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Molecular orbital studies of luminescent silver(I) chalcogenido
clusters [Ag4(ì-dppm)4(ì4-E)]2+ (dppm = Ph2PCH2PPh2) †
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Department of Chemistry, The University of Hong Kong, Pokfulam Road, Hong Kong

The electronic structures of the µ4-chalcogenido silver() complexes [Ag4(µ-dppm)4(µ4-E)] [O3SCF3]2 (E = S 1, Se 2 or
Te 3; dppm = Ph2PCH2PPh2) have been calculated by use of the Fenske–Hall molecular orbital method. The
results indicate that complexes 1–3 show similar electronic structures, with the highest occupied molecular orbital
being mainly of Ag]E character while the lowest unoccupied molecular orbital is of metal–metal interaction
character. A correlation between the results of these calculations with the spectroscopic properties of this class of
complexes is described.

There has been a growing interest in the photophysical proper-
ties of polynuclear d10 metal complexes.1–8 The electronic struc-
tures of related systems have also been the focus of considerable
attention.2c,9 Recently, we reported the syntheses and structural
characterization of a novel class of luminescent tetranuclear d10

chalcogenido clusters of copper() 8j,k and silver(),8l [M4-
(µ-dppm)4(µ4-E)]2+ (M = Ag, E = S 1, Se 2 or Te 3; M = Cu, E = S
4 or Se 5; dppm = Ph2PCH2PPh2). The clusters have been found
to possess rich photophysical and photochemical properties.
Excitation of the complexes in the solid state and in fluid solu-
tions with λ > 350 nm results in intense and long-lived green to
orange luminescence. The solid-state emission energies follow
the orders: 1 > 2 > 3; 4 > 5; 1 > 4 and 2 > 5. In view of the σ-
donating ability of chalcogenides and the observed trends in
emission energies (see above), the excited states of these clusters
are expected to possess a high parentage of ligand-to-metal
charge-transfer l.m.c.t. (E22→M4) character. In order to gain
more insight into the electronic structures and the nature of the
excited states of these luminescent complexes, a Fenske–Hall
molecular-orbital calculation on the series [Ag4(µ-dppm)4-
(µ4-E)][O3SCF3]2 has been performed.

Computational Details
Non-parametrized Fenske–Hall MO calculations 10 were car-
ried out on the model complexes [Ag4(µ-H2PCH2PH2)4(µ4-E)]2+

in terms of the orbital interactions between the fragments
Ag4(µ-H2PCH2PH2)4

2+ and E. This model is based on a self-
consistent-field method, which is an approximation of the
Hartree–Fock–Roothaan procedure. The molecular geometry
and the atomic basis sets used completely determine the result-
ing eigenvalues and eigenvectors. The geometry of each com-
plex was taken directly from that crystallographically deter-
mined for complexes 1–3 with hydrogen atoms replacing the
phenyl groups on the dppm ligand (P]H taken to be 1.41 Å and
C]H 0.95 Å) and idealized to C2υ point group. The relative
positions of the four silver atoms were adjusted to form a
rectangle. A perspective drawing of the idealized complex
[Ag4(µ-H2PCH2PH2)4(µ4-E)]2+ (E = S 1a, Se 2a or Te 3a) is shown
in Fig. 1. Bond angles and distances, based on those of struc-
tures 1–3, are summarized in Table 1. The basis sets used were
those provided with the Fenske–Hall program package (version
5.1). All calculations were carried out on a VAX 780 computer
at The University of Hong Kong.

† Non-SI unit employed: eV ≈ 1.60 × 10219 J.

Results and Discussion
Fig. 2 shows the molecular orbital diagrams for complexes 1a–
3a. The electronic structures for all three complexes are similar.
Since the bonding interactions between the chalcogen atom and
four silver atoms are the main contributors to the highest occu-
pied molecular orbital (HOMO) (MO64), they undoubtedly
play an important role in the determination of the molecular
properties. This interaction can be further investigated in terms
of the interactions between the two fragments Ag4(µ-H2PCH2-

Fig. 1 Perspective drawing of the idealized model complexes 1a–3a for
Fenske–Hall MO calculations; C2υ point-group symmetry is assumed
and all phenyl groups in the dppm ligands are replaced by hydrogen
atoms

