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STUMMARY

Solutions of the copper(I] tetranuclesr clusters Cu, I 58, (A =
pyridine or substituted pyridinc} in rocm temperature
toluene display twe luminescence bands in the visible region of
the spectrum. The nigher erergy emission has been assigned as a
transition from a metal-to-pyridine charge transfer state an the
basis of pyridine substituent el[s¢ts, while the much more intense
lower energy emission has been assigned as a cluster-centered
transition owing tc its presence sven when A is a saturated amine.
The twe emissions display relatively long, but different,
lifotimes and appear to originate from states which are
essentially uncoupled., Calculations using effective relativistic
core potential methods suggest that the cluster—-centered emission
is frem an excited state which can be visualized as the result aof
electronic prometion from a HOMC which Is largely iodide in
character to a LUMC which Is largely copper (45 and 4p) in
character,

INTRODUCTION

The photophysical properties of mononuclear arnd polynuclear
complexes of cowper{Il}) are extremely rich. For example, metal to
ligand charge transfer (MLCT) emission has been observed from
arbiont temperature solutions of certain mononuclear Cuf(l)
complexes of sterically bulky ligands (refs. 1,2), (One such case
is Cu(dpp}2+ {dpp = 2,9-diphenyl-1,1C-phenanthroline) for which
the MLCT lumincscence lifetime is 258 ns in 23 °C dichloromethane
{ref. 2). A large number of polynuclear copper(l} complexes have
also been demonstrated to be luminescent in +he sclid state (refs.
3,4), and the photoproperties of these raterials have bean the
sudject of investigatior of the possible correlations to
structural considerations. Much less attention has been addressed

to the solution phase photophysical properties of the polynuclear
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copper{l) systems, although Kunkely znd Vogler have described the
photoemission spectra in ambienrt temperature of the tetranuclear
corplexes CuuI,py,. [(py = pyridine) ard CuyIgmory, {mor =
marpioline} in room temperature benzene {(ref. 3}. In these ¢ases,
sirilary broad visible renge emission bapds were noted for both the
cluster cf the aromatic amine pyridine and thac of the saturated
arine morpholine. Thas, it was concluded that a MLCT assigrment
was inappropriate and that these emissions should be assigned to s
-» d transiticns {zel. 5).

The structure of the Cu I py, cluster has been determired by
x-ray c<rystallography (ref. &} to be a tetrahedral array ol
copper{I) centers enclosed in another tetrahedron of iodides. The
pyridines appear at the vertices of the Cuy tetrahedron. Figure 1

is a representation of this structure.

Figure 1: The Structure of Cuylupy, (ref. 6}.

Giwven +that copper({l) has a 3dl? electronic configuratien,
little metal-metal honding bhetween Cuil) centers in polynuclear
complexes would be expected to result from the ground state
interactions of the d-orbitals. (However, configuration
ipteraction with the 45 and 4p orbitals may lead to modest
metal-metal honding interactions (ref. V).) Ik contrast, an
excited state {e.s.) formed by promotion of an electron from an
antibonding metal d-orbital of a polynuclear Cu(l! compound, such
as proposed (ref. 5) for the emissive e.s. of Cuyul &y, may be
expected to display cnhanced metal-metal bonding. Such behavior
has been argued for a variety of dinuclear metal complexes e.g.,
the a8-d8 dimer Pt,{u-P;05H,) %" (refs. 8-10) and the alf-gil
dimer Pd,(bisdiphenylphosphincmethane}, (refs. 11,12), which have

no formal, ground state bonding between the metal centers. These
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display unusually long-lived emissions from triplet excited states
assigned as arising [rom U;m - a?m vrbital parentages., Transient
resonance Raman spectral studies support the view that the
metal-metal bonding is enhkanceé in the execited state (ref 13).

The potential analogy between the excited state properties of such
dinuclear systems and those of the tetranuclear CulI) clusters
stirulated the present reinvestigation of the sclution phase

luminesc¢ence properties and theoretical study of the latter

systems.

RESULTS AND DISCUSSION

1. Emission Spectral Properties

The lumninescence spectra recorded at ambient temperature for
the CugIygpyy cluster as solid crystals and as a solution in

toluene are illustrated in Figures 2a and 2b.

