (om) A (nm) A, (am) ko (am)
which contain pyridinium anchors with a short methylene bridge 680 800
(see Chart 1). Although the oxidation potentials of these two (orange-ted)  (red-brown)
donors differ by 110 mV, the UV/vis (diffuse reflectance) 800 1000

[MogOo1

spectra of their charge-transfer salts with the same electron  [SiMoi0wI” (red-brown) ;da"‘i‘;"l"gvzj’n

acceptor [M@O1g]2~ were very similar, with a broad charge-

transfer absorption band extending+@00 nm in both cases . . . . . .

(see Table 5). which consists of six octahedral Ma@nits, h_as an isometric
(d) Two Modifications of [PYR-CH »-NMe3*][M0 0142 shape of a regular octahedron with 6 terminal oxygens at its

vertexes, 12 bridging oxygens at the center of its edges, and 1
oxygen in its center. Its minimum diameter (distance between
two opposite faces) ignin = 4.45 A, and its maximum diameter
(distance between two opposite vertexeskis.= 8.05 A. With

The pyrenyl hexamolybdate crystals formed two modifications
that were strongly differentiated by color. Thus, the triclinic

modification formed dark red crystals, whereas the monoclinic
modification formed orange/yellow crystals. The color difference X ‘ e
was clearly revealed in the diffuse reflectance spectra, which the nonbonding radius of oxygem & 1.52 A) the corre-

showed additional absorptions of the red crystals between 500SPoNding van der Waals dimensions are 7.50 and 11.10 A,
and 600 nm as well as at 850 nm (see Figure 4). respectively. In contrast, anthracene and pyrene have highly

Il. Structural Characterization of the Polyoxometalates anisometric (planar) shapes, with a van der Waals thickness of

Salts. 1. Structural Variations Depending on the Nature of about 3.40 A and a size of 74 11.6 A and 9.2x 11.6 A,
the Cationic Anchor. The Lindqvist-type dianion [MgD19]%, (15) Bondi, A.J. Phys. Cheml964 68, 441.
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Table 5. Wavelengths 4,) at Which the Charge-Transfer Band
Reaches the Baseline Value for the Charge-Transfer Salts of
[MogO14)>~ Acceptor with Two Donors of Different Aromatic

Nuclei
- i
00
NTS

A, () A, (nm)
N 720 630
(MogO10] (red) (orange-red)

80

60 |-

- triclinic (red)

Absorption (%)
5

\‘*x,\/“‘o']oc““‘b (vellow) Figure 5. Overlap of the anthracene nucleus and pyridinium anchor
b with two octahedral surfaces of the polyoxometalate in the charge-
transfer salt of Me-ANT-CRPy" with [MogO14]>~ acceptor.

0 )
400 500 600 700 800

Wavelength (nm)
Figure 4. Diffuse reflectance spectra of the red triclinie and the
orange/yellow monoclinic (- - -) modification of the charge-transfer salt
of PYR-CH:NMes;* donor with [MasO19]%>~ acceptor.

respectively. Since the combination of such differently shaped
donor and acceptor moieties within the same crystal lattice
represents an experimental challenge, we note that the role ofgig e 6. Infinite stacks of anthracene donor and polyoxometalate
Coulombic forces may be of primary importance because acceptor with DAD/DAD/DAD sequence in the crystal structure of (Me-
electrostatic interactions provide, in general, sufficient energy ANT-CHx-Py*),[M0eO14)2 sallt.

to cocrystallize such structurally incompatible molecules. More-
over, the charges of the components determine the donor/
acceptor ratio (viz., 2:1 or 4:1 for the Lindqvist and the Keggin-
type POMSs, respectively) to satisfy electroneutrality of the
cocrystals. Despite the complications due to incompatible shapes
and sizes, the donor and acceptor moieties in the POM cocrystals
are, in general, well organized to optimize charge-transfer
interactions. For example, in the crystals containing Me-ANT-
CH,-Py", thesz-donor plane of the anthracene nucleus and one
oxygen facet of the acceptor octahedron face each other with
high degree of orbital overlap at a dihedral angle bafd an
interplanar distance of about 3.1 A (see Figuré®s).

