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Theoretical Study and Luminescence Properties of the Cyclic Cifdppm)sOH?* Cluster.
The First Luminescent Cluster Host at Room Temperature
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The [Cw(dppm}OH](BF4). cyclic cluster host is found to be luminescent at 298K = 540 nm;7, = 89 +
9 us; ®. = 0.144 0.01) in degassed ethanol solutions and at 7Z{(= 480 nm;ze = 170+ 40 us; ® = 0.73

+ 0.07) also in ethanol. The nature of the lowest energy excited states has been addressed theoretically using

density functional theory and experimentally using t\isible, luminescence, and polarized luminescence
spectroscopy and is found to béA, arising from the ...(18€é{7a)'(13a)? electronic configuration. The excited
state geometry optimization for the model {RHs)sOH>" compound in its T state A,) has been performed
using density functional theory and compared to its ground state structure. Th€Chbond length is expected
to decrease greatly in the excited state (calculai®d- 0.47 A), in agreement with thé‘¥electronic configuration.

The perturbation of the photophysical properties by the addition of two guest carboxylate anions has been

investigated. From the SteriVolmer plots, the quenching constarkg, are 1.65x 10° and 5.10x 10° M~! 571

for acetate and 4-aminobenzoate, respectively, which are also proportional to the relative binding strengths of the

substrates with Gidppm}OH?" (i.e., acetate< 4-aminobenzoate).

Introduction Ms(dppmCCO?t (M = Pd, Pt; dppm= ((CeHs).P)CH) in

The CU cluster complexes have been the topic of numerous relation to the presence of guestost interactions,_b_oth in the
theoretical and spectroscopic studies regarding the nature of thédround and excited statesThese complexes exhibit a hydro-

lowest energy luminescent excited states and the presence opnobic cavity located above the unsaturategidénter, wrliqh
Cu--CU interactions: The Cu species belong to a larger S formed by six dppm phenyl groups arranged like a “picket

family of compounds where the electronic configurationi d  fence”. The M(dppm}CO?" ground state structure exhibits a
(CU, Ag', AU, Ni%, P&, PP), which again also exhibit rich fqrmal M—M single bond and a cavity size of~2—3_ A
photophysical propertigs* Recently our group has been diametef On the other hand, theoretical and experimental
interested in low valent trinuclear cyclic clusters of the type Considerations indicate that both the-Ml bond and cavity size
increase from the ground to the lowest energy excited stafes.
*To whom correspondence should be addressed. Tel: (819) 8211-7092.Cyclic trimetallic Mz(dppm}X, compounds exhibiting weak
FAX: (819) 821-8017. e-mail: pharvey@structure.chimie.usherb.ca. oM i i i i -
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exhibiting an unsaturated faé®.The three latter clusters have
been proposed as structural models for the lowest energy excited
state My(dppmjCC?*" (M = Pd, Pt) specie®

We now wish to report the spectroscopic and photophysical
properties of the “strongly” luminescent gdppmjOH?*
complex. This compound is found to be luminescent both in
298 and 77 K solutions and in the solid state. The molecular
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The molecular structures for Edppm}CC?t in the lowest energy
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and the density functional theory (ADF 113) and are in agreement
with the findings in ref 5b. For instance, th&) value for the emissive
3A; state in Pe(dppmyCQ?* is calculated to be 0.19 A according to
ADF. An emission band fitting similar to a FranelCondon analysis
also reports a\Q of 0.19 A: Provencher, R.; Harvey, P. Ihorg.
Chem.1996 35, 2113.
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orbital diagram, the electronic transitions, and the evidence of
weak Cu--Cu interactions have been addressed theoretically

using the density functional theory and experimentally using 5 culations were performed using a modified
photoselection emission spectroscopy and a comparative StUdXNolfsberg—HeImhoIz formulal?

between a monomeric Gyphosphine complex and the tricopper
cluster. The excited state structure in the lowest energy triplet
state $A) has been optimized also using the density functional
theory. The excited state distortion (shortening) along the
Cu---Cu interactions is predicted to be large.

