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Volatile Organic Compounds (VOCs)

Elosua, C, et al., Sensors 2006, 6, 1440

VOCs are commonly used as ingredients in household products or in 
industrial processes where they normally get vaporize at room 
temperature as toxic and organic vapors as well as non-organic vapor
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Xu, Z., et al., Organic Letters 2005, 7, 3029

1. Metal Ion Sensors

Naphthalimide Chemosensor

2. Temperature Sensors

Peng, H., et al., Advanced Materias 2010, 22, 716
Eu Complex Chemosensor
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van der Waals radii of two copper atoms (2.80 Å) or the Cu-
Cu distance in the open-shell metallic copper (2.556 Å).35
The X-ray crystal structure of {[3-(CF3),5-(Me)Pz]Cu}3 is

illustrated in Figure 2. This molecule also exhibits asymmetri-
cally oriented CF3 groups and does not show alternating (CF3,
Me, CF3, Me, ...) pattern in the periphery. The copper ions
feature a linear geometry. The nine-membered Cu3N6 metalla-
cycle is essentially planar. The [Cu3] units form extended chains
(Figure 2). The intertrimer Cu‚‚‚Cu separations range from 3.704
to 3.915 Å. The Cu‚‚‚Cu separations within the [Cu3] units range
from 3.201 to 3.245 Å.
The solid-state structure of {[3-(CF3),5-(Ph)Pz]Cu}3 (Figure

3) reveals a typical triangular arrangement of copper atoms with
pyrazolyl moieties occupying the edge positions. Just as in
{[3-(CF3)Pz]Cu}3 and {[3-(CF3),5-(Me)Pz]Cu}3, the arrange-
ment of the pyrazolyl groups in {[3-(CF3),5-(Ph)Pz]Cu}3 is not
symmetrical. The copper atoms are linearly coordinated by the
two nitrogens of the [3-(CF3),5-(Ph)Pz]- ligands. The nine-
membered Cu3N6 metallacycle shows significant deviation from
planarity, perhaps as a result of the adverse steric effects of
having the CF3 and Ph substituents on the neighboring pyrazolyl
ligands. The {[3,5-(Ph)2Pz]Cu}3 compound also exhibits a
distorted Cu3N6 metallacycle. The intratrimer Cu‚‚‚Cu separa-
tions within the [Cu3] units of {[3-(CF3),5-(Ph)Pz]Cu}3 range
from 3.147 to 3.258 Å. The inter-triangle contacts between
copper atoms are rather long (3.848 and 4.636 Å, alternating
with one another in the infinite zigzag chains of trimers; see

Figure 3). The extended packing of the [Cu3] units of {[3-
(CF3),5-(Ph)Pz]Cu}3 is similar to that observed in {[3,5-(CF3)2-
Pz]Cu}3. However, {[3,5-(CF3)2Pz]Cu}3 features a planar nine-
membered metallacycle (Figure 4) and somewhat shorter
intertrimer Cu‚‚‚Cu separations (3.813 and 3.987 Å, based on
the data collected at 100 K).
The X-ray crystal structure of the nonfluorinated adduct,

{[3,5-(Me)2Pz]Cu}3, was reported earlier.3 To make sure that
we use well-defined material with known solid-state structures
for the luminescence work, we re-collected the data for the
{[3,5-(Me)2Pz]Cu}3 crystals obtained by the new sublimation
method. The solid-state structure of the isopropyl analogue,
{[3,5-(i-Pr)2Pz]Cu}3, was also determined at 100 K. The unit
cell parameters are similar to those observed at room temperature
for {[3,5-(Me)2Pz]Cu}3 and at 208 K for {[3,5-(i-Pr)2Pz]Cu}3.3,12
Both of these copper adducts show significant Cu‚‚‚Cu interac-
tions between the [Cu3] units, leading to the formation of isolated
dimers of trimers (Figure 5). The shortest intertrimer Cu‚‚‚Cu
distances in {[3,5-(Me)2Pz]Cu}3 and {[3,5-(i-Pr)2Pz]Cu}3 are
2.946 and 2.989 Å, respectively. The intertrimer Cu‚‚‚Cu

(35) (a) Bondi, A. J. Phys. Chem. 1964, 68, 441-451. (b) Winter, M. http://
www.webelements.com/, 2004.

