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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” Cu4I4py4

(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

Multinuclear compounds of copper(I) and other coinage
metals have attracted considerable interest, due to their
unusual structural and photoluminescence properties.1 In
particular, cuprous iodide and pyridine-based ligands provide
remarkable structural diversity depending on their stoichi-
ometry: for a 1:1:1 Cu:I:L (L) pyridine-like ligand) ratio,
the most common structural motif is the tetranuclear cubane
cluster,2 even though for L) pyridine a polymeric stair

arrangement has been also characterized.3 Different structural
motifs have been reported for stoichiometric ratios 1:1:2 and
1:1:3.4,5 Recently, some of us have identified new structural
motifs of CuI adducts withη1-nitrogen donor pseudoaromatic
[para-substituted pyridines or (E)-stilbazoles] ligands, which
have raised considerable interest due to their sometimes
unusual emissive behavior and structurally dependent second-
order nonlinear optical properties.6 Among the various Cu-
I-L clusters, the photophysical properties of the tetranuclear
[Cu4X4py4] compounds (X) halide, py) pyridine) have
been extensively investigated due to their peculiar photolu-
minescence properties.1,7 In particular, the title [Cu4I4py4]
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complex displays two distinct emission bands8-10 with a
marked environmental sensitivity and with relative intensities
that vary with excitation source and sharply with temperature.
The low-energy (LE) band dominates at room temperature
while the high-energy (HE) band becomes more prominent
at low temperatures. This temperature dependence of the
emission spectra of [Cu4I4py4] was first noted by Hardt and
co-workers,11 who coined the term “luminescent thermo-
chromism”. After this pioneering work, experimental inves-
tigations on the interesting luminescence behavior of tetra-
nuclear Cu(I) complexes have been reported by Vogler and
Kunkely,12 Henary and Zink,13 Holt and co-workers,14

Oelkrug and co-workers,15 and Yam et al.,16 consistently
pointing at the HE emission as involving the ligands’π*
orbitals and the LE emission as involving Cu-I cluster
delocalized orbitals.

The room-temperature emission spectrum of [Cu4I4py4] in
toluene solution is displayed in Figure 1 and is the same as
that reported by Kyle et al.8 Not only does this show two
emission bands with maxima at 460 and 690 nm, but time-
resolved luminescence studies have demonstrated that these
two bands decay with markedly different lifetimes. The
lifetime of the lower-energy emission is 10.6µs 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

common for such tetrahedral clusters as well as a number
of other coinage metal clusters,1,9 and this photophysical
behavior has been attributed to the presence of several excited
states similar in energy but having different orbital parent-
ages.1 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 evidence,1 the
low-energy emission band, withλmax at 690 nm, was
attributed to a triplet Cu-I cluster-centered (3CC) excited
state with the excitation localized to the Cu4I4 core. The high-
energy band, measured here at 460 nm, was tentatively
assigned as emission from a triplet halide-to-pyridine ligand
charge-transfer (3XLCT) excited state. Early theoretical
investigations by Vitale el al.17,18 performed on [Cu4I4py4]
have contributed to the understanding of the ground-state
electronic structure of this species and provided some support
for the assigned nature of these excited states by means of
∆SCF calculations, in which excited-state energies are
obtained as the differences between the total energies of two
Slater determinants corresponding to different electronic
configurations. In those studies, however, geometry optimi-
zations were not performed either for the ground state or
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
properties of [Cu4I4py4] aimed at providing a definitive
characterization of the photophysical properties of this
system. We optimized the geometry of the singlet ground
state and of the two lowest triplet states by means of DFT
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(I) compounds have been limited to the ground state,19

while ab initio calculations20 and more recently TDDFT
calculations21,22on mononuclear Cu(I) complexes have been
reported.