Experimental Section
Materials. The [Cu(dppm}OH](BF4),1° and [Cu(P(GHs)3)3]-
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Table 1. Calculated MO Levels for G{PHs)sOH>"

calcd calcd
MO label energy/eV MO label energy/eV

145 —8.416 16e —13.115
13a (LUMO) —8.533 11a —13.136
73 (HOMO) —11.859 10a —13.295
18e —11.954 15e —13.300
17e —12.957 6a —13.321

—13.017 14e —13.395

version of the
The atomic parameters used
for Cu, P, H, and O were taken from the literatd#é® The
interatomic distances and valence bond angles were average
values taken from ref 10, in which the crystal structure of the
Cug(dppm}OH?2* cation is reported. To simplify the calcula-
tions (limitations in the size of the molecules handled by the
program), the dppm ligands were replaced by twg Bidups.
Such a procedure is standard. The reported density functional
calculations were all carried out by utilizing the program ADF

BF4!* complexes have been prepared according to literature version 1.1.3 which was developed by Baerends &t#land
procedures. The solvents (ethanol (Fisher), butyronitrile (Al- vectorized by Ravenedk. The numerical integration procedure
drich), toluene (Fisher), 2-propanol (Fisher), and methylcyclo- applied for the calculations was developed by te Velde & al.
hexane (Fisher)) were purified by standard procedtfres. The geometry optimization procedure was based on the method
Spectroscopic Measurements. Absorption spectra were  developed by Versluis and Ziegler. The electronic configura-
measured on a Hewlett Packard 8452 A diode array spectrom-tions of the molecular systems were described by an uncon-
eter, and emission and excitation spectra were obtained using aracted double: basis sé€ on copper for 3s, 3p, and 4s and
Spex Fluorolog Il spectrometer or a PTI LS 100 spectrometer. triple-¢ for 4d. Doublef STO basis set$ were used for
Part of the emission lifetime measurements were also performedphosphorus (3s, 3p), oxygen (2s, 2p), and hydrogen (1s),
on the PTI LS 100 instrument. The second part of the augmented with a single 3d polarization function, except for
measurements were performed on the Spex Fluorolog Il hydrogen, where a 2p function was used. Polarization functions
spectrometer equipped with a Spex 1934 D phosphorimeterwere not used for copper. The 22822pf configuration on
setup (for lifetimes that are at leastlO us). Raman spectra  copper, the 1< configuration on phosphorus, and the? 1s
were measured on an Instruments SA. Raman spectrometegonfiguration on oxygen were assigned to the core and treated
equipped with a U-1000 Jobin-Yvon 1.0 double monochromator by the frozen-core approximaticdh. A set of auxilian® s, p,
using the 514.5 nm green line of a Spectra-Physics argon iond, f, and g STO functions, centered on all nuclei, was used in
laser for excitation. Picosecond flash photolysis measurementsorder to fit the molecular density and present Coulomb and
were performed at the Center for Picosecond Spectroscopy alexchange potentials accurately in each SCF cycle. Energy

Concordia University. A description of the setup can be found differences were calculated by including the local exchange-
in ref 34b.

Experimental Procedures. Emission quantum yieldsi{)

correlation potential of Vosko et &6. No nonlocal exchange
and nonlocal correlation correction was made for the geometry

were measured using 9,10-diphenylanthracene as the standardptimization,

according to published procedurfés Binding constants were

measured according to procedures outlined in reference 5c.

Polarization ratiosN)) were also measured according to literature
procedured? All solutions were Ar(g) bubble degassed for

room-temperature measurements ( 298 K), unless stated OtherCLl@(Pl-lg)60H2+

wise.
Computational Details. The CACAC"® graphics package

Results and Discussion

1. Theoretical Calculations. The molecular orbibal energy
diagram for the frontier orbitals of the model compound
was computed using the density functional
theory (Table 1). The MO'’s of interest in this work are the

was used to draw the molecular orbitals. In order to enhance 17y ammeter, J. H.: Burgi, H. B.; Thibeault, J. C.: Hoffmann,RAm.

clarity, they were redrawn using the Chem Draw computer
software. The CACAO program was included in software based
on extended Hekel molecular orbital calculatiod$. These
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Laboratory ChemicatsPergamon: Oxford, U.K., 1966. (b) Gordon,
A.J.; Ford, R. AThe Chemist's Companion, a Handbook of Practical
Data, Techniques, and Referenc®diley: New York, 1972; p 436.