The 2:1 donor/acceptor ratio prevents the formation of regular
alternate donor/acceptor stacks, as observed in crystalline
aromatic donor/acceptor complexes. Instead, a unique DAD/
DAD/DAD... sequence is observed in the stacking (see Figure
6), where two neighboring donor moieties are cofacially oriented
with an interplanar distance of 3.46 A, which allows a high
degree ofr-orbital overlap (see Figure 7). Such a “dimeric”
packing of the aromatic donor moieties satisfies the 2:1
stoichiometry based on the ionic charges, and it also accom-
modates the different shapes and sizes of donor and acceptor.
This is thus an important structural feature of all Lindqvist- _. g -

. . . . . - Figure 7. Overlap of “dimeric” anthracene nuclei in the crystal
type structures investigated in this work. The steric conditions - e of (Me-ANT-Ch-Py");[M0sOq2- salt.
for optimum donor/acceptor contact in the Me-ANT-EPly"
CrySta| are prOVided by the suitable size and Shape of the Cationicthe pyr|d|n|um cause the latter to approach the oxygen face of
tether. Thus, the short methylene bridge and the flat shape ofpoMm that is adjacent to that overlapping with the anthracene
nucleus, at a dihedral angle of 2&nd an interplanar distance
of 3.23 A (see Figure 8Y’

(162 The sum of the van der Waals radii of carbon and oxygen is
3.22 A.
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A

Figure 8. Orientations of anthracene donors with various anchors=(Ry", B = NMes;", C = NEt;", D = NBuz") relative to [MaO1q]?~
acceptor. The dashed lines show the shoertHz--O contacts.
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st e = A ey

el i ol Y
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R
A T =

Figure 9. Arrangement of “dimeric” anthracene donors with (A) a NfWlanchor forming two-dimensional layers and (B) a NBanchor forming
ladder-like one-dimensional stacks.

Remarkably, the replacement of the pyridinium anchor by a us of the significant charge-transfer interactions between an-
trialkylammonium group dramatically changes the donor/ thracene and POM, even under such unfavorable conditfons.
acceptor interactions in this series of crystals. Although the Independent of the type of cationic anchor, a dimeric aggre-
positively charged nitrogen atoms remain close to the oxygen gation of the anthracene donors is observed in all crystals. Thus,
surface of the POM anion in all structurethe distances from  the separation between the cofacially oriented anthracene
N* to the nearest oxygen plane are 3.76, 4.16, and 4.19 A for moieties changes only slightly from 3.44 to 3.51 A, on going
trimethyl-, triethyl-, and tributylammonium anchors, respectively ~ from a trimethyl- to a tributylammonium anchor. The outer
the orientation of the ammonium groups relative to the POM surfaces of the anthracene dimers are more or less:(Riyles
body effects the removal of the attached anthracene moiety away< NEt; < NBus) covered by the alkyl substituents of the
from the POM octahedral surface (see Figure 8). In other words, anchors, which limits the possibility of contacts between the
the structural differences are caused not by changes in the sizearene and POM. It also limits possible contacts between two
of the anchors [the changes in the distances between the nitrogeridimeric) couples of anthracenes. Thus, the structure with
center and the oxygen surface being rather small (within 1 A), trimethylammonium anchor shows the dimeric anthracene units
vide supra], but by changes in the chemical nature of the organized in a two-dimensional layer (see Figure 9A). Two
anchors. Thus, Figure 8 demonstrates that the orientation of thecouples of anthracenes are separated by about 3.6 A and exhibit
trialkylammonium anchor relative to the anionic surface is a dihedral angle of 23 In contrast, the structure with the
defined by an optimization of €H-+-O bonding interaction& triethylammonium anchor shows one-dimensional ladder-like
Optimum conditions for such interactions are achieved when stacks of anthracene couples (with a separation of 3.38 A, see
the trialkylammonium “umbrella” opens toward the oxygen Figure 9B), and the tributylammonium anchors inhibit com-
surface, which results in a remote position of the bridging pletely any association between anthracene couples.
methylene groups as well as of the (tethered) anthracene moiety. 2. Two Polymorphic Modifications of [PYR-CH»NMejz*].-
Moreover, if the C-H---O interactions involve most of the  [MogO19?~. Since the chemical compositions of the two
surface oxygen atoms, the anthracene) donor moiety has  polymorphic modifications of [PYR CHNMes*]2[M0gO19]2~
little chance to approach the POM surface. In fact, all structures are identical, the different colors of these two types of crystals
exhibit only “point contacts” between anthracene and POM are solely the result of different intermolecular arrangement
moieties. Nevertheless, the intense colors of all crystals remindwithin the crystal lattices. Thus, the comparison of the crystal

(17) This is the perpendicular distance from the nitrogen center to the structures of the two modifications provides a rare opportunity
oxygen plane. (19) For a detailed discussion of the distance dependence of charge-

(18) Polarization of €H bonds in the alkyl groups due to inductive  transfer interactions, see: Rathore, R.; Lindeman, S. V.; Kochi, J. K.
effects from the quaternary nitrogen center activates such hydrogen bonding.Am. Chem. Socd 997, 119, 9393.
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Figure 10. Relative orientation of PYR-CHNMes;™ and [Ma;O19)>~
in (A) the red triclinic and (B) the orange/yellow monoclinic modifica- 550 650 750 850
tion. The dashed lines show the shortB---O contacts.

