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We present a combined density functional theory (DFT)/time-dependent density functional theory (TDDFT) study of
the geometry, electronic structure, and absorption and emission properties of the tetranuclear “cubane” Cuylspy,
(py = pyridine) system. The geometry of the singlet ground state and of the two lowest triplet states of the title
complex were optimized, followed by TDDFT excited-state calculations. This procedure allowed us to characterize
the nature of the excited states involved in the absorption spectrum and those responsible for the dual emission
bands observed for this complex. In agreement with earlier experimental proposals, we find that while in absorption
the halide-to-pyridine charge-transfer excited state (XLCT*) has a lower energy than the cluster-centered excited
state (CC¥), a strong geometrical relaxation on the triplet cluster-centered state surface leads to a reverse order
of the excited states in emission.

Introduction arrangement has been also charactefzitferent structural
motifs have been reported for stoichiometric ratios 1:1:2 and
1:1:345 Recently, some of us have identified new structural
motifs of Cul adducts wity*-nitrogen donor pseudoaromatic
[parasubstituted pyridines oHj-stilbazoles] ligands, which
have raised considerable interest due to their sometimes
unusual emissive behavior and structurally dependent second-
order nonlinear optical properti€Among the various Cu

I—L clusters, the photophysical properties of the tetranuclear
[CusX4pys] compounds (X= halide, py= pyridine) have

*To whom correspondence should be addressed. E-mail: fiippo@ O€€N extensively investigated due to their peculiar photolu-
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Multinuclear compounds of copper(l) and other coinage
metals have attracted considerable interest, due to their
unusual structural and photoluminescence propetties.
particular, cuprous iodide and pyridine-based ligands provide
remarkable structural diversity depending on their stoichi-
ometry: fora 1:1:1 Cu:l:.L (L= pyridine-like ligand) ratio,
the most common structural motif is the tetranuclear cubane
cluster? even though for L= pyridine a polymeric stair
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common for such tetrahedral clusters as well as a number
of other coinage metal clustek8,and this photophysical
behavior has been attributed to the presence of several excited
states similar in energy but having different orbital parent-
agest In these cases, the distortions of the excited states,
relative to the ground state, occur along different coordinates.
As a result, internal conversion from one excited state to
another involves substantial nuclear motion and, for this
reason, is slow.

On the basis of the available experimental evidentte
low-energy emission band, witlin. at 690 nm, was
attributed to a triplet Ctl cluster-centered3CC) excited
state with the excitation localized to the fLicore. The high-
energy band, measured here at 460 nm, was tentatively

complex displays two distinct emission bafidé with a assigned as emission from qtriplet halide-to-pyridine I?gand
marked environmental sensitivity and with relative intensities charge-transfer ’KLCT) excited state. Early theoretical
that vary with excitation source and sharply with temperature, investigations by Vitale el &f.* performed on [Cul4pys]

The low-energy (LE) band dominates at room temperature have contributed to the understanding of the ground-state
while the high-energy (HE) band becomes more prominent electronic structure of this species and provided some support
at low temperatures. This temperature dependence of thefor the assigned nature of these excited states by means of
emission spectra of [Glypy,] was first noted by Hardt and ~ASCF calculations, in which excited-state energies are
co-workerst! who coined the term “luminescent thermo- Obtained as the differences between the total energies of two
chromism”. After this pioneering work, experimental inves- Slater determinants corresponding to different electronic
tigations on the interesting luminescence behavior of tetra- configurations. In those studies, however, geometry optimi-
nuclear Cu(l) complexes have been reported by Vogler andzations were not performed either for the ground state or
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Figure 1. Room-temperature emission spectrum of JGQoy,] in toluene
(A%x¢ = 330 nm).
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Kunkely!? Henary and Zink? Holt and co-workers?
Oelkrug and co-worker®, and Yam et al*® consistently
pointing at the HE emission as involving the ligandg’
orbitals and the LE emission as involving €Ll cluster
delocalized orbitals.

The room-temperature emission spectrum ofJ¢hy.] in

for the excited states, so that an accurate calculation of the
excited states involved in the absorption and emission
processes would provide better insight into these processes.
Here we present a full density functional theory (DFT)/
time-dependent density functional theory (TDDFT) inves-
tigation of the geometry, electronic structure, and optical

toluene solution is displayed in Figure 1 and is the same asproperties of [Culspys] aimed at providing a definitive

that reported by Kyle et & Not only does this show two

emission bands with maxima at 460 and 690 nm, but time-

characterization of the photophysical properties of this
system. We optimized the geometry of the singlet ground

resolved luminescence studies have demonstrated that thesgiate and of the two lowest triplet states by means of DFT

two bands decay with markedly different lifetimes. The
lifetime of the lower-energy emission is 1«6 under these
conditions, while for the higher-energy emission it is 450

ns. Furthermore, the excitation profiles for these two bands

are different and display the interesting anomaly that the
excitation maximum for the higher-energy emission occurs
at longer wavelength than that for the lower-energy band.
The theme of multiple emissions that are uncoupled is

(8) Kyle, K. R.; Ryu, C. K.; DiBenedetto, J. A.; Ford, P. L. Am. Chem.
Soc.1991, 113 2954.
(9) Ford, P. C.; Vogler, AAcc. Chem. Red.993 26, 220.