(13) Lim, E. C.; Laposa, J. D.; Yu, J. M. H. Mol. Spectroscl966 19,
412.
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Harvey, P. D.; Zelent, B.; Durocher, Gpectrosc. Int. J1983 2,
128 and references therein. (d) Brummer, J. G.; Crosby, @h&m.
Phys. Lett.1984 112, 15.
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Chem. Soc1978 100, 3686.
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1975 97, 4884.
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Elsevier: Amsterdam, 1987.
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The Cyclic Cuy(dppmOHZ" Cluster

LUMO (a;)

Figure 1. Drawing of the LUMO and HOMO of the G(PHs)sOH?**
model compound. In the HOMO drawing, the O atom, omitted for
clarity, does not contribute to the MO.

Table 2. Atomic Contributions for the GiiPHs)sOH?>" Frontier
Orbitals

%

Cu P o]

dey dy S P Py Pz Px Py P: Px Py P other

LUMO (13a) 27 22 22 18 4 7
HOMO (7a) 26 25 6 4 13 16 10
18e 14 39 3 81114 1 1 9

13 (LUMO), 7 (HOMO), and 18e (HOMO-1). The energy
gap between the LUMO and the HOMO is 3.42 eV (17 600
cm™1), which would generate an absorption band around 360
nm. Experimentally, this band is observed-&35 nm (section
below). The LUMO is composed 6£62% p and~27% s Cu
atomic orbitals. Some O ;patomic contributions are also
computed £4%). This MO exhibits Cu-Cu bonding interac-
tions and some weak antibonding €0 interactions. There

is no Cu-P component in this MO, and very weak—®l
antibonding interactions are felt. Details of the atomic contribu-
tions to the MO’s are listed in Table 2. The HOMO is primarily
composed of-51% in-plane Cu d orbitals {d 2, d,y), of ~10%

of in-plane Cu p orbitals (9 py), and of~29% of in-plane P p
orbitals (g, py). This MO exhibits antibonding interactions for
the Cu--Cu and Cu-P interactions, but no contribution of the
OH group is observed. Finally, the HOMO-1 (18e) is composed
of ~53% of in plane Cu d atomic contributionsddz, o), of
~11% Cu p orbitals (p py), and of ~25% of in-plane P p
orbitals (g, py). Some weak O atomic contributions are also
observed. This MO is located0.1 eV below the HOMO,
which would theoretically place an absorption band~&01

nm (33200 cm?). Experimentally, a strong absorption is
indeed observed in the 28297 nm range. The program used
for the computations (ADF 1.1.3) could not draw the MO'’s.
Instead, we used the CACAO progrdfwhich utilizes the
qualitative EHMO model. During the computations, we verified
that the MO’s of interest did not change their relative order
and did not change their identity (i.e., approximately the same
atomic contributions). Figures 1 and 2 show the LUMO and
HOMO and HOMO-1, respectively. Some minor inversions
in the MO ordering below HOMO-1 are noticed for MO’s

separated by less than 0.1eV. These are of little consequence

to this work. It is also interesting to note that the MO scheme
for the Cu(PHs)sOH™ model compound is similar to that of
the Mg(PHs)eCO?" compounds (M= Pd, Pt) investigated by
our group® and by otherd’ The two major differences are

Inorganic Chemistry, Vol. 35, No. 8, 199237

HOMO-1 (e)

Figure 2. Drawing of HOMO-1 (18e) of the G{PHs)sOH*" model
compound.

Table 3. Comparison between Selected Experimental and
Calculated Bond Distances and Angles forsiHz)sOH**

expth calcd Cs,)
(X-ray data) ground state iExcited state

r(Cu---Cu)/A 3.127(2) 3.373 2.906

3.120(2)

3.320(2)
avr(Cu—P)/A 2.232(6) 2.231 2.174
avr(Cu—O0)/A 2.01(2) 2.00 1.94
r(O—H)/A 0.989 0.983
av PCuCu/deg 87(5) 93.8 97.4
avd CuOCu/deg 105(6) 115.1 97.1
av Cu OH/deg 113(5) 103.0 120.1

a Data for Cy(dppm}OH?2* from ref 10. The uncertainties included
in parentheses for average values are the differences between the
average values and the most different experimental data.

the addition of two electrons in the @oomplex and the absence
of sr-back-bonding orbitals in the OH group.