WAVELENGTH [nm]

to gain insight into the relationship between crystal structure Figure 11. Transient (diffuse reflectance) spectra obtained at (top to
and Charge_transfer interactions Of POM Cocrystajs bOttOm) 50, 90, 200, and 2000 ps fO”OWing 25'p5 laser eXCitaFiOn (at
A simple comparison of the primary ionic interactions in these 32 M) of the charge-transfer salt of PYR-ENMes" donor with
two crystal modifications reveals a significant difference. In the [MogO1q*" acceptor (monoclinic modification).
red triclinic (&) modification, the trimethylammonium anchor
maintains a side contact with the POM surface that allows the
pyrene moiety to come close to the adjacent oxygen surface of
the POM. In contrast, the orangelyellow monoclinig) (
modification contains the trimethylammonium anchor in an
“umbrella-like” orientation which moves the pyrene nucleus
away from the POM body (see Figure 10). As a result, we
observe a strong overlap between the POM oxygen surface an
pyrene in the red modification, with an interplanar angle of only
16° and a distance of about 3.2 A. Infinite stacks of DAD/DAD/
DAD... are formed, similar to those observed with Me-ANT-

observed which covered the entire wavelength range of the
detector from 550 to 900 nm and was topped by a narrow
absorption band centered at 675 nm (see Figure 11). The latter
absorption band was ascribed to the well-known absorption
spectrum of pyrene cation radicdt22 The broad absorptions
in the 500-600-nm range were tentatively assigned to the
yrene catior-radicalzz-dimer, viz., (PYR)™, on the basis of
aser flash photolyst&2and electron pulse radioly3fexperi-
ments in solution. In summary, laser excitation at 532 nm of
both modifications of this charge-transfer crystal resulted in the

CHy-Py" (compare Figure 6). In contrast, only local “point observation of a transient spectrum that closely resembled that

contacts” are found between the donor and acceptor moietiesOf pyrene catio_n radical in_ its mo_nomeric and (_jimeric _forms.
in the orange £) modification This result was in accord with Mulliken theokywhich predicts

A o - . . . one-electron transfer from the donor to the acceptor moiety upon
Both modifications exhibit a similar (relative) orientation of h » o fd y |
the dimeric pyrenyl units with comparable interplanar distances ¢ arge-tr?ns ﬁr exgtatl_olr_] © Onc? rr? ceeptor c/orrlllp exes. Most
of 3.40 and 3.48 A for the red and the orange crystals, importantly, the red (triclinic) and the orange/yeliow (mono-

respectively. However, the red crystals do not show any clinic) crystalline samples exhibited quite different solid-state

interactions between the pyrene couples, whereas the orangé('net'cs' Thus, the pyrene cation radical photogenerated in the

o . 0
modification does show interactions between pyrene dimers atr;(lj) ?‘%ﬂszizonegg?;é%digaﬁgt trllénv\?snfgsifg&ai; éoi
a distance of about 3.86 A. As a result, irregular stacks of pyrene 100 sY) 9 y

units are found along the-axis. )

IV. Time-Resolved Diffuse Reflectance Spectroscopyhe Tri%).urﬁ:n:'ri)é?m%}giit;ii?gz gn-{rr]'rr;fé?g; I\rl:ecfrr:wylgréiasrl)dn
assignment of the low-energy absorption bands to charge- Y ’ P

transfer transitions in the diffuse reflectance spectra of the of the spectral and kinetic data of the hexamolybdate salts of