(10) Ford, P. CCoord. Chem. Re 1994 132 129.

(11) (a) Hardt, H. D.; Pierre, AZ. Anorg. Allg. Chem1973 402 107. (b)
Hardt, H. D.; Stoll, H.-JZ. Anorg. Allg. Chem1981, 480, 193. (c)
Hardt, H. D.; Stoll, H.-JZ. Anorg. Allg. Chem1981, 480, 199.

(12) Vogler, A.; Kunkely, HJ. Am. Chem. Sod.986 108 7211.

(13) Henary, M.; Zink, J. 1J. Am. Chem. S0d.989 111, 7407.

(14) (a) Rath, N. P.; Holt, E. M.; Tanimura, Knorg. Chem.1985 24,
3934. (b) Rath, N. P.; Holt, E. M.; Tanimura, &.Chem. Soc., Dalton
Trans.1986 2303.

(15) (a) Radjaipour, M.; Oelkrug, Ber. Bunsen-Ges. Phys. Chelf7§
82 159. (b) Eitel, E.; Oelkrug, D.; Hiller, W. J.; Stnée, J. Z.
Naturforsch.198Q 35b, 1247.

(16) (a) Yam, V. W.-W,; Lee, W.-K.; Cheung, K.-K. Chem. Soc., Dalton
Trans.1996 2335. (b) Yam, V. W.-W.; Lam, C.-H.; Zhu, Nnorg.
Chim. Acta2002 331, 239.

calculations. On the optimized geometries we performed
TDDFT calculations of several singlet and triplet states; thus
we have gained detailed insight about the electronic origin
of the absorption and emission properties.

Previous theoretical investigations on related tetranuclear
Cu(l) compounds have been limited to the ground state,
while ab initio calculatior® and more recently TDDFT
calculationg*?2on mononuclear Cu(l) complexes have been
reported.

Experimental Section

Computational Details. All the calculations have been per-
formed with the Gaussian03 (G03) program packddde B3LYP

(17) Vitale, M.; Palke, W. E.; Ford, P..Q. Phys. Cheni992 96, 8329.

(18) Vitale, M.; Ryu, K. C.; Palke, W. E.; Ford, P. Gorg. Chem1994
33, 561.

(19) Vega, A.; Saillard, J.-Ylnorg. Chem.2004 43, 4012.

(20) Simon, J. A.; Palke, W. E.; Ford, P. Dorg. Chem1996 35, 6413.

(21) Waterland, M. R.; Howell, S. L.; Gordon, K. C.; Burrell, A. K.
Phys. Chem. 2005 109, 8826.

(22) Yang, L.; Feng, J.-K.; Ren, A.-M.; Zhang, M.; Ma, Y.-G. Ma, Liu,
X.-D. Eur. J. Inorg. Chem2005 1867.
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exchange-correlation functiodélvas used throughout. A LANL2DZ Table 1. Main Optimized Geometrical Parameters for the Optimized
basis séf was used for all the atoms, along with the corresponding DFT Structures of [Cilspys] in the S, T1, and T, States, Compared to
pseudopotential for Cu and | ator#fsThe same basis set was used € X-ray Structural Data

for both geometry optimizations and TDDFT calculations. To check parameters exp SP T T,

the effect of basis set expansion and quality on the calculated cy-N, A 2.02-2.06  2.059 (2.001) 2.029 2.002
geometrical structures and optical properties, geometry optimization Cu-1, A 2.665-2.734 2.817-2.861 3.105-2.910 2.818-2.754

; i (2.788-2.789)
of the singlet ground state and TDDFT calculation of the lowest Cu—Cu, A 2.619-2.722 2.6852.834 2 582-2 575 3.0023.024

four singlet-singlet and singlettriplet excitation energies were (2.418-2.484)

calculated with a larger basis set composed by 6-311G* fé&f Cu 1-—1,A 4.442-4.594 4.628}4.831 ) 5.464-5.043 4.679-4.528
8 21G* ; 4.698-4.816

gnd P& and 6-31G* for C, N, and H aton’fg,respectllvely. Indeed, CU-N—C, 117-124  120.6 (121.1) 120.4 120.8

it has been recently shown that bond distances!fncdmplexes deg

can be quite sensitive to the presence of polarization functions in Ndeufl, 95.2-111.4 10(298&613%22 " 99.6-100.9 108.4110.5

; ; eg . .
the b§S|s s_ei‘? For Cu, N C, and H atoms we used tht_a basis sets Cu-l-Cu, 57.7-611 56.9-59.9 492506  6A.4G5.7
contained in the GO3 library, while the 6-311G* basis set for | deg (51.4-52.9)

was downloaded from the EMSL basis set libréryAll the
calculations have been performed unBegs symmetry constraints.