Experimental Section

Computational Details. All the calculations have been per-
formed with the Gaussian03 (G03) program package.23 The B3LYP
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Figure 1. Room-temperature emission spectrum of [Cu4I4py4] in toluene
(λexc ) 330 nm).
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exchange-correlation functional24 was used throughout. A LANL2DZ
basis set25 was used for all the atoms, along with the corresponding
pseudopotential for Cu and I atoms.26 The same basis set was used
for both geometry optimizations and TDDFT calculations. To check
the effect of basis set expansion and quality on the calculated
geometrical structures and optical properties, geometry optimization
of the singlet ground state and TDDFT calculation of the lowest
four singlet-singlet and singlet-triplet excitation energies were
calculated with a larger basis set composed by 6-311G* for Cu27

and I28 and 6-31G* for C, N, and H atoms,29 respectively. Indeed,
it has been recently shown that bond distances in d10 complexes
can be quite sensitive to the presence of polarization functions in
the basis set.30 For Cu, N, C, and H atoms we used the basis sets
contained in the G03 library, while the 6-311G* basis set for I
was downloaded from the EMSL basis set library.31 All the
calculations have been performed underD2d symmetry constraints.
To check the effect of symmetry lowering, we performed additional
geometry optimizations of the singlet ground state usingC2V and
C2 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 (guess) alter
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 of∼5 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 singlet-triplet excitations have zero oscillator
strengths. To check the effect of solvation on the calculated optical
absorption spectra, we performed TDDFT calculations of the low-
lying excitations at the singlet optimized geometry, including
solvation effects by means of the nonequilibrium implementation
of the polarizable continuum model;32,33 as in the experimental
conditions, the chosen solvent was acetonitrile.

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 G03, however, the program provides
only the (dominant) components of the sum vectorX + 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 vectorY is small compared
to X (it would be exactly zero in the Tamm-Dancoff or single-
excitation CI approximation), we may take the square of theX +
Y vector components as a qualitative measure of the weight
pertaining to the corresponding single excitations. For closed-shell
molecules, the G03 TDDFT vectors are actually normalized to1/2
(with the normalization condition<X - Y|X + Y> ) 1/2), so we
take the double of the squared coefficients. The results thus obtained
for our calculations are those displayed in Table 2.

Materials and Methods. [Cu4I4py4] was synthesized by adding
excess pyridine to a stirred solution of CuI in concentrated aqueous
KI. The product precipitated immediately as a white powder, was
separated by filtration, and then was washed successively with
saturated KI (aqueous) to remove excess CuI, with H2O to remove
KI, with methanol to remove excess ligand, and then with hexanes.
The [Cu4I4py4] was recrystallized from dichloromethane/pentane
and then dried in vacuo. The yield was quantitative based on the
amount of CuI used.

The UV-visible absorption spectra of [Cu4I4py4] in acetonitrile
at different concentrations were recorded on a Jasco V-530 double-
beam spectrophotometer. The emission spectra of [Cu4I4py4] in
toluene solution were recorded on a Jobin Yvonne Fluorolog 3
spectrofluorometer.

Results and Discussion

Optimized Geometries and Electronic Structure of the
Ground State and of the Lowest Triplet States.The
calculated optimized geometry of the S0 ground state is
reported in Figure 2, together with the geometry of the Cu4I4

core for S0 and for the two lowest triplet states T1 and T2.
Main optimized geometrical parameters for the three states
are compared to the published X-ray data2 in Table 1,
together with results obtained for the S0 ground state with
the larger 6-311G*/6-31G* basis set.

Our calculated geometrical parameters for the ground state
are in fair agreement with X-ray experimental data, despite
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Table 1. Main Optimized Geometrical Parameters for the Optimized
DFT Structures of [Cu4I4py4] in the S0, T1, and T2 States, Compared to
the X-ray Structural Data

parameters expa S0
b T1 T2

Cu-N, Å 2.02-2.06 2.059 (2.001) 2.029 2.002
Cu-I, Å 2.665-2.734 2.817-2.861

(2.788-2.789)
3.105-2.910 2.818-2.754

Cu--Cu, Å 2.619-2.722 2.685-2.834
(2.418-2.484)

2.582-2.575 3.002-3.024

I--I, Å 4.442-4.594 4.681-4.831
(4.698-4.816)

5.464-5.043 4.679-4.528

Cu-N-C,
deg

117-124 120.6 (121.1) 120.4 120.8

N-Cu-I,
deg

95.2-111.4 102.8-106.2
(98.6-102.4)

99.6-100.9 108.4-110.5

Cu-I-Cu,
deg

57.7-61.1 56.9-59.9
(51.4-52.9)