. i ' three different trialkylammonium-substituted anthracenes re-
colored crystals (see section 1) was substantiated by time- . . . .
- o . vealed several unique features for the tributylammonium deriva-
resolved spectroscopic measurements utilizing a picosecond las

el . . : .
) ) . ive, which were not observed with the trimethyl and triethyl
flash phot(_)IyS|s apparatus in the diffuse reflectance mode (Seeanalogues. First, the transient diffuse reflectanxf:e spectruni/ of
the Experimental Sectlon)..The sample; of thg colored CT the tributylammonium derivative showed a structured absorption
crystals were ground to a fine powder, diluted in a colorless band in the wavelength range from 600 to 900 nm, with distinct
KPFs matrix (5-10 wt %), and then photoexcited with the ) ’
. ) . peaks at 726 and 795 nm (see Figure 12A). In contrast, the

\?ﬁ]‘gzd nheailtrkr:; ?nlﬁsu;%ﬁfﬂgf r?ozrstr?: I\\]/gn\(()ﬁg :::z?;;?f‘z%:g:é trimethyl- and triethylammonium-substituted anthracenes showed
absorbed. The transient absorption spectra were recorded in th broad transient absorptions centered at 800 nm (see Figure 128).

; P P PAIthough these transient absorption spectra differed somewhat

diffuse reflectance mode, and the kinetics of the transients Werefrom the spectra of (isolated) anthracene cation radical (recorded
obtained by monitoring the absorption, viz., Abs [%]100 x in solutior?* or in the solid zeolite-Y matriXp as well as the

(1 — R/Ry), on the picosecond and early nanosecond time scales.
1. The Two Modifications of [PYR-CH>-NMes™],M0gO164 . (20) Kira, A.; Arai, S.; Imamura, MJ. Chem. Phys1971, 54, 4890.
The two differently colored modifications of the hexamolybdate lgglégsg;:gi?da, A.; Tsuijii, Y.; Ohoka, M.; Yamamoto, NL Phys. Chem.
salt of trimethylammonium_,Slj'bStitUted pyrene, V.iZ., red tri,C"niC (2]12) éhida, "I'.Electronic Absorption Spectra of Radical IgriEsevier:

and orange/yellow monoclinic crystals, show different diffuse New York, 1988.
reflectance spectra in the ground state (see Figure 4, vide supra). (23) Rodgers, M. A. JChem. Phys. Lettl971 9, 107.

i ; ; (24) Masnovi, J. M.; Kochi, J. K.; Hilinski, E. F.; Rentzepis, P. .
However, thdransientdiffuse reflectance spectra obtained upon Phys. Chem1985 89, 5387,

532-nm photoexcitation with a 25-ps laser pulse were very = (35 voon, K. B.; Hubig, S. M.; Kochi, J. KJ. Phys. Cheml994 98,
similar for both modifications. Thus, a broad absorption was 3865.
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A 40.00 Whereas the starting materials are colorless or yellow, the
new salts exhibit characteristic bright colors from yellow/orange
to dark red/brown, depending on the POM/arene combination.
Accordingly, the (diffuse reflectance) UV/vis spectra of the
crystals show additional broad absorption bands that are not
present in the spectrum of either the arene cations or the POM
anions, and these new absorptions are ascribedhtoge-
transfertransitions. The charge-transfer interactions are inherent
to the crystalline state only since the intense colors are invariably
bleached when the crystals are redissolved in strong polar
solvents such as dimethylformamide or dimethyl sulfoxide.
Since these solvents are known to break up ionic aggre$faies,
the colors of the crystalline salts result from electronic interac-
WAVELENGTH {nm] tions of the cations and the anions in the crystal lattice.
The electrostatic binding of the trialkylammonium or pyri-

B 50.00 dinium anchor to the anionic surface of the POM represents
the primary interaction between POM and arene which brings
40.00 [ the arene moiety in close proximity to the POM surface and
allows charge-transfer interactions to develop. The assignment
30.00 of the intense colors to charge-transfer transitions is confirmed

W by the progressive bathochromic shift of the new absorption

y bands of the various complexes in Figures3iwith increasing
000t v acceptor strengthE°q of the POM from [WO.g?~ to

V.4 [MogO1¢]2~ and from [SiW2040]*~ to [SiM01204q].4~ Such a
10.00 M correlation between spectral shifts and acceptor strength in

3000

20.00

ABSORPTION [%]

10.00 |

0.00 . .
350 650 750

isostructural donor/acceptor complexes is predicted by Mulliken
theory'? as depicted in eq 4, whehecr is the transition energy

0.00
550 650 750 850

WAVELENGTH [nm}

twer = a[E° (D) — E°(A)] + const (4)
Figure 12. Transient (diffuse reflectance) spectra obtained at (top to
bottom) 50, 100, 200, and 500 ps following 25-ps laser excitation (at of the charge-transfer absorption baBd (D) is the oxidation
532 nm) of the charge-transfer salts of (A) ANT-@NBus" donor potential of the aromatic donorE °.(A) is the reduction
and (B) ANT-CH-NMesz" donor with [MasO10]?~ acceptor. potential of the POMs, and & a < 1.