Figure 2: Emission spectra at 294 K of Cr, Iyapyy @) in the solid,
k] in toluene solution {inset is expanded scale
showing the MLCT emission in solution). Exeitation
wavelength was 350 nm in each case
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Notably, in each case, a strong, broad emission band is observed,
but, in agreement with previous workers (ref. 5, 14), the position
of the band is markedly affected by the medium. The sclid state
spectrum maximum cccurs at 580 nm, the solulion phase maximum at
690 nm. The luminescence decays of these emissions proved to be
exponential with the lifetimes 11.1 and 10.6 ps [or the solid and
solution phase systems, respectively, at 3%4 K. Although medium
dependent, the pousition of this emission band proved essentially
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independent cof substituents on the pyridines (Tahle 1), a fact
which prompted our initial assignment (ref. 15} ot the longlived,
emissive . #. as a trivlet metal cluster centered (MCC) excited

state [see helow).

TABLE 1

Maxima and Lifetimes for the MLCT and MCC Emission Bands

of CuyTyAy in Toluene Solution?

a Amccr T Amce T
§-t-butylpyridine 468 nm  J.40 ps 696 rr 11,1 ps
d-benzylpyridine 473 0._36 £92 1l.6
pyridine 480 0.45 £9C 10.7
4-phenylpyridine 320 0,13 69% 10.2
I-chloropyridinc 537 G.35 £75 12.6
piperidine bl 680 0.11
morzholine b 671 0.51

a. In N, dcaerated solution at 294 K.
b. ¥o ewission cobserved in 294 K sclution or at

lower tomperatures,

A close cxamination of the sclution phase spectrum shows a
second kand at 480 nm (see inset in Figure 2Zb) alsoc displaying
exponential decay but with a shorter lifetime of 450 ns. A
similar pattern of emission bands hes been roted for a series of
other Cu,T,4, complexes when A is a scbstituted pyridine (Table
1}. At lower temperatures the relative intensities of these two
nands change dramatically so that at 77 K the higher energy
emission is clearly the dominant peak in the luminescence
spectram,  This pattern is illustrated in Figure 3 for the
4-phenylpyridine derivative. The sensitivity of the higher energy
band to the nature of the ligand substituents, plus the fact that
analogous bands are not seen in the spectra of these complexes
whore A is a saturated amine, led to the assignment of this to
radiative decay [rom a copper to pyridine MLOT excited state (ref.
15).

The solution phase emission behaviors of these complexes

display some truly remarkable properties {(refs. 14 and 16).
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Figure 3 [below, left side): Luminescernce spectra of
CuyI,y{d-phenylpyridine}, in denerated toluenes solution
at a) 296 k, b} 250 K and ¢) 195 K. BExcitaticon at 35¢
nm in each case; Intensities normalized to the tallest

peak in each spectrum.
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Figure 4 [(right side): Excitation spectra of the MCC and MLCT
emission bands of Cuyl,upys in 294 K toluene solution:
a) MCC at 690 nm; b) MLCT at 476 nm

A key one js that the lifetimes of the MLUT and MUC bands are both
relatively long and remain ditferent Zrom each other even in
ambient *emperature fluid solutions. A second is that the two
aritting states are sufficiently uncoupled that the higher enerqgy
MLCT state can be guenched by Lewis bases (presumably via
fecrmation of exciplexes as described provicusly for the MLCT state
of certain monanuclear Cu(J) complexes (refs, 2,17)) wirhout
affecting the lifetime of the stronger, Jower energy MCC emission.
A third is the remarkable temperature dependence of the relative

intensities of the two bards which is illustrated for toluene
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solutions of the 4-phenylpyridine cluster in Figure 3. A fourth
is that the excitation spectra of the two emission bands differ
significantly even in ambient temperature solution {Figure 4),.

A1l of the above observations are clear indications that the
excited states responsible for these ftwo erissions are essentially
uncoupled, i.e., that internal conversion processes hetween the
higher erergy MLCT slale ard the MCC state are significantly
slower than are cother pathways leading to Lhe deactivation af the
former.

Givern that the observation of two independent emissions Lrom
noneguilibrated excited states of a sirgle transiticn metal
complex is wvery rare under such ambient temperature fluid solution
conditions, one is tempted to attribute the two emissions to the
presence of two different chemical species in the solution. This
explanation would be especially attractive civen that Cu(I)
complexes are extramely labile and that polymeric forms ofF the
same {Culpy)  stoichiometry are known and display cxclusively MLCT
type emissions. Therefore, one might argue tha*t the twe emissions
are from two isomeric forms of the Cu(Tl) tetramer in lakile

equilibrium, e.g., clesed and open forms such as

{(BEg. 1}

ACu
the closed form being rcesponsible for the MCC emission, the open
form being responsible for the MLCT erission. The principal
argument against this propesal is drawr from the photophysical
behavior of the clusters in crystalline solids in which the
structures have bheen shown to 2e the tetrahedral. At room:
temperature only MCC emission was observed in the solid samples
{Figuxe 2a); however, as the temperature is lowered, the higher

gnergy MLCT emission band (X 438 nm) becomes prominent {Figure

max
5} in a manner analogous to that of the toluene solutions under
similar conditions. Furthermore, even in tae crystalline solid
the two emissions are uncoupled as evidenced by the dependence of
their relative intensities on the excitation wavelength. Thus, we
conclude that beth the MLCT and MCC emissions are photophysical

properties of tetranuclear cluster Cuyl,A,; when A is an aromatic
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amine; howaver, we are extending our investigations of these

systers to test this conclusion more critically.