49.2-50.6 64.4-65.7

a Reference 2.b For the S0 ground state, data calculated with the larger
6-311G*/6-31G* basis set are also reported in parentheses.
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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-I distances, which are the result of the
combination of both Cu-I 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-state Cu4I4py4 in reasonable
agreement with those obtained by the LANL2DZ basis set.
An exception is represented by the Cu-Cu 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 (2.418-2.484 vs 2.685-2.834 and 2.619-
2.722 Å 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 S0 structure shows a “dimer
of dimers” type of arrangement with two equivalent [Cu2I2-
py2] units, with shorter calculated Cu-Cu distances (2.685
Å) within each equivalent unit and longer interunit param-
eters (2.834 Å) while Cu-I distances show lower variations
among different dimers (Figure 2 and Table 1). This
asymmetry in Cu-Cu distances is originated from theD2d

symmetry constraints used for geometry optimizations.
Frequency calculations performed on theD2d-optimized S0

structure revealed a small negative frequency (-4.9 cm-1),
which disappeared upon lowering the symmetry toC2. The
geometrical rearrangement taking place fromD2d to C2

symmetry, however, was negligible as well as the associated
energy gain (0.15 kcal/mol), and theC2 optimized structure
essentially maintained theD2d 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 [Cu4I4py4] for the relevant geometries
S0, T1, and T2 is reported in Figure 3, while isodensity surface
plots of some relevant selected molecular orbitals calculated
at the S0 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 S0, T1, and T2 states.

At the S0 state optimized geometry, the 26 highest
occupied molecular orbitals (HOMOs) 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 copperdz

2 and nitrogen lone pairs
combinations. This orbital set is followed at lower energy
by nonbonding coppert2g orbitals (HOMO- 9/HOMO -
11). Still at lower energy, we find various combinations of
copper d and iodine p bonding orbitals (HOMO- 12/HOMO
- 25). Among this orbital set, we limit our attention to the
HOMO - 16, a bonding combination of the four copperdz

2

orbitals.

The eight lowest unoccupied molecular orbitals (LUMOs)
are two groups of almost degenerateπ* 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 pyridineπ* sets,
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

Table 2. Calculated TDDFT Singlet-Singlet Excitation Energies, Oscillator Strengths, and Composition in Terms of Main Orbital Transitions for the
Most Intense (f > 0.02) Transitions of [Cu4I4py4]a

excited state symmetry transition wavelengthλ, nm oscillator strengthf nature of the transition

13 B2 367.15 0.0453 61% (HOMO- 3 f LUMO) + 26% (HOMO- 4/
HOMO - 5 f LUMO + 2/LUMO + 3)

14 E 366.68 0.0498 48% (HOMO- 3 f LUMO + 2/LUMO + 3) + 25% (HOMO- 5/
HOMO - 4 f LUMO) + 12% (HOMO- 5/HOMO - 4 f LUMO + 1)

54 B2 321.47 0.1145 88% (HOMO- 3 f LUMO + 8)
55 E 317.28 0.2020 50% (HOMO- 5/HOMO - 4 f LUMO + 8) + 37% (HOMO- 7/

HOMO - 6 f LUMO + 8)
80 E 298.57 0.0886 51% (HOMO- 9/HOMO - 8 f LUMO + 1) + 28% (HOMO- 9/

HOMO - 8 f LUMO)
84 B2 297.17 0.0630 42% (HOMO- 9 f LUMO + 2) + 42% (HOMO- 8 f LUMO + 3)

115 B2 272.74 0.0212 59% (HOMO- 16 f LUMO) +12% (HOMO- 17 f LUMO +1)

a For degenerate E states the oscillator strengths are given by the sum of the intensities of the two partner transitions. See Computational Details section
for the definition of the percentages characterizing each transition.

Figure 2. Optimized molecular structures of the S0, T1, and T2 states of
the [Cu4I4py4] complex. Cu, cyan; I, purple; N, blue; C, green; H, white.
Intradimer Cu-Cu distances (in angstroms) are also reported.
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and I atoms. This electronic structure picture is in agreement
with previous theoretical calculations by Vitale et al.,17,18

apart from the fact that we find pyridine-based bonding
orbitals at lower energy. We notice, on the other hand, that
recent DFT calculations on the related [Cu4I4(NH3)4] and
[Cu4I4(PH3)4] systems showed the HOMOs to be made by
metal-based orbitals,19 with halide contributions never ex-
ceeding 40%.This might be either an effect of the different
ligands or most likely the result of the different exchange-
correlation functional used in ref 19, which, compared to