) ] ) ) o ) However, the position of the charge-transfer absorptions is
anthracene cation radicatdimer (which exhibited a slightly  yetermined not only by the oxidation and reduction potentials

broadened band at 726 nm and an additional broad absorptionyt arene and POM, respectively, but also by the distance and
centered at 600 nm in solutioff)we tentatively assigned these  yoative orientation of donor and acceptor in the crystal latfce.

transient absorptions to the charge-transfer exciton state of theseris is best demonstrated with the two modifications of the

charge-transfer crystals. _ [PYR-CH,-NMe;*],[MogO19)2~ salt. Thus, the difference in
Most importantly, the transient diffuse reflectance spectrum ¢qor petween the red triclinic and the orange/yellow monoclinic

of tributylammonium-substituted anthracene showed a decay modification (see Figure 4) results from different types of

kinetics very different from those of the trimethyl- and triethyl-  contacts between the pyrene moiety and the POM surface in
substituted analogues. Thus, the tributyl-substituted derivative the two modifications (see Figure 10). Thus, in the triclinic
exhibited a clean monoexponential decay of the transient mqgification, the pyrene nucleus is cofacially oriented relative
spectrum with a rate constantbof= 5 x 10° s, whereas the 4 the oxygen surface of the hexamolybdate moiety, which leads
trimethyl- and triethyl-substituted analogues showed biphasic 5 g strong orbital overlap between donor and acceptor. As a
decay kinetics Withkpast ~ 1.6 x 100 % andksjow ~ 1.7 x result, strong charge-transfer interactions are observed, as
10°st. evidenced by a red shift in the CT absorption band as compared
to the band for the monoclinic modification.

The charge-transfer character of the intense colors of the

Efficient cocrystallization of spherical (Lindqvist-type and crystals as well as the new absorptions in the visible wavelength
Keggin-type) POM acceptors and planar aromatic donors is region is further confirmed by the time-resolved absorption
readily achieved by attaching a cationic anchor onto the arenemeasurements upon laser excitation of the crystals. In general,
moiety, which results in strong Coulombic forces between the all laser experiments result in the observation of transient

Discussion

two crystal components, i.e., absorption spectra that closely resemble those of the corre-
sponding arene cation radicals in monomeric 24 dimeric
nAr-(CHz)n-NR;X* + (Bu4N+)nPOM"7 . form. Thus, transient spectra similar to those of anthracene or

pyrene cation radical and their corresponding) (dimers are

[Ar-(CH,),-NR; "] ,POM"™ + nBu,N"X~ (3) :
(26) (a) Bockman, T. M.; Kochi, J. KJ. Am. Chem. Sod989 111,
4669. (b) Bockman, T. M.; Kochi, J. KAdv. Organomet. Chen1.991, 33,
where Ar= 10-methylanthracen-9-yl or pyren-1-yl, NR= 52.(27)( ) Edgell, W. F. In d lon Pairs in Organic Reacti
+ + + — — — | — a gell, . F. Inlons an on Palrs In Organic reactions
Py+’ NMe’f » NE&", or N.Bug ,n=1,3,0r4, and X l . Szwarc, M., Ed.; Wiley: New York, 1972; Vol. 1, p 153 ff. (b) Masnovi,
or CRSO;™. As aresult, intensely colored crystals are obtained j '\ - Kochi, J. K.J. Am. Chem. Sod.985 107, 7880. (c) Kosower, E.

which represent new charge-transfer materials. M.; Skorcz, J. AJ. Am. Chem. S0d.96Q 82, 2195.
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obtained. Mulliken theor? predicts that photoexcitation of  with the aid of cationic anchors results in a series of charge-
charge-transfer transitions effects the transfer of an electron fromtransfer materials which differ in structure, color, and electron-
the donor to the acceptor moiety in the donor/acceptor complex, transfer kinetics. The variability of these parameters and the
which results in the formation of cation and anion radical,s as unique structure exhibiting dimeric donor units make these
observed in our laser experime#ts. materials interesting candidates for nonlinear optical and/or
Moreover, the decay kinetics of the excited charge-transfer ferromagnetic properties.