Table 1 Selected bond distances (Å) and angles (8) for the idealized
cationic complexes [Ag4(µ-H2PCH2PH2)4(µ4-E)]2+ (E = S 1a, Se 2a or Te
3a)

Complex E]Ag Ag]Ag Ag]P P]C

1a 2.514 3.160, 3.038 2.504 1.872
2a 2.620 3.222, 3.055 2.514 1.846
3a 2.757 3.257, 3.071 2.513 1.827

Ag(1)]E]
Ag(29)

E]Ag(1)]
P(2)

Ag(1)]
P(2)]C(1)

P(2)]
C(1)]P(1)

Ag(19)]
Ag(1)]P(3)

1a 121.35 102.85 112.30 111.04 123.50
2a 115.87 101.28 110.49 112.86 123.30
3a 111.22 101.21 109.83 114.90 123.12
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PH2)4
2+ and E (S, Se or Te). Similar results have been found for

complexes 1a–3a. However, for the purpose of discussion, only
1a will be described in detail.

Fig. 3 shows the MO correlation diagram for complex 1a.
The lowest unoccupied molecular orbital (LUMO) [frag-
ment molecular orbital FMO62(b2)] of  the metal core fragment
possesses major contributions from the Ag atoms with little
contribution from the H2PCH2PH2 units. The metal–metal
interactions involve mainly those of the 5s and 5p orbitals with
little contributions from the 4d orbitals. It can also be seen
that only the 3p orbitals on the S atom could have appropriate
symmetry and energies to interact with the frontier orbitals of
the metal-core fragment. Our calculations indicate that the
three high-lying occupied orbitals MO64(b1), MO63(b2) and
MO62(a1) of complex 1a (Fig. 4) are mainly comprised of
the bonding interaction of the low-lying metal core
FMO61(b1), FMO62(b2) and FMO63(a1) of the Ag4 frag-
ment with the 3px, 3py and 3pz orbitals of S, respectively. In fact,
the interfragment orbitals [FMO61(b1)–px], [FMO62(b2)–py]
and [FMO63(a1)–pz] together contribute 99% of the total
interfragment interactions. The interfragment Mulliken over-
lap populations for the interactions of 3px, 3py and 3pz of  S
and the frontier MOs of the Ag4(µ-H2PCH2PH2)4

2+ unit are
listed in Table 2. The substantial lowering of the energy levels
for the FMOs 61(b1), 62(b2) and 63(a1) of the metal-core

Fig. 2 Molecular orbital diagrams of complexes 1a–3a

Table 2 Mulliken overlap populations for orbital interactions between
the fragment Ag4(µ-H2PCH2PH2)4

2+ and S in the model compound
[Ag4(µ-H2PCH2PH2)4(µ4-S)]2+

FMO of
Atomic orbitals of S

[Ag4(µ-H2PCH2PH2)4]
2+ 3s 3px 3py 3pz

59(b1) 20.026
61(b1) HOMO 0.539
62(b2) LUMO 0.538
63(a1) 0.050 0.286

Table 3 Energies and percentage compositions for the frontier orbitals
of complexes 1a–3a

Molecular Energy/
% Composition

Complex orbital eV E 4 Ag 4 H2PCH2PH2

1a LUMO 65(a2) 24.14 0.00 96.54 3.46
HOMO 64(b1) 211.08 46.12 42.00 11.88

2a LUMO 65(a2) 24.52 0.00 96.52 3.48
HOMO 64(b1) 210.75 50.16 39.26 10.58

3a LUMO 65(a2) 25.16 0.00 96.30 3.70
HOMO 64(b1) 210.55 51.64 38.40 9.96

fragment as a result of Ag]E bonding interactions is also
displayed in Fig. 3.

The compositions of the frontier molecular orbitals for com-
plexes 1a–3a are summarized in Table 3. The calculation results
reveal that the composition of the HOMO is approximately
50% chalcogen, with most of the remainder metal-based. How-
ever, the LUMO is almost metal-localized. Correlation of the
compositions of the frontier orbitals with the emission energies
of clusters 1–3 have been pursued. The emission energies of the
solid-state luminescence at 298 K, follow the order 1 (516
nm) > 2 (527 nm) > 3 (574 nm),8l in line with the changes in the
ionization potentials of the chalcogens,11 and the calculated
decreasing HOMO 2 LUMO energy gaps from 1a to 3a
(6.94 > 6.23 > 5.39 eV).