The structure of the G(PHs)sOH?* model cluster in its
lowest energy triplet excited state has been optimized using the
density functional theory (figure available in the Supporting
Information). In order to provide confidence in the calculations,
the ground state G(PHs)sOH?" structure is also optimized and
compared to that of Gidppm}OH2*™ (Table 3)1° The com-
parison between the experimental and calculated valence bond
distances (i.e., CuP and Cu-O) for the ground state structure
is excellent. The calculated-H bond distance (0.989 forpS
0.983 for T;) also compares very favorably with the experi-
mental datum (0.970 A for O3® The calculated Cu-Cu
separation (3.373 A) is somewhat larger than that of the three
crystallographically measured €tCu distances in Gdppm}-
OH2* (average= 3.189 A)10 This difference is associated with
the presence of the bridging dppm ligand which limits the
freedom of the P atoms. In bridged dppm non-metaétal-
bonded trinuclear complexes, the ¥ bite distance is generally
found to be around 3.3 A% For the model compound, values
of 3.67 and 3.48 A are calculated for the-# separations

(27) (a) Mealli, C.J. Am. Chem. Sod985 107, 2245. (b) Evans, D. Gl.
Organomet. Cheml988 352, 397.

(28) Weast, R. C., Selby, S. M., EISRC Handbook of Chemistry and
Physics 48th ed.; The Chemical Rubber Co.: Cleveland, OH, 1968;
p F147.
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(PHs---PHs) of the S and T; structures, respectively, and may
explain in part some of the small differences in valence bond
angles between the X-ray and calculatgd&a. Upon removal

of the dppm ligand from the ground state model cluster, the
Cu---Cu separations increase slightly, which certainly indicates
that the M--M interactions are very weak from a theoretical
standpoint. At distances of 3:8.4 A, the metal atoms are
well located above the sum of the van der Waals radii (i.e.,
1.40 x 2 = 2.80 A)2° Numerous experimental works have
demonstrated that (weak)-MM interactions are still possible
at distances exceeding the van der Waals limit and can be
detected in polynuclear complexXg¢M = Rh30apd3ob pt30c
Hg3%), notably by Raman and electronic spectroscopy. This

Provencher and Harvey
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phenomenon has been known for years because of the so-called

van der Waals molecul&s. In the T, excited state, this

calculated distance undergoes a remarkable decrease going from,g,

3.373 down to 2.906 A (i.e., calculated excited state distortion
AQ=0.467 A). This observation is in perfect agreement with
the MO diagram, which indicates that the HOMO is-€Gu
antibonding and that the LUMO CuCu is bonding. This
predicted AQ value is somewhat larger than that of the
experimentally evaluated one for the relaté®-di’® Pd,(dppm)
complex AQ ~ 0.18-0.23 A)32indicating that the Cyfdppm})-
OH?* cluster is expected to be a more flexible molecule than
the dimer. But again, the absence of the dppm ligand in the
computations increases the degree of freedom of the G){{PH
fragments. Nevertheless, in relation to the excited state guest
host activities, these computations predict that the cavity size
should be greatly reduced in the $tate. In addition, the
antibonding nature of the CtP interactions in the HOMO, and
the non contributing CuP interactions in the LUMO, predict
that the Cu-P distances in the excited state should be somewhat
shorter than that of the ground state. This is indeed computed
(2.231 A for S and 2.174 A for T state) and should also
contribute to the decrease in cavity size.

One interesting last point is the comparison of the position
of the Cy plane with respect to thegplane. In the ground
state, the computedsPlane is located below the gylane
(where the OH group is located on top) by 0.10 A. Inthe T
state, the calculated;Blane has moved up above thes@lane
by about 0.07 A. This structural modification renders the £uP
fragments less planar in the excited state, deforming it@&up
orbitals in order to promote larger Cy-pp, Cu positive MO
overlaps.