state (due to back-electron transfer) obtained from time-resolved
absorption measurements on the picosecond/nanosecond tim&xperimental Section
scales provides additional information on the strength of the ) ) ) ]
charge-transfer interaction. Thus, the stronger the charge-transfer Materials. Dichloromethane (Mallinckrodt analytical reagent) was
interaction, the weaker is the driving force for back-electron 'éPeatedly stirred with fresh aliquots of concentrated sulfuric aeR0(

. - . vol %) until the acid layer remained colorless. After separation, the
transfer following the photoinduced charge separation process

Si M h dicts i - { tants f ‘acid layer was washed successively with water, aqueous sodium
ince Marcus theof§ predicts increasing rate constants for bicarbonate, water, and aqueous sodium chloride and dried over anhy-

back-electron transfer with decreasing driving force (“inverted” grous calcium chioride. The dichloromethane was distilled twice from
free energy correlation), increased back-electron-transfer ratesp,05 under an argon atmosphere and stored in a Schlenk flask equipped
reveal strong charge-transfer interactions. The laser experimentswith a Teflon valve fitted with Viton O-rings. The tetrahydrofuran was
with the triclinic and monoclinic modification of the pyrene/ distilled from BOs under an argon atmosphere and then refluxed over
POM crystals are consistent with this correlation. Thus, the red calcium hydride {12 h). After distillation from Cak the solvents
modification with close donor/acceptor contacts and strong Were stored in Schlenk flasks under an argon atmosphere.
charge-transfer character exhibits a much shorter-lived excited Various trialkylammonium and pyridinium salts of anthracenyl and
state k = 1.8 x 10'°s71) than that of the monoclinic, orange/  Pyrenyl donors were obtained from the reaction of 9-methyl-10-
yellow modification with greater donor/acceptor distances and Chloromethylanthracene with the corresponding trialkylamine (or py-
weaker charge-transfer interactions= 5 x 10° s3). ridine) in tetrahydrofuran at 8C and purified by repeated crystallization

. . . . . from acetonitrile. The trimethylene derivative ANT-(@gPy" was
The series of CT crystals with differently substltuteq trialkyl- prepared from the reaction of 3-(9-anthryl)bromoprogawith pyridine
ammonium anchors represents another case with which to studyi, refluxing tetrahydrofuran, and the resulting colorless precipitate was
the correlation between crystal structure and charge-transferpurified by recrystallization from acetonitrile: mp 300°C (dec);*H
properties by a thorough comparison of crystallographic and NMR (CDCl) 6 2.41 (m, 2 H), 3.62 (t, 2 H), 3.80 (t, 2 H), 7.5B.32
spectroscopic data. First, we observe similar (dark red) charge-(m, 13 H), 8.38 (s, 1 H). Similarly, the tetramethylene derivative PYR-
transfer colors for the trimethyl- and the triethylammonium (CHz)sPy" was obtained by the reaction of 4-(1-pyrenyl)bromobutane
derivatives, whereas the CT crystals of the tributylammonium (Prepared from 1-pyrenebutyric acid by lithium aluminum hydride
derivative are orange in color, which indicates weaker CT feduction followed by treatment with PBusing standard proce-
interactions as compared to the trimethyl- and triethylammonium dures): mp> 370°C (dec);"H NMR (CDCL) 6 2.03 (m, 2 H), 3.36

. (t, 2 H), 3.47 (t, 2 H), 7.858.30 (m, 13 H).

analogues. Analysis of the crystal structures of all three CT ) :
crystals (see Figure 8) readily explains the weaker charge- Preparation of the Tetrabutylammonium Salts of the Polyoxo-

¢ f ties in the latt Thus. the tributyl ~ " metalates.The syntheses of the tetrabutylammonium salts of the hexa-
ranster properties in the latter case. Thus, the ributylammonium ., v, qata1 (Bu,N*),[MoeOs1s]2~ and the hexatungstéfe(BuN*).-
anchor is oriented in such a way that it (i) covers the entire