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

Starting from the optimized S0 geometry and imposing a
triplet spin multiplicity, we selectively populated the pyridine
π* LUMO and the Cu-I-based LUMO+ 8, both of A1
symmetry, allowing the corresponding geometrical structures
to relax. We expect theD2d symmetry to be a good
approximation for the description of T1 and T2 optimized
structures, as already found for S0, since in both cases we
populate orbitals ofA1 symmetry and the resulting states
are effectively ofA1 symmetry. Indeed, no Jahn-Teller
distortions of the excited states should take place in this case,
as might instead be the case if one would populate doubly
degenerate orbitals withE symmetry by a single electron.
Surprisingly, population of the higher-lying LUMO+ 8 was
found to lead to the lowest energy triplet state (T1), which
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 pyridineπ* (T2)
calculated to be 3.17 eV (73.0 kcal/mol) above the ground
singlet state optimized geometry. In both cases, the expecta-
tion value of S2 is calculated to be 2.01, confirming that both
T1 and T2 are pure triplet spin states.

As is clear from the data presented in Table 1 and Figure
2, T1 shows large geometrical variations with respect to the
ground state. The largest variations are within the Cu4I4

core: the calculated Cu-I and I-I distances increase while
the Cu-Cu distances decrease substantially with respect to
the ground state. Smaller<Cu-I-Cu angles are also

Figure 3. Schematic representation of the molecular orbitals for the singlet ground state calculated at the S0, T1, and T2 optimized geometries. For the T1

and T2 geometries, only the relevant HOMOs and LUMOs (and their symmetries) are reported for comparison.

Figure 4. Isodensity surface plots of some relevant molecular orbitals
calculated for the singlet ground state at the S0 optimized geometry.
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calculated, as would be expected from the related bond length
changes. On the other hand, only a slight shortening of the
Cu-N distances is calculated. Such variation of the geo-
metrical parameters reflects the electron redistribution that
occurs upon going from the S0 ground state to the T1 state.
The one-electron transition is from the HOMO, composed
essentially of iodine lone pairs, to the LUMO+ 8, which
has Cu-I antibonding and Cu-Cu bonding character. We
notice that shortening of intramolecular Cu-Cu bond
distances in low-lying emitting triplet states of trimeric Cu-
pyrazolate complexes has been recently established on
experimental34 and theoretical grounds.35

The geometrical rearrangement for the T2 state is more
limited than that for the T1 state. The Cu-N distances shorten
slightly and the Cu-Cu distances lengthen with respect to
the optimized structure of the ground state, S0. The Cu-I
and I-I distances are almost unaffected. Mainly as a result
of the Cu-I bond lengthening, the<Cu-I-Cu angle is
found to increase compared to the S0 optimized geometry.

The substantial geometrical relaxation occurring on T1 has
a profound impact on the electronic structure. Indeed, if we
look at the singlet ground state molecular orbitals calculated
at the T1 optimized geometry (Figure 3), we find the LUMO
to be what was the LUMO+ 8 for the S0 optimized
geometry, with the two pyridineπ* sets now being the
LUMO + 1/LUMO + 8. Notably, for the T1 geometry, the
LUMO is considerably stabilized (by 1.68 eV) with respect
to the corresponding orbital (LUMO+ 8) calculated for the
S0 structure. Such orbital stabilization is clearly a result of
the expansion (contraction) of the I4 (Cu4) tetrahedra
calculated for the T1 statessee Table 1 and Figure 3swhile
the two pyridine π* sets are almost unaffected by the

geometrical change of the cluster core. The HOMO is also
stabilized with respect to the S0 optimized structure (by 0.36
eV), probably reflecting the diminished electrostatic repulsion
among the iodine lone pairs due to the considerable increase
of the I-I interatomic distances.

For the T2 optimized geometry, on the other hand, the
ordering of the singlet ground state molecular orbitals is
qualitatively unchanged with respect to that calculated at the
S0 optimized geometry. The HOMOs are slightly destabilized
(by 0.27 eV) by the small decrease of the Cu-N bond
lengths, the LUMO/LUMO+ 7 pyridine π* set is almost
unaffected, while the LUMO+ 8 is destabilized by 0.62 eV
as a result of the expansion of the Cu4I4N4 core.