To check the effect of symmetry lowering, we performed additional
geometry optimizations of the singlet ground state usihgand

C, symmetry constraints and checked the resulting minima by
performing frequency calculations. Geometry optimizations of the
two lowest triplet states were performed at the SCF level consider-
ing different starting molecular orbital occupations (guesalter
keyword in G03); see the discussion in a later section. In the
calculation of the optical absorption spectrum, the 120 lowest spin-
allowed singlet-singlet transitions, up to an energy-e5 eV, were
taken into account. Moreover, the lowest 50 singlet and triplet
excited states were calculated for each calculated optimized
geometry. Notably, our TDDFT calculations do not include spin
orbit coupling, so that singlettriplet excitations have zero oscillator
strengths. To check the effect of solvation on the calculated optical

at_)sorptio_n spectra, we per_formed TPD.FT calculations qf the l_OW' molecules, the GO3 TDDFT vectors are actually normalizet,to
lying excitations at the singlet optimized geometry, including (with the normalization conditioreX — Y|X + Y> = 1/5), s0 we

S?';/ha tion le ffgctsl by mc?ans of the drggls,equnllbrmm |mplementtettllon take the double of the squared coefficients. The results thus obtained
ot the polarizable continuum mMoagr™as n the expenmental ¢, o calculations are those displayed in Table 2.

conditions, the chosen solvent was acetonitrile. . . .
Materials and Methods. [Cual4pys] was synthesized by adding
(23) Frisch. M. 3 Trucks, G. W.: Schlegel, H. B.: S  G.E Robb excess pyridine to a stirred solution of Cul in concentrated aqueous
riscn, M. J.; Trucks, G. ., oChlegel, A. b.; Scuseria, G. E.; RODD, . . . .
M. A.: Cheeseman, J. R.; Montgomery, J. A.. Jr.; Vreven, T.: Kudin, Kl. The product_ pre_(:lpltated immediately as a white pow_der, was
K. N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, Separated by filtration, and then was washed successively with
V.; Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. saturated Kl (aqueous) to remove excess Cul, with kb remove

ﬁgs';‘g';\?\gug’_ E};ig'aadl\jll" '\N/Iél;kanihn?;a’TMi;;ody;ti' -ﬁi&aiugq?\]aﬁgi KI, with methanol to remove excess ligand, and then with hexanes.
H.: Klene, M. Li, X.. Knox, J. E.. Hratchian, H. P.: Cross. J. B.:  The [Culspys] was recrystallized from dichloromethane/pentane
Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. and then dried in vacuo. The yield was quantitative based on the
E.; Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J.  gmount of Cul used.
W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A.; Salvador, P.; . . . o
Dannenberg, J. J.; Zakrzewski, V. G.: Dapprich, S.; Daniels, A. D.;  1he UV—visible absorption spectra of [@upy] in acetonitrile
Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D.; Raghavachari, at different concentrations were recorded on a Jasco V-530 double-
K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.; Clifford, S, heam spectrophotometer. The emission spectra o f@u] in
Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; . : .
Komaromi, .. Martin, R. L.: Fox, D. J.; Keith, T.: Al-Laham, M. A.; toluene solution were recorded on a Jobin Yvonne Fluorolog 3
Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gil, P. M. W.; spectrofluorometer.
Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. A.
Gaussian 03Revision B.05; Gaussian, Inc.: Wallingford, CT, 2004.
(24) Becke, A. D.J. Chem. Physl993 98, 5648-5652.
25) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 270. - . .
gzsg Wa):jt’ W. R.; Hay, P. 1I. Chem. phzslggs 82 284. Optimized Geometries and Electronic Structure of the

(27) (a) Watchers, A. J. HI. Chem. Phys197Q 52, 1033. (b) Hay, P.J.  Ground State and of the Lowest Triplet States.The
J. Chem. Physl977, 66, 4377.

aReference 20 For the $ ground state, data calculated with the larger
6-311G*/6-31G* basis set are also reported in parentheses.

Characterization of the nature of the TDDFT transitions in terms
of single orbital excitations is usually possible, provided one has
access to the eigenvectors. The latter are made up of two component
vectors, X and Y, related to single-particle excitations and de-
excitations, respectively. In GO3, however, the program provides
only the (dominant) components of the sum vectot Y, and it
is thus impossible in principle to separate the interfering excitation
and de-excitation components. To the extent, however, that we may
reasonably assume that the de-excitation vettersmall compared
to X (it would be exactly zero in the TamnaDancoff or single-
excitation Cl approximation), we may take the square ofXhe
Y vector components as a qualitative measure of the weight
pertaining to the corresponding single excitations. For closed-shell

Results and Discussion

(28) Glukhovstev, M. N.; Pross, A.; McGrath, M. P.; RadomJLChem. CalCU|ate_d optimized geomem{ of the §round state is
Phys.1995 103 1878. reported in Figure 2, together with the geometry of thelCu

(29) %fhﬁe'd' R.; Herhe, W. J.; Pople, J. 4. Chem. Phys1971, 54, core for $ and for the two lowest triplet states @&nd T.