Figure 1. X-ray crystal structure of {[3-(CF3)Pz]Cu}3 showing the labeling
scheme of a molecular unit (left) and the packing of the Cu3N6 metallacycles
(right).

Figure 2. X-ray crystal structure of {[3-(CF3),5-(Me)Pz]Cu}3 showing the
labeling scheme of a molecular unit (left) and the packing of the Cu3N6
metallacycles (right).

Figure 3. X-ray crystal structure of {[3-(CF3),5-(Ph)Pz]Cu}3 showing the
labeling scheme of a molecular unit (left) and the packing of the Cu3N6
metallacycles (right).

Figure 4. X-ray crystal structure of {[3,5-(CF3)2Pz]Cu}3 showing the
labeling scheme of a molecular unit (left) and the packing of the Cu3N6
metallacycles (right).

Figure 5. Packing of the Cu3N6 metallacycles in {[3,5-(Me)2Pz]Cu}3 (left)
and {[3,5-(i-Pr)2Pz]Cu}3 (right).
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Group 11 Pyrazolate Complexes as Chemosensors

Rawashdeh-Omary, M. A., et al., Journal of the American Chemical Society 2001, 123, 9689

1. Trinuclear Pyrazolate Gold(I) Complex as Vapochromic Chemosensors; ON to OFF 

Response time: 1 dayReusability: Irreversible

2. Trinuclear Pyrazolate Copper(I) Complex as Vapochromic Chemosensors: SHIFTING

Reusability: Irreversible
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Group 11 Pyrazolate Complexes

becoming shorter while the other becoming longer. The Au3
unit cell occupies a larger volume at room temperature13
(1223.1 Å3 vs 1155.56(7) Å3 at 100 K), and the shortest
intertrimer Au‚‚‚Au distance is 3.998 Å at room temperature
vs 3.888 Å at 100 K. The monoclinic form of Ag3 exists as
zigzag chains of alternating dimers of Ag3 and isolated Ag3
units. The room-temperature data of the monoclinic Ag3
show that the intertrimer Ag‚‚‚Ag separations within [Ag3]2
is 3.307 Å whereas the closest Ag‚‚‚Ag distance between
[Ag3]2 and Ag3 is 3.830 Å. Consistent with these crystal-
lographic observations are results of quantum mechanical
calculations we have carried out. Density functional theory
(DFT) and second-order perturbation theory (MP2) calcula-
tions with relativistic effective core potentials performed on
dimer of trimer models, [{PzM}3]2, indicate an extremely
soft potential surface for translational (parallel and perpen-
dicular to the ring planes) trimer‚‚‚trimer interactions. At a
temperature of 100 K (∼3/2RT∼ 0.3 kcal/mol), for example,
the DFT-derived (B3LYP/CSDZ*) potential energy curve
for the separation of the CuPz units of [{PzCu}3]2 suggests
a range of inter-ring separations of ca. (0.3 Å about the
equilibrium distance as being thermally accessible.
The high quality of the X-ray data and the isomorphous

structures of all three M3 compounds permit a direct
comparison of the covalent radii of the three monovalent
coinage metal ions. The average M-N distances in Cu3, Ag3,
and Au3 are 1.859(2), 2.091(3), 1.996(4) Å, respectively
(Table 1). Using the currently accepted covalent radius of
N (0.75 Å),19 we thus estimate the covalent radius for two-
coordinate CuI, AgI, and AuI as 1.11, 1.34, and 1.25 Å,
respectively. These values are in excellent agreement with
those proposed by Schmidbaur using two-coordinate coinage

metal adducts of Mes3P (1.13, 1.33, and 1.25 Å for CuI, AgI,
and AuI, respectively).20 The excellent agreement occurs
despite the fact that the CuI complex in the Schmidbaur work,
unlike the coinage metal trimers studied here, contains a
solvent molecule and is not isomorphous with the AgI and
AuI complexes. On the other hand, while no intramolecular
and intermolecular M‚‚‚M interactions exist in the phosphine
complexes, such interactions do exist here. However, the
striking similarity with the values proposed by Schmidbaur
suggests that the weak metallophilic interactions (3.2-4.0
Å, Table 1) in M3 do not significantly affect the covalent
radii of MI. The comparison afforded by the present
fluorinated M3 species would be more ambiguous in non-
fluorinatedM3 trimers because the latter often exhibit rather
short intertrimer separations (2.8-3.0 Å),8b which can
significantly influence the M-N bonding.
Overall, a few structurally characterized trimeric coinage