Optical Absorption Spectrum. The optical absorption
spectra of [Cu4I4py4] in CH3CN solution at different con-
centrations are reported in Figure 5. A 247 nm broad
absorption band (A in Figure 5) is observed, together with
a shoulder at 285 nm, working with a 5× 10-6 M solution.
When the concentration is increased, a much weaker absorp-
tion centered at 360 nm becomes evident (B in Figure 5)
and is clearly visible in the 2.5× 10-4 M solution (C in
Figure 5).

In order to simulate a large portion of the absorption
electronic spectrum of [Cu4I4py4], we calculated the lowest
120 TDDFT singlet excitation energies using the LANL2DZ
basis set. Most of the calculated transitions have low or
negligible oscillator strength (f) and only those withf > 0.02
are reported in Table 2. Comparison of the four lowest
singlet-singlet and singlet-triplet 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*/

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

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

Figure 5. Experimental optical absorption spectra of [Cu4I4py4] in CH3CN: (A) 5 × 10-6 M, (B) 1 × 10-4 M, and (C) 2.5× 10-4 M. In panel C, a
comparison of the experimental absorption spectrum with calculated excitation energies and oscillator strengths (vertical blue lines) is reported.
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6-31G* basis sets, respectively, and 2.965 (f ) 0.0002), 2.965
(f ) 0.0002), 2.967 (f ) 0.0057), and 2.971 (f ) 0.0000) vs
2.761 (f ) 0.0004), 2.761 (f ) 0.0004), 2.761 (f ) 0.0000),
and 2.765 (f ) 0.0024) eV for singlet-singlet transitions
with the LANL2DZ and 6-311G*/6-31G* basis sets respec-
tively]. Given the similarity of the results obtained with the
two basis sets, we retained the smaller LANL2DZ basis for
all subsequent calculations.

The two lowest energy transitions with sizable intensity
(f ) 0.0453 and 0.0498) are calculated at 367 nm. The final
states of these transitions are within the lowestπ* LUMOs
set, starting from orbitals of the HOMO- 3/HOMO - 5
set, which have their largest components from the iodine
lone pairs. These charge-transfer transitions are therefore
assigned as1XLCT absorptions. The calculated wavelength
nicely correlates with the presence of the weak absorption
band measured at 360 nm in the experimental [Cu4I4py4]
absorption spectrum; see C in Figure 5, in which the low-
energy portion of the experimental absorption spectrum is
compared to the calculated excitation energies and oscillator
strengths. Inclusion of solvation effects does not lead to
qualitative changes in the low-energy region of the absorption
spectrum: four transitions of sizable intensity are calculated
at 362.73, 361.58, and 359.53 nm, with oscillator strengths
of 0.0057, 2× 0.0036, and 0.0049, giving rise to the band
experimentally found at 360 nm. The most significant
changes observed in solution are an overall reduction of the
transition intensities and the appearance of a fourth transition
of sizable intensity in the low-energy spectral region. Given
the qualitative agreement between the calculated data in
vacuo and in solution, data in vacuo are discussed hereafter.
At higher energy a group of two closely spaced, intense
transitions (f ) 0.1145 andf ) 0.2020) are calculated to
occur at 321 and 317 nm. These transitions involve popula-
tion of the HOMO+ 8, with antibonding Cu-I and bonding
Cu-Cu character, while the starting orbitals are within the
same HOMO- 3/HOMO - 5 set discussed above. The two
transitions have therefore1CC character and can be related
to the absorption band found at 304 nm in the experimental
spectrum of [Cu4I4py4] in benzene solution8 or to the 285
nm shoulder found in acetonitrile solution, Figure 5. Most
notably, the intense1XLCT and 1CC features calculated at
367 and 321-317 nm are in good agreement with the
excitation spectra obtained by monitoring the HE and LE
emissions,8 showing excitation maxima in toluene solution
at room temperature at 352 and 325 nm, respectively. Below

300 nm we calculated three transitions of sizable intensity
(f ) 0.0886, 0.0630, and 0.0212) at 299, 297, and 273 nm,
respectively. The transitions at 299 and 297 nm have as
starting states the HOMO- 9/HOMO - 11 coppert2g set,
while the 273 nm transition has the HOMO- 16, of copper
dz

2 character as starting state. These three transitions have
as final states the lowestπ* LUMOs set and therefore can
be assigned as metal-to-ligand charge-transfer (1MLCT)
excitations. These transitions are most likely related to the
285 nm shoulder found in the experimental spectrum.