(30) Sinha, P.; Wilson, A. K.; Omary, M. Al. Am. Chem. So©005 Main optimized geometrical parameters for the three states
127, 12488. _ _ _ are compared to the published X-ray data Table 1,

1) Ea“gikoﬁﬁsgfnfft library available at htp://www.emsl.pnl.gov/forms/ 1 othar with results obtained for the §round state with

(32) (a) Miertus, S.; Scrocco, S.; Tomasi,GChem. Phys1981, 55, 117. the larger 6-311G*/6-31G* basis set.
(Ztgogozsj"g\é'g. Rega, N.; Scalmani, G.; Barone,VComput. Chem. Our calculated geometrical parameters for the ground state

(33) Cossi, M.; Barone, VJ. Chem. Phys2001, 115, 4708. are in fair agreement with X-ray experimental data, despite
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Table 2. Calculated TDDFT SingletSinglet Excitation Energies, Oscillator
Most Intense f(> 0.02) Transitions of [Calapya]?

Strengths, and Composition in Terms of Main Orbital Transitions for the

excited state symmetry transition wavelengtimm  oscillator strength nature of the transition

13 B2 367.15 0.0453 61% (HOM®© 3— LUMO) + 26% (HOMO— 4/
HOMO — 5— LUMO + 2/LUMO + 3)

14 E 366.68 0.0498 48% (HOM®O 3— LUMO + 2/LUMO + 3) + 25% (HOMO— 5/
HOMO — 4— LUMO) + 12% (HOMO— 5/HOMO — 4 — LUMO + 1)

54 B2 321.47 0.1145 88% (HOM© 3— LUMO + 8)

55 E 317.28 0.2020 50% (HOM®© 5/HOMO — 4 — LUMO + 8) + 37% (HOMO— 7/
HOMO — 6 — LUMO + 8)

80 E 298.57 0.0886 51% (HOM© 9/HOMO — 8 — LUMO + 1) + 28% (HOMO— 9/
HOMO — 8 — LUMO)

84 B2 297.17 0.0630 42% (HOM© 9 — LUMO + 2) + 42% (HOMO— 8 — LUMO + 3)

115 B2 272.74 0.0212 59% (HOM®© 16 — LUMO) +12% (HOMO— 17— LUMO +1)

aFor degenerate E states the oscillator strengths are given by the sum of the intensities of the two partner transitions. See ComputationtibBetails sec

for the definition of the percentages characterizing each transition.

Figure 2. Optimized molecular structures of thg, 31, and T, states of
the [Cuwlspys] complex. Cu, cyan; |, purple; N, blue; C, green; H, white.
Intradimer Cu-Cu distances (in angstroms) are also reported.

a general small overestimation of bond lengths that can be
probably traced back to the lack of polarization functions in
the basis set. This discrepancy is quite evident for the
nonbonding +I distances, which are the result of the
combination of both Cttl and Cu-Cu distances. Using the
larger 6-311G*/6-31G* basis set does not substantially
improve the agreement with experiment for calculated bond
distances and angles of ground-statal¢hy, in reasonable
agreement with those obtained by the LANL2DZ basis set.
An exception is represented by the-©Qu distances, which
were calculated to be considerably shorter with the 6-311G*/
6-31G* basis set than found for the LANL2DZ results and
experimental data (2.418.484 vs 2.6852.834 and 2.619
2.722 A for 6-311G*/6-31G*, LANL2DZ, and experimental
data, respectively). On the basis of these geometrical data
we used LANL2DZ for geometry optimizations of the two
triplet species. The optimized, Structure shows a “dimer
of dimers” type of arrangement with two equivalent jGu

py,] units, with shorter calculated CtCu distances (2.685
A) within each equivalent unit and longer interunit param-
eters (2.834 A) while Cttl distances show lower variations
among different dimers (Figure 2 and Table 1). This
asymmetry in Cu-Cu distances is originated from tizy
symmetry constraints used for geometry optimizations.
Frequency calculations performed on thg-optimized $

structure revealed a small negative frequene$.@ cnm?),
which disappeared upon lowering the symmetngCto The
geometrical rearrangement taking place frdg to C,
symmetry, however, was negligible as well as the associated
energy gain (0.15 kcal/mol), and ti& optimized structure
essentially maintained th2,y symmetry, which was therefore
retained in all subsequent calculations to exploit the com-
putational savings deriving from the higher symmetry in the
subsequent TDDFT calculations.