metal pyrazolates are known in the literature. However, the
fluorinated M3 systems are very rare. We have recently
reported several such copper(I) adducts involving the flu-
orinated ligands [3-(CF3)Pz]-, [3-(CF3),5-(Me)Pz]-, and
[3-(CF3),5-(Ph)Pz]-.8b Other copper(I) pyrazolates with
structural data include {[3,5-(Me)2,4-(NO2)Pz]Cu}3,21 {[2-
(3-Pz)Py]Cu}3,22 {[2-(3-Pz)-6-Me-Py]Cu}3,23 {[3,5-(Ph)2Pz]-
Cu}3,24 {[3,5-(Me)2Pz]Cu}3,25 {[3,4,5-(Me)4Pz]Cu}3,26 and
{[3,5-(i-Pr)2Pz]Cu}3.8b,27 Crystallographic data for the silver-

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

(19) (a) Gordon, A. J.; Ford, R. A. The Chemist’s Companion; Wiley: New
York, 1972; p 85. (b) Winter, M. WebElements Periodic table
(Professional Edition); accessible at http://www.webelements.com/
webelements/elements/text/N/radii.html.

(20) Bayler, A.; Schier, A.; Bowmaker, G. A.; Schmidbaur, H. J. Am. Chem.
Soc. 1996, 118, 7006.

(21) Ardizzoia, G. A.; Cenini, S.; La Monica, G.; Masciocchi, N.; Maspero,
A.; Moret, M. Inorg. Chem. 1998, 37, 4284.

(22) Singh, K.; Long, J. R.; Stavropoulos, P. J. Am. Chem. Soc. 1997, 119,
2942.

(23) Singh, K.; Long, J. R.; Stavropoulos, P. Inorg. Chem. 1998, 37, 1073.
(24) Raptis, R. G.; Fackler, J. P., Jr. Inorg. Chem. 1988, 27, 4179.
(25) Ehlert, M. K.; Rettig, S. J.; Storr, A.; Thompson, R. C.; Trotter, J.

Can. J. Chem. 1990, 68, 1444.
(26) Ehlert, M. K.; Rettig, S. J.; Storr, A.; Thompson, R. C.; Trotter, J.

Can. J. Chem. 1992, 70, 2161.
(27) Fujisawa, K.; Ishikawa, Y.; Miyashita, Y.; Okamoto, K.-I. Chem. Lett.

2004, 33, 66.

Figure 2. X-ray crystal structures of {[3,5-(CF3)2Pz]M}3 (M3) showing the packing of the M3N6 metallacycles. M ) Cu, Ag, and Au from left to right,
respectively.
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irradiation with long-wavelength UV light. Related cyclic
AuI trimers form deeply colored charge-transfer stacks with
nitro-substituted 9-fluorenones3b while some undergo gold
deposition reactions on standing in air leading to hourglass
figures within the crystals.3c Fackler, Burini, and co-workers
reported supramolecular stacks with visible luminescence that
can be altered on interaction of nucleophilic imidazolate and/
or carbeniate AuI complexes with several types of electro-
philes that include Tl+ and Ag+ cations,4a a fluorinated cyclic
trinuclear HgII neutral complex,4b and organic Lewis acids
or electron acceptors.1,4c Aida et al. reported the design of
trinuclear AuI complexes that exhibit metallophilic interac-
tions that lead to self-assembled dendritic “superhelical
fibers”6a and RGB phosphorescent organogels.6b Gabbaı̈ and
co-workers reported the sensitization of room-temperature
phosphorescence of polycyclic aromatic organic molecules
upon interaction with [o-C6F4Hg]3;7a-c a similar phenomenon
has been reported by Omary and Fackler for the interaction
of perfluoronaphthalene with an electron-rich trinuclear AuI
complex.9 We have recently reported that a variety of
trinuclear CuI pyrazolates exhibit fascinating optical phe-
nomena that include luminescence thermochromism, lumi-
nescence solVatochromism, luminescence rigidochromism,
and concentration luminochromism.8 Despite the extensive
attention given to cyclic trinuclear d10 complexes, a funda-
mental issue that remains outstanding regards the role played
by the transition metal in determining the supramolecular
structure, photophysics, and acid-base character of these
trimeric complexes. This paper reports the first systematic
effort to unravel the role of the coinage metal in a series of
analogous cyclic trinuclear complexes. In particular, we
describe the structures, luminescence, and acid-base proper-
ties of the trimeric CuI, AgI, and AuI complexes shown in
Chart 1 featuring a highly fluorinated pyrazolate [3,5-(CF3)2-
Pz]- ligand.