el 601]°~ have been described previously. The tetrabutylammonium
polyoxometalate surface with its alkyl groups and (b) turns the gajts of the silicomolybdate (BN*)4[SiMo:,04* and silicotungstate
anthracene donor away from the POM surface. Both structural (BUsN™)4[SiW12049)*~ have been prepared from the corresponding acids
features effect a substantial weakening of the charge-transferby direct metathesis with tetrabutylammonium bromide ,\BBr-.
interactions between anthracene and POM as compared to thdhus, 10 g (3.5 mM) of silicotungstic acid 48iW:2040, was dissolved
case in crystals with trimethyl- or triethylammonium anchors. in small volumes of water (to obtain a close to sat_urated s_o_lution), and
Moreover, the transient decay kinetics of the tributylammo- 2 9 (14.5 mM) of BuN"Br~ was added. The white precipitate that
nium derivative is very different from those of the trimethyl- &S formed upon stirring was filtered, rinsed with two portions (10
. . . mL) of warm water and two portions (10 mL) of ethanol, and finally
and the triethylammonium analogues.ilflrst, the ratg ConStantdried in an air stream. The resulting white solid was dissolved in
for back-electron transfer &= 5 x 10° s™* observed with the dimethylformamide, and after a few days of slow evaporation of the
trlbuty|amm0nlum anChOI‘ IS One'th|rd that Obtalned Wlth the solvent at ZO’C’ colorless Crysta's of (BN+)4[S|W12040]4* salt were
trimethyl- or triethylammonium anchok (= 1.6 x 1010 s72). collected. According to the same procedure, yellow crystals of
Second, the clean monoexponential decay that is observed onlyBu,N*),[SiM01,040]*~ salt were obtaine#?
with the tributylammonium anchor is clearly related to the fact  pPreparation of the Charge-Transfer Crystals. Typically, a 2 mM
that the anthracene dimers are isolated units in this CT crystal, concentration of the donor (as iodide or trifluoromethanesulfonate salt)
whereas the crystal lattices with the trimethyl- and triethylam- and a 1 mMconcentration of the tetrabutylammonium salt of the
monium anchors exhibit significant electronic interactions along Lindgvist-type POM [M@O14]*~ or [WeO1]*~ were dissolved in 100

the anthracene dimer stacks, which cause the nonexponentialL of acetonitrile. The yellow solution was stirred for several minutes,
decays and then the solvent was slowly evaporated at’@0 Within 24 h,

L . colored crystals suitable for X-ray crystallography analysis formed in
In summary, the combination of X-ray crystallographic and the yellow solution. According to the same procedure, charge-transfer

spectro_scopic techniques applied in this yvork reve.als.a Iog.ical crystals of the Keggin-type POMs [SiMi®ag*~ and [Si:Oud* were
correlation between structure and electronic properties in variousoptained from a mixture of the organic donors with the POM acceptors

novel charge-transfer materials. Thus, the cocrystallization of in a 4:1 ratio in dimethyl sulfoxide. Specifically, the various charge-
a variety of spherical POM acceptors and planar arene donors

(30) Leardini, R.; Nanni, D.; Pedulli, G. F.; Tundo, A.; Zanardi, G.;
(28) The corresponding reduced polyoxometalate (anion radical) moieties Foresti, E.; Palmieri, PJ. Am. Chem. Sod989 111, 7723.
could not be detected spectroscopically since their weak absorption bands (31) Che, M.; Fournier, M.; Launay, J. .Chem. Physl979 71, 1954.
were covered by the strong absorption bands of anthracene and pyrene cation (32) Sanchez, C.; Livage, J.; Launay, J. P.; FournierJMAm. Chem.
radicals and theirr-dimers. See ref 8. Soc.1983 105 6817.
(29) (a) Marcus, R. AJ. Chem. Physl956 24, 966. (b) Marcus, R. A. (33) The preparations of these ammonium salts were carried out by R.
Angew. Chem., Int. Ed. Engl993 32, 1111 and references therein. Rathore, the details to be reported separately at a later time.
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Table 6. Crystallographic Parameters and Refinement Details for the Charge-Transfer Polyoxomolybdates

PYR-CH,- PYR-CH-
Me-ANT- Me-ANT- Me-ANT- Me-ANT- NMes* NMes"™ Me-ANT-
charge-transfer CHy-Py*" CH,-NMes* CH,-NEtz™ CH,-NBust  hexamolybdate hexamolybdate CHy-Py*"
complex hexamolybdate hexamolybdate hexamolybdate hexamolybdate (red) (yellow) silicomolybdate

Brutto formula (Q1H18N+%2 (C19H22N+gz (C22H28N+%2 (C28H4ON+%2 (C20H20N+gz (C20H20N+%2 (C21H18N™)4SiM0104¢*