A schematic representation of the molecular orbitals of
the ground state of [Glupy.] for the relevant geometries
S, Ty, and T is reported in Figure 3, while isodensity surface
plots of some relevant selected molecular orbitals calculated
at the $ geometry are reported in Figure 4. The excited states
of both singlet and triplet character are obtained within
TDDFT as linear combinations of orbital excitations from
the singlet ground state; therefore, in Figure 3 we report the
molecular orbitals of the singlet ground state calculated for
the optimized geometries of the,J;, and T, states.

At the S state optimized geometry, the 26 highest
occupied molecular orbitals (HOMOSs) are combinations of
copper d and iodine p orbitals, with pyridine-based bonding
orbitals lying at lower energies (see Figure 3). Among the
occupied states based on copper and iodine orbitals, those
belonging to the HOMO/HOMO— 8 set are mainly
composed of iodine lone pairs with smaller contributions
coming from antibonding coppek? and nitrogen lone pairs
combinations. This orbital set is followed at lower energy
by nonbonding coppetsg orbitals (HOMO — 9/HOMO —

11). still at lower energy, we find various combinations of
copper d and iodine p bonding orbitals (HOMO12/HOMO

— 25). Among this orbital set, we limit our attention to the
HOMO — 16, a bonding combination of the four copt
orbitals.

The eight lowest unoccupied molecular orbitals (LUMOS)
are two groups of almost degenerat® orbitals of the
pyridine ligands. The lower-lying set has nodes between the
nitrogen and the ortho carbons and between the para and
meta carbons; the higher-lying set has nodes between the
ortho and meta carbons. Above these two pyridifiesets,
the LUMO + 8 is a combination of copper and iodine s-p
states. Notably, this orbital has bonding character among the
four Cu atoms and antibonding character between all the Cu

Inorganic Chemistry, Vol. 45, No. 26, 2006 10579
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Figure 3. Schematic representation of the molecular orbitals for the singlet ground state calculatedeafltheu®l T, optimized geometries. For the T
and T, geometries, only the relevant HOMOs and LUMOs (and their symmetries) are reported for comparison.

the hybrid B3LYP functional used here, does not contain
any Hartree-Fock exchange.

Starting from the optimizedyeometry and imposing a
triplet spin multiplicity, we selectively populated the pyridine
7* LUMO and the Cu-Il-based LUMO+ 8, both of A1
symmetry, allowing the corresponding geometrical structures
to relax. We expect thedD,y symmetry to be a good
approximation for the description of;Tand T, optimized
structures, as already found fog, Since in both cases we
populate orbitals oAl symmetry and the resulting states
are effectively of Al symmetry. Indeed, no Jahifeller
distortions of the excited states should take place in this case,
as might instead be the case if one would populate doubly
degenerate orbitals witk symmetry by a single electron.
Surprisingly, population of the higher-lying LUM® 8 was
found to lead to the lowest energy triplet state)(Twvhich
was calculated to lie at 2.52 eV (58.0 kcal/mol) above the
ground singlet state optimized geometry, with the triplet state
energy obtained by population of the pyriding (T»)
and | atoms. This electronic structure picture is in agreementcalculated to be 3.17 eV (73.0 kcal/mol) above the ground
with previous theoretical calculations by Vitale et 4118 singlet state optimized geometry. In both cases, the expecta-
apart from the fact that we find pyridine-based bonding tion value of Sis calculated to be 2.01, confirming that both
orbitals at lower energy. We notice, on the other hand, that T: and T are pure triplet spin states.
recent DFT calculations on the related [G(NHS3)4] and As is clear from the data presented in Table 1 and Figure
[Cusl4(PHy)4] systems showed the HOMOSs to be made by 2, T; shows large geometrical variations with respect to the
metal-based orbital$, with halide contributions never ex- ground state. The largest variations are within thelCu
ceeding 40%.This might be either an effect of the different core: the calculated Cu and I-1 distances increase while
ligands or most likely the result of the different exchange- the Cu-Cu distances decrease substantially with respect to
correlation functional used in ref 19, which, compared to the ground state. SmallexCu—I—Cu angles are also

Figure 4. Isodensity surface plots of some relevant molecular orbitals
calculated for the singlet ground state at theoftimized geometry.
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Figure 5. Experimental optical absorption spectra of jGpys] in CHsCN: (A) 5 x 108 M, (B) 1 x 104 M, and (C) 2.5x 104 M. In panel C, a
comparison of the experimental absorption spectrum with calculated excitation energies and oscillator strengths (vertical blue lineg).is reporte

calculated, as would be expected from the related bond lengthgeometrical change of the cluster core. The HOMO is also
changes. On the other hand, only a slight shortening of the stabilized with respect to the, 8ptimized structure (by 0.36

Cu—N distances is calculated. Such variation of the geo-

eV), probably reflecting the diminished electrostatic repulsion

metrical parameters reflects the electron redistribution that among the iodine lone pairs due to the considerable increase

occurs upon going from the,§round state to thejIstate.