Triplet Excited States: Emission.A comparison of the
lowest TDDFT singlet and triplet excited states of [Cu4I4-
py4] calculated at the S0, T1, and T2 optimized geometries is
reported in Table 3. The lowest triplet excited-state energies
calculated for the T1 and T2 optimized geometries give some
insight into the nature of the emitting states, while the singlet
excited states are reported for comparison. Moreover, it is
interesting to use the singlet-triplet TDDFT excited-state
energies calculated at the S0, T1, and T2 optimized geometries
to draw a schematic representation of the potential energy
surfaces involved in the dual emission of [Cu4I4py4]. In doing
so, one needs to select a distortion coordinate that character-
izes the geometrical arrangement of the three minima (S0,
T1, and T2) related to the emission process. In particular,
we chose to plot the excited-state energies as a function of
the average Cu-I distances: this necessarily arbitrary choice
is dictated by the fact that this parameter reflects to some
extent the expansion-contraction of the cubane core and
shows sizable variations on going from the S0 to the T1 and
T2 minima. The results are reported in Figure 6.

At the S0 optimized geometry, the lowest singlet excited
state, calculated at 2.965 eV (418 nm) above the ground state,
corresponds to a weak transition of1XLCT character (f )
0.0002) while the lowest1CC state is the 21st singlet excited
state calculated at 3.469 eV (357 nm) (f ) 0.0007). The
lowest triplet state is of3XLCT character and is calculated
at 2.834 eV (438 nm) above the ground state, while the
lowest3CC is the ninth excited triplet state and is calculated
at 3.191 eV (389 nm). Therefore at the S0 optimized

Table 3. Calculated TDDFT Lowest CC and XLCT Singlet-Singlet
and Singlet-Triplet Excitation Energies of [Cu4I4py4] at the S0, 3CC,
and3XLCT Optimized Geometriesa

energy, eV (wavelength, nm)

state S0 T1 T2

S0 0.000 0.580 0.175
1CC 3.469 (357) 2.294 (540) 3.819 (325)
1XLCT 2.965 (418) 3.300 (376) 2.635 (471)
3CC 3.191 (389) 1.875 (661) 3.703 (335)
3XLCT 2.834 (438) 3.166 (392) 2.504 (495)

a Energy differences between the S0 state at its optimized geometry and
at the T1 and T2 geometries are also reported.

Figure 6. Calculated singlet-triplet TDDFT excitation energies plotted
against the Cu-I distance for the S0, T1, and T2 optimized structures. Also
marked on the S0 potential energy curve are the minima corresponding to
the S0, T1, and T2 optimized structures. Data in parentheses are wavelengths
in nanometers.
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geometry the order of the XLCT and CC states is the same
for both singlet and triplet excited states, with triplet excited
states, as expected, at lower energy. We also notice that at
the S0 optimized geometry the3XLCT and3CC are separated
by only 0.357 eV, while a larger separation (0.504 eV) is
calculated between the1XLCT and 1CC excited states.

This picture changes dramatically upon moving to the T1

optimized geometry. In this case, the lowest triplet excited
state originates from a single HOMO-LUMO transition
calculated at 1.875 eV (661 nm). The corresponding∆SCF
value, obtained from the difference between the triplet and
singlet SCF energies at the T1 optimized geometry, is 1.936
eV (640 nm), therefore comparable to the TDDFT value
(they differ by only 0.061 eV). These values are in excellent
agreement with the experimental LE emission at 1.797 eV
(690 nm) measured at room temperature in toluene solution.
Having in mind the electronic structure discussed above, the
lowest triplet excited state is readily assigned as3CC, which
has its origin in excitation from the iodine lone pairs to the
Cu-Cu bonding/Cu-I antibonding LUMO. The correspond-
ing 1CC state is calculated at 2.294 eV (540 nm) (f ) 0.0103),
while the lowest3XLCT is calculated to be the 16th triplet
excitation, lying at 3.166 eV (392 nm). We notice that,
compared to the S0 geometry, the3XLCT and 3CC are now
well separated in energy (by 1.291 eV; see Figure 6).