In view of fact that the HOMOs of the complexes are mainly
of Ag]E bonding character and the LUMOs are essentially

Fig. 3 The MO correlation diagram for the idealized complex
[Ag4(µ-H2PCH2PH2)4(µ4-S)]2+

Fig. 4 Three high-lying occupied orbitals MO64(b1), MO63(b2) and
MO62(a1) of complex 1a resulting from major overlaps between
Ag4(µ-H2PCH2PH2)4

2+ and S
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metal-based, the transitions associated with the emissions of
the silver() clusters 1–3 originate essentially from a ligand-
to-metal charge-transfer l.m.c.t. (E2→Ag4) excited state, with
mixing of a metal-centred (d–s/d–p) silver() state. Similar
assignments have also been suggested for other luminescent
polynuclear d10 thiolato,2b,d,4a,d,5b,6 halogeno 2a,c,d and alkyn-
yl 8c,e–g,i systems.

The present work describes the electronic structures of the
novel luminescent silver() chalcogenido clusters, and the nature
of the excited state of such complexes. Related work on other
polynuclear d10 luminescent systems is in progress.

Acknowledgements
V. W.-W. Y. acknowledges financial support from the
Research Grants Council and The University of Hong Kong.
K. K.-W. L. acknowledges the receipt of a Sir Edward Youde
Postgraduate Fellowship administered by the Sir Edward
Youde Memorial Fund Council, and a Postgraduate Student-
ship, administered by The University of Hong Kong, and C.-R.
W. the receipt of a Post-Doctoral Fellowship, also adminis-
tered by The University of Hong Kong. We thank Dr. Z. Y. Lin
for helpful discussions.

References
1 A. Vogler and H. Kunkely, J. Am. Chem. Soc., 1986, 108, 7211;

Chem. Phys. Lett., 1988, 150, 135; 1989, 158, 74; H. Kunkely and
A. Vogler, Chem. Phys. Lett., 1989, 164, 621; J. Chem. Soc., Chem.
Commun., 1990, 1204.

2 (a) K. R. Kyle, C. K. Ryu, J. A. DiBenedetto and P. C. Ford, J. Am.
Chem. Soc., 1991, 113, 2954; (b) F. Sabin, C. K. Ryu, P. C. Ford and
A. Vogler, Inorg. Chem., 1992, 31, 1941; (c) M. Vitale, W. E. Palke
and P. C. Ford, J. Phys. Chem., 1992, 96, 8329; (d) P. C. Ford and
A. Vogler, Acc. Chem. Res., 1993, 26, 220.

3 J. V. Caspar, J. Am. Chem. Soc., 1985, 107, 6718; P. D. Harvey
and H. B. Gray, J. Am. Chem. Soc., 1988, 110, 2145; P. D. Harvey,
W. P. Schaefer and H. B. Gray, Inorg. Chem., 1988, 27, 1101.

4 (a) A. Avdeef and J. P. Fackler, jun., Inorg. Chem., 1978, 17, 2182;
(b) C. King, J. C. Wang, Md. N. I. Khan and J. P. Fackler, jun.,
Inorg. Chem., 1989, 28, 2145; (c) Z. Assefa, R. J. Staples and
J. P. Fackler, jun., Inorg. Chem., 1994, 33, 2790; (d) J. M. Forward,
D. Bohmann, J. P. Fackler, jun. and R. J. Staples, Inorg. Chem.,
1995, 34, 6330.

5 (a) M. Henary and J. I. Zink, Inorg. Chem., 1991, 30, 3111; (b)
S. D. Hanna and J. I. Zink, Inorg. Chem., 1996, 35, 297.

6 D. M. Knotter, G. Blasse, J. P. M. van Vliet and G. van Koten,
Inorg. Chem., 1992, 31, 2196; R. Narayanswamy, M. A. Young,
E. Parkhurst, M. Ouellette, M. E. Kerr, D. M. Ho, R. C. Elder,
A. E. Bruce and M. R. M. Bruce, Inorg. Chem., 1993, 32, 2506;
W. B. Jones, J. Yuan, R. Narayanaswamy, M. A. Young, R. C. Elder,
A. E. Bruce and M. R. M. Bruce, Inorg. Chem., 1995, 34, 1996;
V. W. W. Yam, C. L. Chan and K. K. Cheung, J. Chem. Soc., Dalton
Trans., 1996, 4019.