Results and Discussion

Synthesis and Structural Properties. The synthesis of
{[3,5-(CF3)2Pz]Cu}3 and {[3,5-(CF3)2Pz]Ag}3 involves the
use of the corresponding metal(I) oxide and [3,5-(CF3)2-

Pz]H.10 {[3,5-(CF3)2Pz]Au}3 was prepared using [3,5-(CF3)2-
Pz]H, NaH, and Au(THT)Cl in THF, representing a slight
modification of the literature synthesis.11 These {[3,5-(CF3)2-
Pz]M}3 complexes (M3) are colorless crystalline solids.
X-ray-quality crystals of Ag3 and Au3 were obtained from
CH2Cl2 at -25 °C whereas the copper analogue Cu3 was
crystallized from hexane. Table 1 shows the unit cell
dimensions and important structural parameters for the three
M3 compounds.12 The structural data in Table 1 entail high-
quality X-ray data (R1 < 4%) for isomorphous forms
(triclinic, P1h) of the three compounds at the same temperature
(100 K), so as to warrant a reasonable comparison of the
effect of the coinage metal on the molecular and supramo-
lecular structures under normalized conditions. The triclinic
(P1h) structure of Ag3 at 100 K in Table 1 represents a
polymorph of another structure of the same compound, which
has been determined at room temperature10 to have a
monoclinic C2/c crystalline form for crystals obtained from
hexane solutions. Though the structure of Au3 had been
determined by Bonati et al.,13 the structural data were
reported to be of low quality due to crystal deterioration;
hence, a redetermination was warranted. We have recently
reported the structure of Cu3 at 100 K8b so the data for this
compound are included here for comparison purposes.
The three complexes exist as trimers featuring nine-

membered M3N6 rings and two-coordinate metal sites (Figure
1). The M3N6 moieties are essentially planar. For example,
the mean and largest deviation from the M3N6 plane for Cu3,
Ag3, and Au3 are 0.06, 0.04 Å, 0.10, 0.05 Å, and 0.13, 0.07
Å, respectively. The metal ions adopt a linear geometry with
the silver(I) analogue showing the largest deviation from the
ideal 180° (N-Ag-N range 172.0-177.7°); it is also the
system showing the shortest intertrimer M‚‚‚M contacts.
The fundamental role of intertrimer bonding in the lumi-

nescent states of cyclic trimeric coinage metal complexes3-6,8
makes it essential to compare the supramolecular structures
of the three M3 isomorphous compounds. Figure 2 shows
that all three compounds possess intertrimer M‚‚‚M interac-
tions, which are responsible for the resulting supramolecular
extended structures. The Ag3 complex forms zigzag chains

(4) (a) Burini, A.; Bravi, R.; Fackler, J. P., Jr.; Galassi, R.; Grant, T. A.;
Omary, M. A.; Pietroni, B. R.; Staples, R. J. Inorg. Chem. 2000, 39,
3158. (b) Burini, A.; Fackler J. P., Jr.; Galassi, R.; Grant, T. A.; Omary,
M. A.; Rawashdeh-Omary, M. A.; Peitroni, B. R.; Staples, R. J. J.
Am. Chem. Soc. 2000, 122, 11264. (c) Rawashdeh-Omary, M. A.;
Omary, M. A.; Fackler, J. P., Jr.; Galassi, R.; Pietroni, B. R.; Burini,
A. J. Am. Chem. Soc. 2001, 123, 9689.

(5) Yang, G.; Raptis, R. G. Inorg. Chem. 2003, 42, 261.
(6) (a) Enomoto, M.; Kishimura, A.; Aida, T. J. Am. Chem. Soc. 2001,

123, 5608. (b) Kishimura, A.; Yamashita, T.; Aida, T. J. Am. Chem.
Soc. 2005, 127, 179.