2. UV—Vis Spectra. In order to address evidence of
Cu---Cu interactions, the U¥vis spectra of the monomeric
triangular planar [Cu(P(§Es)3)s] ¥ complex are investigated.
The 298 K spectra of the monomer are characterized by a
vibrationally resolved band located at 278 ner=f 4400 M1
cm 1), with a weak tail around 300 nm. On the other hand,
the cluster exhibits an intense shoulder at 255 arr @1 000
M~1 cm™!) and a second one at310 nm. The 278 nm

(29) Cotton, F. A.; Wilkinson, G.; Gauss, P.Basic Inorganic Chemistry
3rd ed.; Wiley: Toronto, 1995; p 61.

(30) (a) Harvey, P. D.; Shafiq, F.; Eisenberg, IRorg. Chem.1994 33,
3424. (b) Perreault, D.; Drouin, M.; Michel, A.; Harvey, P. Dorg.
Chem 1993 32, 1903. (c) Harvey, P. D.; Truong, K.; Aye, D. T;
Bandrauk, A. D.Inorg. Chem.1994 33, 2347. (d) Harvey, P. D;
Aye, K. T.; Isabel, E.; Hierso, K.; Lognot, |.; Mugnier, Y.; Rochon,
F.Inorg. Chem1994 33, 5981. (e) Harvey, P. DCoord.Chem. Re,
in press.

(31) See the numerous data contained in: Huber, K. P.; Herzberg, G.
Molecular Spectra and Molecular Structure Constants of Diatomic
Molecules Van Nostrand: New York, 1979. See also the numerous
examples cited in reference 30.

(32) (a) Harvey, P. D.; Murtaza, 4norg. Chem.1993 32, 4721. (b)
Harvey, P. D.; Dallinger, R. F.; Woodruff, W. H.; Gray, H. Biorg.
Chem1989 28, 3057.

Figure 3. Comparison of the UV vis spectra for solid Gi(dppm}-
OH?™ at 298 K (top) and for Cifdppm}OH?* in ethanol (at 77 K for
ution improvement purposes; bottom).

Table 4. Comparison of the UV Vis Data

exptl
Alnm calcd
solid state ethanol proposed
(298 K) (77 K) comment  A/nm assignt
335 (sh) 337 (sh) weak 360 Ja 13a
283 (sh) 297 strong 301 18e 13a
250 (sh) ~260 (sh)

structured band in the monomeric species is clearly characteristic
of an intraligand (P(gHs)s) absorption. The strongly allowed
character of the 255 nm band in the cluster compound indicates
that different electronic transitions are taking place and indicates
some evidence of weak GuCu interactions in the cluster.
Further evidence is also provided from the comparison of the
emission spectra (see text below).

The 298 K solid state and 77 K solution UWisible spectra
of Cug(dppm}OH?2+ are shown in Figure 3(Table 4). Both
exhibit features in the 290 and 335 nm range in agreement with
the theoretical predictions.

3. Emission Spectra. Despite the fact that the compound
was reported over 10 years ago, the luminescence properties
appear never to have been investigated. ThgdppmyOH"
cluster is indeed strongly luminescent both in the solid state
(Figure 4) and in solutions (Supporting Information). The solid
state emissionfax = 510 nm at 77 K) is located between the
emissions found for the solutionfef, = 480 nm,ze = 170+
40 us, P = 0.73 at 77 KAmax= 540 nm,7e = 89 + 9 us, D¢
=0.14 at 298 K). In @saturated solutions at 298 K, practically
no luminescence is observed. This efficiens Quenching
precludes any accurate measurementof our instrument&?

Both bands are vibrationally unstructured. The emission spectra

(33) An attempt to obtain the(Cu---Cu) values for the gand e modes of
the Cu(dppm}OH?* cluster by Raman spectroscopy has been made.
The solid state spectrum is composed of a broad and strong shoulder
located at 39 cmt. These modes are believed to be located under
this broad envelope by comparing data forAgy= 2, 3) complexed%®
The monomeric species [Cu(R#s)s)s]™ exhibits Raman weaker
scatterings at 47 and 73 cf The spectra are available in the
Supporting Information.