MogO167~ Mo0gO1¢°~ MogO1¢°~ MogO1¢7~ Mo0gO1¢°~ MogO1¢°~ 4C,HgOS
MW 1448.44 1408.39 1492.55 1660.86 1428.38 1428.38 3269.34
crystal symmetry triclinic monoclinic triclinic triclinic triclinic monoclinic triclinic
space group P1 P2;/c P1 P1 P1 C2lc P1
temp €C) -50 —150 —150 —150 —150 —150 —150
a(h) 10.439(1) 13.0374(4) 10.0083(2) 11.7250(4) 10.0919(6) 33.168(1) 12.8830(5)
b (A) 10.515(1) 10.5791(3) 10.2022(2) 14.4431(4) 10.2280(6) 8.8338(3) 15.5389(6)
c(A) 11.654(2) 15.9227(5) 13.5023(3) 19.0626(6) 12.4426(7) 15.1950(5) 15.5948(7)
o (deg) 67.62(1) 90 89.318(1) 91.936(1) 76.979(1) 90 118.629(1)
f (deg) 72.88(1) 90.541(1) 87.093(1) 96.722(1) 66.539(1) 102.522(1) 100.957(1)
y (deg) 65.21(1) 90 63.959(1) 108.205(1) 66.532(1) 90 99.159(1)
D¢ (g cnrd) 2.270 2.130 2.004 1.816 2.202 2.183 2.109
V (A3) 1060.0(1) 2196.0(1) 1237.0(1) 3037.0(2) 1077.3(2) 4346.2(2) 2574.3(2)
z 1 2 1 2 1
total no. of reflns 4653 30 466 14 073 45 249 21 805 41 441 25594
no. of unique reflns 4653 9395 9392 26 469 9215 9603 20567
no. of observed reflns 4218 7923 8687 16 064 8167 7473 14331
intensity threshold &) 20(1) 20(1) 20(1) 2a(1) 20(1) 20(1)
R1 0.016 0.0224 0.0262 0.0736 0.0218 0.0211 0.0940
wR2 0.019 0.0543 0.0652 0.1119 0.0565 0.0500 0.1710

transfer complexes were isolated as crystalline salts and subjected todetail?® Briefly, the second-harmonic output (532 nm, 25 ps) of a mode-

elemental analysis as follows.

(Me-ANT-CH 2-Py+)2M0501927. Anal. Calcd for Q2H35M05N2019:

C, 34.83; H, 2.51; N, 1.93. Found: C, 34.99; H, 2.50; N, 2.02.

(Me-ANT-CH 2-PW)2W6019 ~. Anal. Calcd for Q2H35N2019W5: C,
25.53; H, 1.84; N, 1.42. Found: C, 25.68; H, 1.93; N, 1.52.

(Me-ANT-CH 2-NEt3+)2M050192_. Anal. Calcd for GaHse
MogN2O1g: C, 35.41; H, 3.78; N, 1.88. Found: C, 35.58; H, 3.75; N,
1.94.

(Me-ANT-CH 2-NBU3+)2M0501927. Anal. Calcd for GeHso—
MogN2O1g: C, 40.50; H, 4.86; N, 1.69. Found: C, 40.41; H, 5.00; N,
1.79.

[PYR-(CH2)s-Py*]2M0601¢%~. Anal. Calcd for GoHa4M0gN2O10: C,
38.86; H, 2.86; N, 1.80. Found: C, 38.91; H, 2.87; N, 1.89.

[ANT-(CH 2)3-PW]4SiM012040 —. Anal. Calcd for GgHggM01:N4Os0-

Si: C, 35.08; H, 2.68; N, 1.86. Found: C, 34.86; H, 2.93; N, £91.

X-ray Crystallography. The intensity data for all compounds were
collected with the aid of a Siemens SMART diffractometer equipped
with a CCD detector using Mo & radiation ¢ = 0.71073 A), at-150

locked Nd:YAG laser (Quantel, YG 501-C) was used as the excitation
source. The fundamental laser pulse (1064 nm) was focused into a 10-
cm quartz cuvette containing a 1:1 mixture gfdHand DO to generate

a white continuum pulse of 25-ps duration, which was utilized as the
analyzing light pulse. The continuum light was split into two beams,
which were used as reference light and probe light for the powder
sample which was stored in a 1-mm cuvette. The diffuse-reflected probe
light was collected by fiber optics and detected by an unintensified
dual-diode-array detector (Princeton Instruments) attached to a flat-
field spectrograph (Instruments S.A.). The diffuse reflectance transient
absorption spectra, which represent an average of 200 laser shots,

are presented as percentage absorption, viz., % AB®0 x (1 —
R/Ry), with R and Ry representing the diffuse-reflected sample light
and the reference light, respectively.
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