(7) (a) Omary, M. A.; Kassab, R. M.; Haneline, M. R.; Elbjeirami, O.;
Gabbaı̈, F. P. Inorg. Chem. 2003, 42, 2176. (b) Haneline, M. R.;
Tsunoda, M.; Gabbaı̈, F. P. J. Am. Chem. Soc. 2002, 124, 3737. (c)
Burress, C.; Elbjeirami, O.; Omary, M. A.; Gabbaı̈, F. P. J. Am. Chem.
Soc. 2005, 127, 12166. (d) Tsunoda, M.; Gabbaı̈, F. P. J. Am. Chem.
Soc. 2000, 122, 8335.

(8) (a) Dias, H. V. R.; Diyabalanage, H. V. K.; Rawashdeh-Omary, M.
A.; Franzman, M. A.; Omary, M. A. J. Am. Chem. Soc. 2003, 125,
12072. (b) Dias, H. V. R.; Diyabalanage, H. V. K.; Eldabaja, M. G.;
Elbjeirami, O.; Rawashdeh-Omary, M. A.; Omary, M. A. J. Am. Chem.
Soc. 2005, 127, 7489.

(9) Mohamed, A. A.; Rawashdeh-Omary, M. A.; Omary, M. A.; Fackler,
J. P., Jr. Dalton Trans. 2005, 2597.

(10) Dias, H. V. R.; Polach, S. A.; Wang, Z. J. Fluorine Chem. 2000, 103,
163.

(11) Banditelli, G.; Bandini, A. L.; Bonati, F.; Goel, R. G.; Minghetti, G.
Gazz. Chim. Ital. 1982, 112, 539.

(12) The CCDC Nos. 265271-265273 contain the supplementary crystal-
lographic data for this paper. These data can be obtained free of charge
via http://www.ccdc.cam.ac.uk/conts/retrieving.html (or from the
Cambridge Crystallographic Data Centre (CCDC), 12 Union Road,
Cambridge, CB2 1EZ, U.K.).

(13) Bovio, B.; Bonati, F.; Banditelli, G. Inorg. Chim. Acta 1984, 87, 25.

Chart 1. Structure of {[3,5-(CF3)2Pz]M}3 Complexes (M3)
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Omary, M. A., et al., Inorganic Chemistry 2005, 44, 8200

(I) adducts {[2-(3-Pz)Py]Ag}3,22 {[3,5-(Ph)2Pz]Ag}3,28,29 {-
[Pz]Ag}3,30 and {[3,5-(i-PrSCH2)2Pz]Ag}331 and the gold(I)
adducts {[3,5-(Ph)2Pz]Au}3,28 {[Pz]Au}3,32 {[3,5-(Me)2,4-
(Oct)Pz]Au}3,33 {[4-(Me)Pz]Au}3,32 {[3-(Me),5-(Ph)Pz]-
Au}3,32 and {[3,5-(4-MeOPh)2Pz]Au}334 have also been
reported. Among these, {[2-(3-Pz)Py]Cu}3 (2.905 Å),22 {-
[3,5-(Ph)2Pz]Ag}3 (2.971 Å),29 and {[Pz]Au}3 (3.160 Å)32
have the shortest intertrimer M‚‚‚M contacts for each
respective coinage metal.
Apart from the M3 complexes described in this article,

the {[3,5-(Ph)2Pz]M}3 adducts24,28,29 represent the only other
isoleptic coinage metal pyrazolate series with known solid-
state structural data. However, unlike the M3 series, the {-
[3,5-(Ph)2Pz]M}3 series does not have isomorphous com-
plexes to allow a meaningful comparison of the structural
data upon changing the coinage metal. The copper complex
{[3,5-(Ph)2Pz]Cu}324 shows severe distortions from planarity
with an average intratrimer Cu‚‚‚Cu separation of 3.339(1)
Å. The intertrimer Cu‚‚‚Cu distances are very long (the
closest is 5.40 Å). The average Cu-N distance (2.081(7)
Å) is almost as long as the average Ag-N distance (2.088-
(4) Å) in {[3,5-(Ph)2Pz]Ag}3.29 Interestingly, while one form
of {[3,5-(Ph)2Pz]Ag}3 crystals obtained from CH2Cl2 solution
contains dimers of trimers with one short Ag‚‚‚Ag contact
at 2.9712(14) Å,29 crystals of the same compound obtained
from THF/Et2O give rise to another polymorph in which the
trimers are well separated with no close Ag‚‚‚Ag contacts.28
For comparison, the intertrimer Au‚‚‚Au separation of the
planar gold analogue {[3,5-(Ph)2Pz]Au}3 is very long (7.567
Å).28 Apart from the trimers, a tetramer {[3,5-(Ph)2Pz]Cu}435
and a hexamer {[3,5-(Ph)2Pz]Au}628 based on the same ligand
are also known.
Photophysical Properties. The remarkable photophysical