7 C. M. Che, H. L. Kwong, C. K. Poon and V. W. W. Yam, J. Chem.
Soc., Dalton Trans., 1990, 3215; C. M. Che, H. K. Yip, D. Li,
S. M. Peng, G. H. Lee, Y. M. Wang and S. T. Liu, J. Chem. Soc.,
Chem. Commun., 1991, 1615; C. M. Che, H. K. Yip, V. W. W. Yam,
P. Y. Cheung, T. F. Lai, S. J. Shieh and S. M. Peng, J. Chem. Soc.,
Dalton Trans., 1992, 427; C. M. Che, H. K. Yip, W. C. Lo and
S. M. Peng, J. Chem. Soc., Dalton Trans., 1993, 2929; C. K. Chan,
K. K. Cheung and C. M. Che, Chem. Commun., 1996, 227.

8 (a) V. W. W. Yam, T. F. Lai and C. M. Che, J. Chem. Soc., Dalton
Trans., 1990, 3747; (b) V. W. W. Yam and W. K. Lee, J. Chem. Soc.,
Dalton Trans., 1993, 2097; (c) V. W. W. Yam, W. K. Lee and T. F. Lai,
Organometallics, 1993, 12, 2383; (d) V. W. W. Yam and S. W. K.
Choi, J. Chem. Soc., Dalton Trans., 1994, 2057; (e) V. W. W. Yam, W.
K. Lee and K. K. Cheung, J. Chem. Soc., Dalton Trans., 1996, 2335;
(f ) V. W. W. Yam, W. K. Lee, K. K. Cheung, H. K. Lee and W. P.
Leung, J. Chem. Soc., Dalton Trans., 1996, 2889; (g) V. W. W. Yam,
W. K. Lee, K. K. Cheung, B. Crystall and D. Phillips, J. Chem. Soc.,
Dalton Trans., 1996, 3283; (h) V. W. W. Yam, S. W. K. Choi and K.
K. Cheung, Organometallics, 1996, 15, 1734; (i) V. W. W. Yam, W. K.
M. Fung and K. K. Cheung, Angew. Chem., Int. Ed. Engl., 1996, 35,
1100; (j) V. W. W. Yam, W. K. Lee and T. F. Lai, J. Chem. Soc., Chem.
Commun., 1993, 1571; (k) V. W. W. Yam, K. K. W. Lo and K. K.
Cheung, Inorg. Chem., 1996, 35, 3459; (l) V. W. W. Yam, K. K. W. Lo
and K. K. Cheung, Inorg. Chem., 1996, 35, 5116; (m) C. R. Wang, K.
K. W. Lo and V. W. W. Yam, Chem. Phys. Lett., 1966, 262, 91.

9 D. M. P. Mingos, J. Chem. Soc., Dalton Trans., 1976, 1163;
P. K. Mehrotra and R. Hoffmann, Inorg. Chem., 1978, 8, 2187;
Y. Jiang, S. Alvarez and R. Hoffmann, Inorg. Chem., 1985, 24, 749;
K. M. Merz, jun. and R. Hoffmann, Inorg. Chem., 1988, 27, 2120;
C. Kölmel and R. Ahlrichs, J. Phys. Chem., 1990, 94, 5536; J. Li and
P. Pyykkö, Inorg. Chem., 1993, 32, 2630; S. Dehnen, A. Schäfer,
D. Fenske and R. Ahlrichs, Angew. Chem., Int. Ed. Engl., 1994, 33,
746; A. Schäfer and R. Ahlrichs, J. Am. Chem. Soc., 1994, 116,
10686; P. Pyykkö, K. Angermaier, B. Assmann and H. Schmidbaur,
J. Chem. Soc., Chem. Commun., 1995, 1889.

10 M. B. Hall and R. F. Fenske, Inorg. Chem., 1972, 11, 768.
11 R. C. Weast, CRC Handbook of Chemistry and Physics, 67th edn.,

CRC, Boca Raton, FL, 1986–1987, E76-E77.

Received 22nd July 1996; Paper 6/05063H

http://dx.doi.org/10.1039/a605063h