Figure 5: Ewission spectrum of crystalline Cuyl,oyy in the

sclid state at 77 K. Excitaticn at 350 nm.
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2. Thepretical Studies

A set of ab initio calculations was carried out in order to
gain ¢greater insight inte the structures and the spectroscopy,
especially the MCC transitions, of the tetrahedral Cuyl,dy
molecules and of otner species of the {Cull Ay stoichiometry. The
development of relativistic effective core potentials {ref. 18}
which enable the wavefunctivn to be restricted to valence
glectrons, allows accurate calculations even on such large
systems. The ARGDS set aof programs {ref. 19%) written by R. M.
Fitzer was used. lartree-Fock calculations providsed the molecular
orbitals, orbital encrgies and tcoctal energies of the complexes.

Basis functions were taken from ref. 18. It seemed likely
that the 4p-orbitals would be important on copper, so three
possihilities were considered, For a dimer cu212(NH3]4, a single
gaussian set of p-functions was placed on cach Cu, &rd its
exponent was optimized {to 0.0979%). The tctal Cu p-population is
0,302 electrons on each Cu and use of the p-functions lowered the
total energy of the dimer by 0.0768 hartrees, hence, the Cu
p-orbitals do make significant contributions to the wave Eunction.
Comparison was made to two other Cuv p—ftunctions: the 3T0-3G and
the Los Rlamos contracted (Zp) functions (refa. 20,21) which are
standard bases in GAUSSIANSA. Calculations on tetrahedral
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Cuyly(NHy), showed that the optimized sirgle gaussian gave a lower
energy than either ol the comparisons, 80 it was used in all
subsaquent computations.

Mcre flexible "doukle-zeta™ bhasis sets were made by allowing
tke most diffuse function of each ¢f the contracted gaussians
{except the Cu 4p and H ls functiens) =e ke a scparate hasis
function. 8TO-3G functions were used on hydrogens.

In order to kezep the problem a tractabls size, the
calculaticns were far the most part carrisd out for A = ¥H;; this
of course excluded the MLCT states {rom consideration.
Calculations were carried out for the following spegies: al
Culf{py) and CuI(NH3) monamers, b)Y the diners CuZIZ(NH3)2 and
CuaI;(NHzb,r ©) an "open" trinuclear cluster CuyIq{NHyly (a model
for the "stairstep" polymer, (Culipy))r, from which structare
{ref. 22} the bond lengths and angles were taxen} and d) the
tetrahedral cluster Cu414(NH3)4. Fer calculatieons on the mono-,
di- and telranuclear structures, the Ju-Cu, Cu-I, Cu-N bond
lengths and relevant bond angles were taken from the x-ray
structure of Cuylupyy (ref, 6). Ammonia was assumad to he
tetrahedral with the same N-H bondicngths as free KHy.

Calculations on the hypothetical monomeric species Cald were
carricd out to cxaminc possible differences in the interactions
between the metal and the amine ligands NHy or pyridire. Results
of the computations in terms of the net charges on each atom cr
fragment are summarized in Takle 2. HNotably the rnet ligand
charges on py and N5 are guite close, +C.118 and +(.097,
respectively. The caleualations suggest that #-interactions
between the Cu ard the N of pyridine are at most minor. Sigma
overlap populaticns, although much larger and bonding, are modest,
and the Cu 4s - N 2p overlap dominates the Cu-N sigma irteractiorn.
In additicn the HOMO-LUMO gap is nhearly the same in both monomers.
also, for each monomer the HOMD is almest completely (97%)
coaposed of the iodine p-orbitals for each molecule, and the LUMO
is primarily Cu 4s with minor ccentributions frem Cu 4p and K 2s.
Thus, these results suggest that use of WHy instead of pyridine in
the cvalculations does not greatly alter the electronic structure
of the (CuT}, A, complexcs. A similar ¢ernclusicn might also be
drawn from examining key features of the crystal structures of
Cu,I4pyy and CuyIzmory (ref. 6). The Cu-Cu, Cu-K and Cu-I bond

lengths are nearly idertical for the two structures despite the



possibility for w-bonéing interactions belween the Cull) center

and the pi-unsaturated pyridire.