For the optimized T2 geometry, the lowest triplet state is
of 3XLCT character and is calculated at 2.504 eV (495 nm),
again in excellent agreement with the experimental HE
emission found at room temperature in toluene solution at
2.695 eV (460 nm). The corresponding1XLCT state is
calculated at 2.635 eV (417 nm), while singlet and triplet
CC states were calculated at 325 and 335 nm, respectively.
The corresponding∆SCF value is calculated to be 2.991 eV,
in fair agreement with the lowest TDDFT singlet-triplet
excitation. We finally notice that the joint absorption and
emission calculated data are in agreement with the experi-
mental excitation spectra obtained by monitoring the two
emission features, showing a reversed order of excitation
spectra in which the HE and LE emissions correspond to
LE and HE excitations, respectively.8

Conclusions

The results of the DFT/TDDFT calculations described here
have provided a detailed description of the molecular
geometries of the [Cu4I4py4] tetranuclear cluster for the S0,
T1, and T2 states (ground state and the two lowest triplet
excited states). As expected, since the cluster electron core
is involved, going from the S0 to the 3CC state involves a
profound deformation of the cluster core geometry with a
significant increase of the Cu-I and I-I distances while the
Cu-Cu distances decrease together with the<Cu-I-Cu
angle. Since theη1-nitrogen donor pyridine ligand is not
involved, the Cu-N distances are not affected.

Much less significant is the deformation going from the
S0 ground-state geometry to that of the T2 state. In this case
the cluster core geometry remains quite unchanged while
the Cu-N distances shorten significantly. This would be

expected given the more negative character of theη1-nitrogen
donor pyridine ligand in the halide-to-pyridine charge-transfer
excited state. The relevant geometrical relaxation of the
3CC state, which is considerably different from that of the
3XLCT state, produces a profound change of the ground-
state molecular orbitals in comparison to the S0 optimized
geometry. While at the ground-state geometry the3XLCT
state has a lower energy than the3CC state, the strong
geometrical relaxation on the3CC state surface leads to a
reverse order of the excited states. Such electronic perturba-
tion is the origin of the reverse order of excited states of
emission compared to the excitation and reflected in the dual
luminescence.

The strong geometrical relaxation of the3CC state justifies
the observed thermochromic and rigidochromic behavior
connected with the nuclear motion impediment at low
temperature and in rigid matrix. Once the respective excited
states have relaxed to their equilibrated geometries, the
3XLCT state is at higher energy than the3CC state. Although
the distortions along different trajectories provide a barrier
for interconversion between states, the presence of the lower
energy3CC state provides an additional channel for deactiva-
tion of the higher energy3XLCT state in ambient temperature
solutions.8 This may explain the much longer lifetime of the
LE emission compared to the HE one in solution, although
it should be emphasized that the lifetimes of the two
emissions are comparable in 77 K glassy solutions.

Our calculations, which provide a unified picture of the
stationary points on the excited states potential energy
surfaces, produce a calculated dual emission spectrum in
excellent agreement with available experimental values and
confirm the earlier, qualitative assignments of the emission
bands.1,7,8,11-16 Furthermore, the calculated electronic absorp-
tion spectrum, which involves evaluation of singlet excited
states, is in good agreement with the experimental one. In
particular, for the first time we have been able to identify
the higher energy absorption bands as having MLCT
character, while the absorption bands at lower energy are
related to charge-transfer processes of1CC and 1XLCT
character, respectively, thus involving the cluster core and
the bridging iodines.

In conclusion, our calculations not only have confirmed
the involvement of3CC and3XLCT excited states as origin
of the dual emission but also have shown unequivocally the
great sensitivity of the electronic structure to involvement
of the cluster core in the excited states. The orbitals of the
pyridine ligand, which are the most stable among the HOMO
and LUMO orbitals, are much less affected by the involve-
ment not only of cluster core but also of their bonding to
the cluster core in the excited states. Owing to the excellent
agreement of the experimental data with our theoretical
approach to this class of Cu(I) compounds, we are now
extending this kind of calculations to other geometrical
arrangements of Cu(I) compounds, like polymeric stair or
single chains, which still lack an acceptable definition of
their electronic structure and therefore of the origin of the
transitions involved in absorption and emission spectra.
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