(34) (a) An attempt to measurgin Oy-saturated solutions was made using
picosecond flash photolysis available at Concordia University. A
transient absorption centered around 600 nm is initially observed and
decays in the long-nanosecond regime. On the other hand, a new
transient located at-500 nm appears, also in the long-nanosecond
time scale. There values are still undetermined because these
measurements were accompanied by a photochemical transformation
indicating the presence of a reaction. This system was not investigated
further. The flash photolysis transient spectra are provided in the
Supporting Information. (b) A description of the optical setup used in
these measurements is provided in one of our previous works: Harvey,
P. D.; Gan, L.; Aubry, CCan. J. Chem199Q 68, 2278.
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0.2F L 1 Figure 5. Energy diagram for Gydppm)}OH2+ showing the two
lowest energy singlet state¥=(and!A;) and the lowest energy triplet
200 360 S00 660 700 state fA2) which is split into the E and Asublevels. This is one possible
WAVELENGTH(nm) sce_nario. The experimental polarizatior_l results support this diagram,
which has been adopted for interpretation purposes.
Figure 4. Solid state emission (right) and excitation spectra (left) of
Cus(dppm}OH?* at 77 K. The peak at 700 nm is an instrumental artifact 3.0 T
(first harmonic of4 excitation at 350 nm).
for the monomeric [Cu(P(§Hs)3)3]BF4 compound in ethanol 25t
at 77 K is centered at 400 nm and exhibits some complicated
vibrational structures (presumably associated with an intraligand
phosphorescence). In this casg> 1 ms (i.e., 934t 37 us at 2.0 ]
77 Kin ethanol). Both excitation and absorption spectra show N
a shoulder at~290 nm (different from 300 nm for the Gu 1 st ]
cluster). These results clearly indicate that they(@ppm}- ‘
OH?* emission does not arise from a localized independent
excited CuR* center but rather is delocalized within the {Cu 1.0p
frame. Since the. values are relatively long and the energy
gap between the emission and lowest energy absorption maxima 0.5—4 L
are large (on the order of 11 089 1000 cnt?), the emission 250 300 350
WAVELENGTH(nm)

is a phosphorescence. . o . o
In order to make firm assignments regarding the nature of Figure 6. PoIarlz?Jtrlqn ratioll) measured along the excitation spectrum
the emissive state, the photoselection technique is applied. The?f Cle(dppm}OH" in ethanol at 77 K.
polarization ratioN, is given by (v/Ip)v/(Ie/lv)s. (W/1R)v is for the 300 nm feature: e> & below 300 nm. N decreases
the ratio of the intensities of vertically to horizontally polarized steadily down to about 0.69.70, showing some degree of
emissions when excited with vertically polarized light, ahd ( polarization, which indicates that another electronic transition
Iv)n is the ratio of the intensities of horizontal and vertical (differently polarized) takes place in the unresolved tail of the
emissions with horizontally polarized excitatioN is then 300 nm band (i.e., between 300 and 350 nm). The only
related to the relative orientation of transition moments in reasonable candidate is & &, as suggested by the density
absorption and emission. The theoretical valueNof= 3 functional theoretical MO calculations. The emission is there-
indicates that the absorption is polarized along a single molecularfore assigned to a radiation transition from fAe state to the
axis followed by an emission along the same axié.= 0.5 ground!A; state. (N.B. If théE state would have been placed
indicates single-axis absorption followed by emission along a below theA; state, the ratios of 0.650.70 would not have
perpendicular axis. (In practice, these theoretical values werebeen observed.)
never obtained; this is due in part to the natural depolarization = The perturbation of the photophysical properties by addition
of the glass.) In the special case whbre= 1, the emission is of guest molecules has also been investigated. The expression
considered to be depolarized. T@g geometry of the molecule  “guest molecules” refers to the fact that any interactions between
allows only two transition polarizations to occur in the case of a substrate and the lumophore (i.e., the; @enter) must
orbitally allowed transitions: along theaxis and along thg,y automatically occur within the pocket formed by the dppm
plane. Hence, an absorption polarized alongzthgis followed phenyl groups; therefore the substrates are then also submitted
by an emission polarized parallel would produce a polarization to the cavity steric hindrance and hydrophobic interactions. On
ratio approaching the theoretical value of 3.0. On the other the basis of the very large binding constants measured for the
hand, one optical process involvixg/-plane polarization will related Pe(dppm}CCO?t compound with various carboxylate
generate a polarization ratio of 1.0 (depolarized light, since there guest molecules (736 Kj; < 10 000 M1),5¢ the choice of
is no discrimination between the two polarizer positions). substrates was the acetate and the 4-aminobenzoate anion (as
Theoretically, only the a— & and a — & transitions should sodium salt). The binding constants were Z8®B0 M~ for
bez-polarized. An a— a, transition has an unknown transition acetate and 330@: 300 M™! for 4-aminobenzoate using
moment, and therefore the polarization value can take any value.methanol as the solvent at 298%i.e., a~1:4 relative ratio).
Figure 5 summarizes one possible scenario of how the energyThe Cw(dppm}OH2" emission at 298 K is readily quenched
levels could be placed. Thi#\, state exhibits two sublevels by the addition of the carboxylate compounds (Figure 7). These
including the spir-orbit coupling (A + E). Generally the A spectroscopic changes are accompanied by the presence of
(2) state is the most stabléd The polarization ratios for the  isosbectic points in the UV spectra of £dppmyOH2* in
emission excitation spectra of gdppm}OH?* in ethanol at ethanol (at~325 nm with the addition of acetate and~a330
77 K (Figure 6) reproducibly exhibit a polarization ratio nm with the addition of 4-aminobenzoafg).The quenching
averaging~1 between 240 and 300 nm, indicating that the constants measured by Steitviolmer methods4y/t vs [Q]; 7o
emission is depolarized. This result allows a firm assignment = emission lifetime without quencher,= emission lifetime
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Figure 7. Typical emission intensity quenching experiment for the