The one-electron transition is from the HOMO, composed

essentially of iodine lone pairs, to the LUM® 8, which
has Cu-I antibonding and CtCu bonding character. We
notice that shortening of intramolecular €Gu bond
distances in low-lying emitting triplet states of trimeric€u

pyrazolate complexes has been recently established o

experimentad* and theoretical grounds.

The geometrical rearrangement for the sfate is more
limited than that for the Tstate. The CtN distances shorten
slightly and the CuCu distances lengthen with respect to
the optimized structure of the ground statg, Bhe Cu-I

of the I-I interatomic distances.

For the T, optimized geometry, on the other hand, the
ordering of the singlet ground state molecular orbitals is
gualitatively unchanged with respect to that calculated at the
S optimized geometry. The HOMOs are slightly destabilized
(by 0.27 eV) by the small decrease of the-Q\I bond

I’]engths, the LUMO/LUMO+ 7 pyridine 7* set is almost

unaffected, while the LUMG* 8 is destabilized by 0.62 eV
as a result of the expansion of the /G, core.

Optical Absorption Spectrum. The optical absorption
spectra of [Culspys] in CH3CN solution at different con-

and I distances are almost unaffected. Mainly as a result centrations are reported in Figure 5. A 247 nm broad

of the Cu-I bond lengthening, the<Cu—I—Cu angle is
found to increase compared to the @timized geometry.
The substantial geometrical relaxation occurring @hds

absorption band (A in Figure 5) is observed, together with
a shoulder at 285 nm, working with a>6 106 M solution.
When the concentration is increased, a much weaker absorp-

a profound impact on the electronic structure. Indeed, if we tion centered at 360 nm becomes evident (B in Figure 5)
look at the singlet ground state molecular orbitals calculated and is clearly visible in the 2.5 10* M solution (C in

at the T, optimized geometry (Figure 3), we find the LUMO
to be what was the LUMO+ 8 for the $ optimized
geometry, with the two pyridiner* sets now being the
LUMO + 1/LUMO + 8. Notably, for the T geometry, the
LUMO is considerably stabilized (by 1.68 eV) with respect
to the corresponding orbital (LUM@ 8) calculated for the
S structure. Such orbital stabilization is clearly a result of
the expansion (contraction) of the (Cu;) tetrahedra
calculated for the Tstate—see Table 1 and Figure-3vhile
the two pyridinez* sets are almost unaffected by the

(34) Vorontsov, I. I.; Kovalevsky, A. Y.; Chen, Yu.-S.; Graber, T.;
Gembicky, M.; Novozhilova, I. V.; Omary, M. A.; Coppens, Phys.
Rev. Lett. 2005 94, 193003.

(35) Grimes, T.; Omary, M. A,; Dias, H. V. R.; Cundari, T. R. Phys.
Chem. A2006 110, 5823.

Figure 5).

In order to simulate a large portion of the absorption
electronic spectrum of [Glypy,], we calculated the lowest
120 TDDFT singlet excitation energies using the LANL2DZ
basis set. Most of the calculated transitions have low or
negligible oscillator strengtt)(and only those witli > 0.02
are reported in Table 2. Comparison of the four lowest
singlet-singlet and singlettriplet excitation energies cal-
culated with the LANL2DZ and 6-311G*/6-31G* basis sets
shows that the latter provides excitation energies that are
consistently red-shifted by ca. 0.2 eV compared to the former,
with a similar pattern of oscillator strengths [2.834, 2.837,
2.837, and 2.837 vs 2.643, 2.643, 2.643, and 2.644 eV, for
singlet-triplet transitions with the LANL2DZ and 6-311G*/
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Table 3. Calculated TDDFT Lowest CC and XLCT Singtebinglet
and Singlet-Triplet Excitation Energies of [Cilupy,] at the S, 3CC,
and3XLCT Optimized Geometriés

energy, eV (wavelength, nm)

state ) T1 T2
S 0.000 0.580 0.175
icc 3.469 (357) 2.294 (540) 3.819 (325)
IXLCT 2.965 (418) 3.300 (376) 2.635 (471)
cC 3.191 (389) 1.875 (661) 3.703 (335)
3XLCT 2.834 (438) 3.166 (392) 2.504 (495)

a Energy differences between the Sate at its optimized geometry and
at the T, and T, geometries are also reported.