behavior of single crystals of M3 is illustrated in Figure 3.
Crystals of each compound exhibit striking luminescence
thermochromism, the most dramatic of which is for Au3
whose emission color can be coarse-tuned from the UV
region (λmax ∼ 365 nm) at 4 K to green (λmax ∼ 535 nm)
upon heating toward 77 K and then to orange (λmax ∼ 660
nm) upon further heating toward room temperature. Cu3
exhibits yellow and red emission bands while Ag3 exhibits
UV and blue emission bands. In all cases, the lower energy
bands become more dominant upon heating to higher
temperatures. The emission bands of all three compounds
represent phosphorescence with lifetimes on the order of 10-
100 µs, they are unstructured in profile, and they possess a
substantial energy gap between the corresponding emission

and excitation maxima (Figure 3). UV excitations at very
short wavelengths (λ e 290 nm) are required to generate
the visible emissions in all three complexes (Figure 3).
Though these excitation wavelengths are rather short, they
are significantly red shifted from the major solution absorp-
tion maxima. Dilute solutions of Cu3, Ag3, and Au3 exhibit
electronic absorption spectra (Figure 4) with major peaks
between 212 and 230 nm (ϵ ) 7.11 × 103, 7.02 × 104, and
2.12 × 103 M-1 cm-1, respectively, in HPLC-grade cyclo-
hexane). The high molar absorptivities and energies suggest
that these absorption bands likely represent spin-allowed
transitions to excited states that have a charge-transfer
character. Results of DFT calculations for {PzM}3 models
suggest that the lowest energy absorption involves a transition

(28) Murray, H. H.; Raptis, R. G.; Fackler, J. P., Jr. Inorg. Chem. 1988,
27, 26-33.

(29) Mohamed, A. A.; Perez, L. M.; Fackler, J. P., Jr. Inorg. Chim. Acta
2005, 358, 1657.

(30) Masciocchi, N.; Moret, M.; Cairati, P.; Sironi, A.; Ardizzoia, G. A.;
La Monica, G. J. Am. Chem. Soc. 1994, 116, 7668.

(31) Meyer, F.; Jacobi, A.; Zsolnai, L. Chem. Ber./Recueil 1997, 130, 1441.
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Figure 3. Photoluminescence spectra of single crystals of M3 versus
temperature. Lifetimes are noted for each band and have errors of <5%.
Photographs are shown for colorless crystals packed in Suprasil quartz tubes
while being exposed to UV light at room temperature or immediately after
removal from a liquid-nitrogen bath (77 K).
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(I) adducts {[2-(3-Pz)Py]Ag}3,22 {[3,5-(Ph)2Pz]Ag}3,28,29 {-
[Pz]Ag}3,30 and {[3,5-(i-PrSCH2)2Pz]Ag}331 and the gold(I)
adducts {[3,5-(Ph)2Pz]Au}3,28 {[Pz]Au}3,32 {[3,5-(Me)2,4-
(Oct)Pz]Au}3,33 {[4-(Me)Pz]Au}3,32 {[3-(Me),5-(Ph)Pz]-
Au}3,32 and {[3,5-(4-MeOPh)2Pz]Au}334 have also been
reported. Among these, {[2-(3-Pz)Py]Cu}3 (2.905 Å),22 {-
[3,5-(Ph)2Pz]Ag}3 (2.971 Å),29 and {[Pz]Au}3 (3.160 Å)32
have the shortest intertrimer M‚‚‚M contacts for each
respective coinage metal.
Apart from the M3 complexes described in this article,