addition of 4-aminobenzoate to an Ar(g)-degassed ethanolic solution

of Cw(dppm}OH?* at 298 K: (1) no quencher; (2) 1.0¢ 107° M;

(3) 3.15x 1075 M; (4) 4.15x 1075 M.
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Figure 8. Stern-Volmer plot @/t vs [Q]) for the quenching of
Cu(dppm}OH?* in a degassed ethanol solution at 298 K by sodium
acetate (*) and sodium 4-aminobenzod®. (

with quencher, slope= Ksv = 70ky) give the following results:
Ksv = 1.46 x 10* and 4.52x 10* M~! andky = 1.65 x 10
and 5.10x 10 M~1 s for acetate and 4-aminobenzoate,
respectively (Figure 8 The ratiok(acetatekq(4-aminoben-
zoate) is~1:3, which is not too different from the relative ratio

Provencher and Harvey

Table 5. Spectroscopic and Emission Data at 77 K

solvent Ama{nm TJust
butyronitrile 430+ 5 290
methylcyclohexane 478 5 220
2-propanol 440t 5 ~200
2-methyltetrahydrofuran 436 5
ethanol 430t 5 170
toluene 4706t 5 150

@ The estimated uncertainty #20 us, except that for ethanol, which
is £40 us.

uncertainties), indicating a unique pathway. Such a result is
consistent with an exciplex formation between the carboxyates
and Cy(dppm}OH?*. This interaction must occur within the
sterically constrained cavity, leading to a unique conformation.
Quenching occurring via an energy or electron transfer to the
carboxylate compounds is unlikely. Also relevant to this work,
efficient excited state deactivations of the cluster compound
Cula(py)s (py = pyridine) by Lewis donors have also been
observed? For instanceky = (5.9 + 0.5) x 10® M~1 s7* for
*Cugl4(py)s/py® and is~1 order of magnitude larger than that
observed in this work. py was not used here since the
Cug(dppm}OH2+ absorption spectrum is “screened” by the one
py (i.e., excitation would take place in both the cluster and the
py).