6-31G* basis sets, respectively, and 2.965 0.0002), 2.965
(f = 0.0002), 2.967f(= 0.0057), and 2.971f & 0.0000) vs

2.761 (= 0.0004), 2.761(= 0.0004), 2.761(= 0.0000), Figure 6. Calculated singlettriplet TDDFT excitation energies plotted

ar_]d 2.765 f( = 0'0024) eV for single%single_t transitions against the Cutl distance for the & T1, and T, optimized structures. Also
with the LANL2DZ and 6-311G*/6-31G* basis sets respec- marked on the $potential energy curve are the minima corresponding to

tively]. Given the similarity of the results obtained with the the S, Ti, and T; optimized structures. Data in parentheses are wavelengths
. . . i ters.
two basis sets, we retained the smaller LANL2DZ basis for " "2"°M¢ers

all subsequent calculations. 300 nm we calculated three transitions of sizable intensity
The two lowest energy transitions with sizable intensity (f = 0.0886, 0.0630, and 0.0212) at 299, 297, and 273 nm,
(f=0.0453 and 0.0498) are calculated at 367 nm. The final respectively. The transitions at 299 and 297 nm have as
states of these transitions are within the lowest UMOs starting states the HOM® 9/HOMO — 11 coppeltyg Set,
set, starting from orbitals of the HOM@ 3/HOMO — 5 while the 273 nm transition has the HOM©O16, of copper
set, which have their largest components from the iodine d? character as starting state. These three transitions have
lone pairs. These charge-transfer transitions are thereforeas final states the lowest* LUMOs set and therefore can
assigned a8XLCT absorptions. The calculated wavelength be assigned as metal-to-ligand charge-transitLCT)
nicely correlates with the presence of the weak absorption excitations. These transitions are most likely related to the
band measured at 360 nm in the experimentalsl{py,] 285 nm shoulder found in the experimental spectrum.
absorption spectrum; see C in Figure 5, in which the low-  Triplet Excited States: Emission.A comparison of the
energy portion of the experimental absorption spectrum is lowest TDDFT singlet and triplet excited states of [Gu
compared to the calculated excitation energies and oscillatorpy,] calculated at the & T, and T, optimized geometries is
strengths. Inclusion of solvation effects does not lead to reported in Table 3. The lowest triplet excited-state energies
qualitative changes in the low-energy region of the absorption calculated for the Tand T, optimized geometries give some
spectrum: four transitions of sizable intensity are calculated insight into the nature of the emitting states, while the singlet
at 362.73, 361.58, and 359.53 nm, with oscillator strengths excited states are reported for comparison. Moreover, it is
of 0.0057, 2x 0.0036, and 0.0049, giving rise to the band interesting to use the singtetriplet TDDFT excited-state
experimentally found at 360 nm. The most significant energies calculated at the, §;, and T, optimized geometries
changes observed in solution are an overall reduction of theto draw a schematic representation of the potential energy
transition intensities and the appearance of a fourth transitionsurfaces involved in the dual emission of [Gpya]. In doing
of sizable intensity in the low-energy spectral region. Given so, one needs to select a distortion coordinate that character-
the qualitative agreement between the calculated data inizes the geometrical arrangement of the three minima (S
vacuo and in solution, data in vacuo are discussed hereafterT;, and T,) related to the emission process. In particular,
At higher energy a group of two closely spaced, intense we chose to plot the excited-state energies as a function of
transitions { = 0.1145 andf = 0.2020) are calculated to the average Cul distances: this necessarily arbitrary choice
occur at 321 and 317 nm. These transitions involve popula-is dictated by the fact that this parameter reflects to some
tion of the HOMO+ 8, with antibonding Cu | and bonding extent the expansioercontraction of the cubane core and
Cu—Cu character, while the starting orbitals are within the shows sizable variations on going from thet&the T, and
same HOMO—- 3/HOMO — 5 set discussed above. The two T, minima. The results are reported in Figure 6.
transitions have therefo€C character and can be related At the § optimized geometry, the lowest singlet excited
to the absorption band found at 304 nm in the experimental state, calculated at 2.965 eV (418 nm) above the ground state,
spectrum of [Cul4pys] in benzene solutichor to the 285 corresponds to a weak transition ™LCT character { =
nm shoulder found in acetonitrile solution, Figure 5. Most 0.0002) while the lowestCC state is the 21st singlet excited
notably, the intenséXLCT and !CC features calculated at state calculated at 3.469 eV (357 nnf)=f 0.0007). The
367 and 323317 nm are in good agreement with the lowest triplet state is ofXLCT character and is calculated
excitation spectra obtained by monitoring the HE and LE at 2.834 eV (438 nm) above the ground state, while the
emissions, showing excitation maxima in toluene solution lowest3CC is the ninth excited triplet state and is calculated
at room temperature at 352 and 325 nm, respectively. Belowat 3.191 eV (389 nm). Therefore at the 8ptimized
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geometry the order of the XLCT and CC states is the same expected given the more negative character ofythgitrogen
for both singlet and triplet excited states, with triplet excited donor pyridine ligand in the halide-to-pyridine charge-transfer
states, as expected, at lower energy. We also notice that aexcited state. The relevant geometrical relaxation of the
the § optimized geometry th&XLCT and3CC are separated 3CC state, which is considerably different from that of the
by only 0.357 eV, while a larger separation (0.504 eV) is SXLCT state, produces a profound change of the ground-
calculated between th&XLCT and !CC excited states. state molecular orbitals in comparison to thedptimized
This picture changes dramatically upon moving to the T geometry. While at the ground-state geometry ¥eCT
optimized geometry. In this case, the lowest triplet excited state has a lower energy than tP@C state, the strong
state originates from a single HOM@UMO transition geometrical relaxation on th&C state surface leads to a
calculated at 1.875 eV (661 nm). The correspondi8CF reverse order of the excited states. Such electronic perturba-
value, obtained from the difference between the triplet and tion is the origin of the reverse order of excited states of
singlet SCF energies at the @ptimized geometry, is 1.936  emission compared to the excitation and reflected in the dual
eV (640 nm), therefore comparable to the TDDFT value luminescence.
(they differ by only 0.061 eV). These values are in excellent  The strong geometrical relaxation of tHeC state justifies
agreement with the experimental LE emission at 1.797 eV the observed thermochromic and rigidochromic behavior
(690 nm) measured at room temperature in toluene solution.connected with the nuclear motion impediment at low
Having in mind the electronic structure discussed above, thetemperature and in r|g|d matrix. Once the respective excited
lowest triplet excited state is readily assigned@€, which  states have relaxed to their equilibrated geometries, the
has its origin in excitation from the iodine lone pairs to the 3x| cT state is at higher energy than t#@C state. Although
Cu—Cu bonding/Ct+| antibonding LUMO. The correspond-  the distortions along different trajectories provide a barrier
ing 'CC state is calculated at 2.294 eV (540 nfr(0.0103),  for interconversion between states, the presence of the lower
while the lowesPXLCT is calculated to be the 16th triplet  energy3CC state provides an additional channel for deactiva-
excitation, lying at 3.166 eV (392 nm). We notice that, ijon of the higher energdXLCT state in ambient temperature
compared to the (yeometry, théXLCT and*CC are now  gojutions? This may explain the much longer lifetime of the
well separated in energy (by 1.291 eV; see Figure 6). LE emission compared to the HE one in solution, although
For the optimized 7 geometry, the lowest triplet state is it should be emphasized that the lifetimes of the two
of 3XLCT character and is calculated at 2.504 eV (495 nm), emissions are comparable in 77 K glassy solutions.
again in excellent agreement with the experimental HE o cajculations, which provide a unified picture of the
emission found at room temperature in toluene solut!on at stationary points on the excited states potential energy
2.695 eV (460 nm). The correspondid¥LCT state is g taces produce a calculated dual emission spectrum in
calculated at 2.635 eV (417 nm), while singlet and triplet ¢, cejlent agreement with available experimental values and
CC states were calculated at 325 and 335 nm, respectively. . iy the earlier, qualitative assignments of the emission
The correspondin@ SCF value is calculated to be 2.991 eV, 5 4q1.781+16 Fyrthermore, the calculated electronic absorp-
n fg;ur _agreemer_wt with th_e lowest TD.D_FT smg+et‘r!plet tion spectrum, which involves evaluation of singlet excited
excitation. We finally notice that the joint absorption and states, is in good agreement with the experimental one. In
emission cqlcglated data are iq agreement With the exloeri'particular, for the first time we have been able to identify
meptql excitation spectrq obtained by monitoring th? tvyo the higher energy absorption bands as having MLCT
emission featl_Jres, showing a revers_ed.order of excitation character, while the absorption bands at lower energy are
spectra in whlc_h the HE and L.E emissions correspond to related to charge-transfer processes!of and :XLCT
LE and HE excitations, respectively. character, respectively, thus involving the cluster core and
the bridging iodines.