the {[3,5-(Ph)2Pz]M}3 adducts24,28,29 represent the only other
isoleptic coinage metal pyrazolate series with known solid-
state structural data. However, unlike the M3 series, the {-
[3,5-(Ph)2Pz]M}3 series does not have isomorphous com-
plexes to allow a meaningful comparison of the structural
data upon changing the coinage metal. The copper complex
{[3,5-(Ph)2Pz]Cu}324 shows severe distortions from planarity
with an average intratrimer Cu‚‚‚Cu separation of 3.339(1)
Å. The intertrimer Cu‚‚‚Cu distances are very long (the
closest is 5.40 Å). The average Cu-N distance (2.081(7)
Å) is almost as long as the average Ag-N distance (2.088-
(4) Å) in {[3,5-(Ph)2Pz]Ag}3.29 Interestingly, while one form
of {[3,5-(Ph)2Pz]Ag}3 crystals obtained from CH2Cl2 solution
contains dimers of trimers with one short Ag‚‚‚Ag contact
at 2.9712(14) Å,29 crystals of the same compound obtained
from THF/Et2O give rise to another polymorph in which the
trimers are well separated with no close Ag‚‚‚Ag contacts.28
For comparison, the intertrimer Au‚‚‚Au separation of the
planar gold analogue {[3,5-(Ph)2Pz]Au}3 is very long (7.567
Å).28 Apart from the trimers, a tetramer {[3,5-(Ph)2Pz]Cu}435
and a hexamer {[3,5-(Ph)2Pz]Au}628 based on the same ligand
are also known.
Photophysical Properties. The remarkable photophysical

behavior of single crystals of M3 is illustrated in Figure 3.
Crystals of each compound exhibit striking luminescence
thermochromism, the most dramatic of which is for Au3
whose emission color can be coarse-tuned from the UV
region (λmax ∼ 365 nm) at 4 K to green (λmax ∼ 535 nm)
upon heating toward 77 K and then to orange (λmax ∼ 660
nm) upon further heating toward room temperature. Cu3
exhibits yellow and red emission bands while Ag3 exhibits
UV and blue emission bands. In all cases, the lower energy
bands become more dominant upon heating to higher
temperatures. The emission bands of all three compounds
represent phosphorescence with lifetimes on the order of 10-
100 µs, they are unstructured in profile, and they possess a
substantial energy gap between the corresponding emission

and excitation maxima (Figure 3). UV excitations at very
short wavelengths (λ e 290 nm) are required to generate
the visible emissions in all three complexes (Figure 3).
Though these excitation wavelengths are rather short, they
are significantly red shifted from the major solution absorp-
tion maxima. Dilute solutions of Cu3, Ag3, and Au3 exhibit
electronic absorption spectra (Figure 4) with major peaks
between 212 and 230 nm (ϵ ) 7.11 × 103, 7.02 × 104, and
2.12 × 103 M-1 cm-1, respectively, in HPLC-grade cyclo-
hexane). The high molar absorptivities and energies suggest
that these absorption bands likely represent spin-allowed
transitions to excited states that have a charge-transfer
character. Results of DFT calculations for {PzM}3 models
suggest that the lowest energy absorption involves a transition
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Figure 3. Photoluminescence spectra of single crystals of M3 versus
temperature. Lifetimes are noted for each band and have errors of <5%.
Photographs are shown for colorless crystals packed in Suprasil quartz tubes
while being exposed to UV light at room temperature or immediately after
removal from a liquid-nitrogen bath (77 K).
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[Pz]Ag}3,30 and {[3,5-(i-PrSCH2)2Pz]Ag}331 and the gold(I)
adducts {[3,5-(Ph)2Pz]Au}3,28 {[Pz]Au}3,32 {[3,5-(Me)2,4-
(Oct)Pz]Au}3,33 {[4-(Me)Pz]Au}3,32 {[3-(Me),5-(Ph)Pz]-
Au}3,32 and {[3,5-(4-MeOPh)2Pz]Au}334 have also been
reported. Among these, {[2-(3-Pz)Py]Cu}3 (2.905 Å),22 {-
[3,5-(Ph)2Pz]Ag}3 (2.971 Å),29 and {[Pz]Au}3 (3.160 Å)32
have the shortest intertrimer M‚‚‚M contacts for each
respective coinage metal.
Apart from the M3 complexes described in this article,