In our recent paper on Rtippm}CO?" 5P the emission spectra
and lifetimes at 77 K for the cluster in various solvents were
obtained in order to study the solvent perturbation of the
photophysical properties. Thgvalues were found to vary from
10 to 18us (protonated solvents), aidy at maximum ranged
from 630 to 680 nm. These variations were too great to be
associated with a simple solvation effect and were interpreted
by specific interactions between the unsaturated luminescent
Pt; center in the excited states and the solvent molecules. A
similar study was performed for G@ppm}OH2+ (Table 5).
The variation ofre and Aemi is also solvent dependent where
150 < 7¢ < 290 us and 430< Ademi < 470 nm. However, the
trends observed for G(dppm}OHZ" and P#(dppmyCQO?* 5b

of the binding constants stated above. The decays were foundyre not exactly the same. For instancevaries as toluene

to be monoexponential. McMilliet al.3” have investigated the
emission properties for the complex Cu(daip)(dmp =
dimethylphenantroline). They have proposed an exciplex
formation in order to explain the emission quenching by various

substrates including Lewis donors, triplet energy acceptors, and
acetate. The proposed structure of this exciplex was a penta-

coordinated Cu compound with two dmp ligands and a Lewis
donor. In the SternVolmer plot for the *Cu(dmpyt/acetate

quenching experiments, the line exhibits an upward curvature

and is fitted with a second-order equation (i.e., [Q][Q]?),

indicating that two excited state quenching pathways are present.

In this work, the line is straight (within the experimental

(35) We have attempted to measure the association consténjsf@r
Cug(dppm)jOH2T with carboxylate compounds using spectroscopic
methods outlined in ref 5c. Unfortunately the@aminobenzoate
absorption spectrum overlaps almost entirely with the cluster one. For

acetate, isosbestic points are also evident upon addition of substrates,

but the variation of the absorbance was too small to estitdatelt

is not possible to make any comparison with the emission-quenching
experiments in these cases. Instead, we have employed data availabl
for the Pd(dppmyCCO?*" complex3¢ The spectroscopic changes
associated with Gidppm}OH?* in ethanol upon addition of acetate
are available in the Supporting Information.

(36) During this investigation there has been no evidence for a breakdown
of the cluster or loss of the OH group upon photolysis in the presence
of carboxylates (frontH NMR, UV—visible, and IR spectroscopy).

(37) (a) Palmer, C. E. A.; McMillin, D. R.; Kirmaier, C.; Holten, Dhorg.
Chem.1987, 26, 3167. (b) Stacey, E. M.; McMillin, D. Rnorg. Chem
199Q 29, 393.

methanol < dimethylformamide< 2-propanol< 2-methyl-
tetrahydrofuran< butyronitrile < ethanol for Pi{dppm}CC?+.5b

For Cuw(dppm}OH2*, this trend is toluene< ethanol <
2-propanols methylcyclohexanes butyronitrile. The ethanol/
butyronitrile relative order is reversed. The three major
differences between the clusters are (1) the cavity sizeXCu
Pt), (2) the (excited states and ground state) electronic configu-
rations, and (3) the Lewis acid properties (hard vs soft). These
differences are certainly responsible for a change in claster
solvent interaction and may explain the changes in trends in
as a function of solvents. It is unclear how each of these factors
affectze. Nonetheless, these measurements are an indication
that the Cy(dppmOH?+ and the M(dppmCO?* clusters (M

= Pd, Pt) do not exactly behave similarly in their guelstst
interactions.

This work has provided a number of experimental data which,
by comparison with data reported for the well-knowg(éppm}-

£L£O?* complexes (M= Pd, Pt), support the host-guest model.

Some differences are noted and need to be rationalized.
Numerous mononuclear Cu(l) phosphine complexes have been
investigated in the literature for their luminescence properties
and their photosensitizing activities in relation to solar energy
storage®® For instance, the photoassisted conversion of nor-
bornadiene into quadricyclane has been extensively investigated
as a function of various Cu(l) phosphine complexes. The
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photosensitized interconversiona@$§- andtrans-piperylenes is tions would be somewhat weak due to the size of the cavity.
also known to occur using Cu(l) BHbhosphine complexe$d Further work in this area is in progress.

Such photochemistry differs from that presented in this work.
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Am. Chem. S0d.985 107, 7077. (c) Orchand, S. W.; Kutal, thorg. Supporting Information Available: Micro Raman spectra of
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