In conclusion, our calculations not only have confirmed
The results of the DFT/TDDFT calculations described here the involvement ofCC and3XLCT excited states as origin
have provided a detailed description of the molecular of the dual emission but also have shown unequivocally the
geometries of the [Cilupy,] tetranuclear cluster for theyS great sensitivity of the electronic structure to involvement
Ty, and T, states (ground state and the two lowest triplet of the cluster core in the excited states. The orbitals of the
excited states). As expected, since the cluster electron corepyridine ligand, which are the most stable among the HOMO
is involved, going from the §to the3CC state involves a  and LUMO orbitals, are much less affected by the involve-
profound deformation of the cluster core geometry with a ment not only of cluster core but also of their bonding to
significant increase of the Ctl and I-I distances while the  the cluster core in the excited states. Owing to the excellent

Conclusions

Cu—Cu distances decrease together with th€u—I—Cu agreement of the experimental data with our theoretical
angle. Since they-nitrogen donor pyridine ligand is not  approach to this class of Cu(l) compounds, we are now
involved, the Cu-N distances are not affected. extending this kind of calculations to other geometrical

Much less significant is the deformation going from the arrangements of Cu(l) compounds, like polymeric stair or
S, ground-state geometry to that of the State. In this case  single chains, which still lack an acceptable definition of
the cluster core geometry remains quite unchanged whiletheir electronic structure and therefore of the origin of the
the Cu-N distances shorten significantly. This would be transitions involved in absorption and emission spectra.
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