the {[3,5-(Ph)2Pz]M}3 adducts24,28,29 represent the only other
isoleptic coinage metal pyrazolate series with known solid-
state structural data. However, unlike the M3 series, the {-
[3,5-(Ph)2Pz]M}3 series does not have isomorphous com-
plexes to allow a meaningful comparison of the structural
data upon changing the coinage metal. The copper complex
{[3,5-(Ph)2Pz]Cu}324 shows severe distortions from planarity
with an average intratrimer Cu‚‚‚Cu separation of 3.339(1)
Å. The intertrimer Cu‚‚‚Cu distances are very long (the
closest is 5.40 Å). The average Cu-N distance (2.081(7)
Å) is almost as long as the average Ag-N distance (2.088-
(4) Å) in {[3,5-(Ph)2Pz]Ag}3.29 Interestingly, while one form
of {[3,5-(Ph)2Pz]Ag}3 crystals obtained from CH2Cl2 solution
contains dimers of trimers with one short Ag‚‚‚Ag contact
at 2.9712(14) Å,29 crystals of the same compound obtained
from THF/Et2O give rise to another polymorph in which the
trimers are well separated with no close Ag‚‚‚Ag contacts.28
For comparison, the intertrimer Au‚‚‚Au separation of the
planar gold analogue {[3,5-(Ph)2Pz]Au}3 is very long (7.567
Å).28 Apart from the trimers, a tetramer {[3,5-(Ph)2Pz]Cu}435
and a hexamer {[3,5-(Ph)2Pz]Au}628 based on the same ligand
are also known.
Photophysical Properties. The remarkable photophysical

behavior of single crystals of M3 is illustrated in Figure 3.
Crystals of each compound exhibit striking luminescence
thermochromism, the most dramatic of which is for Au3
whose emission color can be coarse-tuned from the UV
region (λmax ∼ 365 nm) at 4 K to green (λmax ∼ 535 nm)
upon heating toward 77 K and then to orange (λmax ∼ 660
nm) upon further heating toward room temperature. Cu3
exhibits yellow and red emission bands while Ag3 exhibits
UV and blue emission bands. In all cases, the lower energy
bands become more dominant upon heating to higher
temperatures. The emission bands of all three compounds
represent phosphorescence with lifetimes on the order of 10-
100 µs, they are unstructured in profile, and they possess a
substantial energy gap between the corresponding emission

and excitation maxima (Figure 3). UV excitations at very
short wavelengths (λ e 290 nm) are required to generate
the visible emissions in all three complexes (Figure 3).
Though these excitation wavelengths are rather short, they
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tion maxima. Dilute solutions of Cu3, Ag3, and Au3 exhibit
electronic absorption spectra (Figure 4) with major peaks
between 212 and 230 nm (ϵ ) 7.11 × 103, 7.02 × 104, and
2.12 × 103 M-1 cm-1, respectively, in HPLC-grade cyclo-
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Synthesis of Group 11 Pyrazolate Complexes
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Phosphorescent Properties of Group 11 Complexes
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Phosphorescent Properties of Pyrazolate Complexes
Characteristics of Large Stokes Shifts and Microsecond Lifetimes

2(Au)

Luminescent Decay
2(Cu)

Complexes Excitation (nm) Emission (nm) Stokes Shift (Δ𝛌) Lifetime (µs)

2E(Cu) 278 616 338 8.2 ± 1.8
2E(Ag) 284 468 184 7.8 ± 0.7
2E(Au) 280 612 332 8.8 ± 0.7
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Vapochromic Chemosensors of Alcohol Derivatives
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Sensing Capability of Chemosensor 2(Cu)
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Sensing Capability of Chemosensor 2(Ag)
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Sensing Capability of Chemosensor 2(Au)
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Reusability Testing of Chemosensor 2(Au)
Emission Spectral Changes (λext = 280 nm, λem = 570 nm)
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Proposed Mechanism for 2E(Cu)

Short distance of Au(I)–Au(I) interactions 
tends to encourage the diffusion of benzene 
vapors to Au-Au interaction for removing the 
light-emitting capability and to benzyl ring 
for formation of weak π–π interactions

22

2(Au)
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Conclusions

1. Successful synthesis of trinuclear pyrazolate complexes with 
different Group 11 metal ions at the pyrazole rings as a 
powder with different color appearances under daylight in 
high yield. 

2. Successful characterization of phosphorescent properties of 
trinuclear group 11 pyrazolate complexes as orange, dark 
green and reddish emission with lifetime at microsecond and 
large Stokes shifts. 

3. Successful investigation of sensing capability of trinuclear 
group 11 pyrazolate complexes with chemosensors 2(Au) as 
the best chemosensor for detection of benzene with 
quenching of emission intensity in 81%.
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