Tanle 2: Results of ab initioc Hartree Fock calculations
on copper(I} iodide amine complexes {(Cul} A, using
relativistitic effective core potentials

Parame-er Calculated Cul({NES) Calipy) CuyIylNHy),
Atomic Charges
cu +0.474 +0.459 +0.337
T -0.571 ~G.577 -0.393
+0.097 +0.118 +0.056
HOMO
Energy® -0.2870 -0.2780 -0.2079
2C0 2.5 2.2 17.4
I [all p} 7.2 87,1 80.6
LUMD
Eneryy? +0.0412 +{1,034%3 +0.1308
20U b ) 92
51 b b 8

a) Energies in hartrees., k] not calculated

The Hartree-Fock compulalions or the ‘elrahedral Cu4IQ(NH3}4
reveal ar important feature of the righest energy occuapied
moiocular orbitals including the HOMO itself. For each of these,
the predominant centributors to the molecular orbitals are the
igdine p~crbitals. Indeed, the HOMO is B0.6% iocdine and only
two dimers
the HOMO.

(Cullay

species examined, the HOMO is principally an iodine nonbonding

17.4% copper in composition. The calculations on the
and the trimer each give very sirilar compositions of

Thus, aceogrding to these caleulations fur each of the

orbital, although it has a slightly Cu-Cu antibonding character.

43

In contrast, the LUMD for the tetranuelear cluster was computed to

De 92% copper and but 8% iodide in compesition. From overlap

population calculation, the LUMO was concluded to be Cu—-Cu bonding
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in character owing to mixing of the Cu 4s orbitals but also
anlibonding with respect to the Cu-I interactions. Thus, the
previous suggestions that the lowest excited state ot such
clusters was the result of 3d -»> 45 excitation or of delocalized
orbitals o the Cu, core {refs. 5 and 1%} appear overiy
simplistic. According to thess computational results, this 2. =,
is apparently the result of excitation between orbitals
delacalized over the Cuyly core hest represented as a ligand
(1.e2., 14) to metal (i.e., Cuy) charge transfer transition.

Ir the context af the above calculations, it is notabhle thaw
the chlaride cluster CuyCl,{pyl, displays only a single emission
band in either the solid or ir solution. The luminescoence
speatrum of the solid salt showed a bang maximum of 531 nm oat 294
K and of 52Z nm at 77 K. In 294 K toluene solution, the observed
band maximum was 510 rm for a very weak emissicn. While the shift
te higher energy would be qualitatively censistent with the above
ligand~to-metal charge transfer assigmment of the ¢luster centered
transition, an alternative aszignment would ke that the emission
ovbserved for Cu,Cl,oy, is from a MLCT state. The latter would be
consistent with the absence of ovbservable emlssion [rom the
piperidine complex Cu,Cl,{pipl, (solid state) and with Lhe red
shifts for emissiovns from Cu,yCl,(4-phenylpyridine) (602 nm in 294
K toluene, ref. 23] and Cu,Cl,{N,N-diethyliicotinamidei, (662 nm
in 13 K CH,Cl,, ref, 24).

In summary, it is clear that the CuyT A, svlutions display
complex photopbysical behavior indicating emissicn [rom several
poorly coupled excited states. Owing %o the high lability of
curl}, it is difficualt to exclude the pessibility that this
behavior results from the presence vf multivle spacies. However,
the analogous properties of these materials in the solid state
aryues for this behavior being clharacteristic of the intact
tetrahedral clusters. Results from ab _initie calculations
indicate that the .interse lower energy emission bands are from
iodide to metal charge transfer excited states; however, these
preliminary conclusions are being tested by experimental and

computational retinemernt (ref. 25}.

EXPERIMENTAL PROCEDURES
1. Synthesis of Cowmpounds

The Cu,J,h, clusters were prepared by publisped procedures



{refs. 26,27) and recrystallized from benzene. The analogous
chloride clusters Cu,Clya, were preparcd as described [ref. 27)
under N, and stored under argon.

2. Luminescence Procedurcs

Al spectra and lifetimes were obtained using deaerated
sclutions prepared using vacuum line techniques. Spectra were
obtained using a SPEX Fluorclog 2 model II1 emission spectrometer
interfaced with a SPEX Datamate II data station. Lifetimes were
measured on a YAG laser syster described previously {ref. 28),
while time resolved spectra were chtained using an apparatus which
employs nitrogen laser for excitation and a PAR 4400 boxcar systcm

for dala recording 2nd manipulation {(ref. 2¢).
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