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Crystals of the mixed-metal heterobimetallic Au/Ag dicyanide complex, K[AuxAgi—{CN);] (x = 0—1), were obtained
by slow evaporation. The mixed-metal complex K[Auo4Agoss(CN),] crystallizes in a rhombohedral crystal system,
space group R3. The crystal structure consists of layers of linear chains of Au(CN),~ and Ag(CN),~ ions and K*
ions that connect the layers through the N atoms. The excitation and emission spectra of single crystals of
K[Au,Ag:1—(CN),] were recorded at 4.2—180 K using excitation wavelengths between 230 and 260 nm. Two emission
bands due to Ag—Au interactions were observed at 343 and 372 nm. Lifetime measurements indicate the shorter-
wavelength emission corresponds to fluorescence and the longer-wavelength band is phosphorescence. These
new emission bands are not seen in the pure K[Ag(CN),] or pure K[Au(CN),] crystals. Extended Hiickel calculations
show that the LUMO of the mixed-metal system is bonding while the HOMO is antibonding or very weakly bonding.
Moreover, excited-state extended Hiickel calculations indicate the formation of exciplexes with shorter metal-metal
distances and higher metal-metal overlap populations than the corresponding ground-state oligomers. The
luminescence is assigned to a mixed-metal transition from a molecular orbital with Au character to a molecular
orbital with Ag character.

Introduction interaction and is often cited as the origin of the luminescence

A great deal of research has been focused on closed-shelPPservedin theiiscomplexes. N%Li;rzcigedlﬁracﬂrﬁzﬁé-ray
d° homometallic interactions in past decades largely due to CTYStallography;2 luminescence?®2¢2¢ Ramar¢™** and

their interesting photophysical propertie§. These &°
closed-shell systems often have metaletal distances which (9) Schmidbaur, H.; Brachthauser, B.; SteigelmannA@Ggew. Chem.

i Int. Ed. Engl.1991, 30, 1488-1490.
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element$12 This gives rise to a strong metallophilic Int. Ed. Engl.1991 30, 433-435.
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(8) Zhang, H.; Cai, J.; Feng, X.-L.; Li, T.; Li, X.-Y.; Ji, L.-Nnorg. Chem. 1992 1755-1756.
Commun2002 5, 637-641. (20) Teo, B. K.; Zhang, Hinorg. Chem.1991, 30, 3115-16.
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UV —vis!?26 spectroscopic techniques have been used to
investigate these metametal interactions. Extended ekel
calculations along with ab initio methods have been em-
ployed to model their ground- and excited-state properties.
Secondary interactions attributed to aurophilicity have been
calculated to be 2346 kJ/mol, which is on the order of the
dissociation energy of a hydrogen bond. Larger clusters of
Cu, Agn, and Ay, (n = 5—8) have been investigated through
a variety of techniques and have been used as catélysts,

semiconductors, optical devices, pharmaceuticals, and anti-

microbial agent$®4!

Two-coordinate gold complexes are usually colorless;
however, they can be luminescent depending on the ligand
and the extent of metaimetal interaction. For example, we
have recently shown that dicyanoaurate(l) and dicyano-
argentate(l) ions undergo significant oligomerization in
aqueous and methanolic soluticiid?We observed that the
absorption edges of K[Au(CM)and K[Ag(CN),] solutions
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evidence for the formation of homometallic dimers and
trimers in solution.

The crystal structurfé and luminescent propertigsof
K[Au(CN);] have been thoroughly investigated. It has been
found that the nearest-neighbor distance between the gold
atoms in the crystal structure varies as a function of cation.
For example, in K[Au(CN)] the gold atoms are separated
by 3.64 A, but when the cation is changed to tetrabutylam-
monium, the nearest-neighbor Au separation becomes 8.8
A.%5 We have shown that the room-temperature emission
spectrum of K[Au(CNj] consists of a high-energy band at
about 390 nm and a low-energy band at about 630,

8 K, the high-energy band shows vibronic structure, while
the low-energy band disappears. A comparison of the
emission band energies with A\u separation indicates that
the high-energy emission band should be assigned to states
arising from Au-Au overlaps in two dimensions.

Compared to homometallic coordination compounds, few

undergo progressive red-shifts with an increase in concentra-examples have been reported in the literature about hetero-

tion up to near the saturation limits. Two types of deviation
from Beer’'s law were observed, a negative deviation for
monomers’ MLCT bands and a positive deviation for the
oligomers’ bands. Increasing the concentration within a given
concentration range leads to red-shifts in the oligomers’
absorption and/or excitation bands dominant in that range,
while further increases in concentration lead to the appear-

metallic coordination compounds. Among these examples,
Rawashde-Omary et l.have reported about a new class
of heterobimetallic compound, AgAU(MTPWhere MTP is
diphenylmethylenethiophosphinate, which shows argento
aurophilic bonding interactions and a metaletal distance

of 2.912 A. Also, Fernandez et 847 have reported DFT
calculations with luminescent spectra for [Ag2(CsFs)s-

ance of new lower energy bands. These observations providgOCMe,),],, moieties showing a AtAu distance of 3.16 A

(21) Teo, B. K.; Shi, X.; Zhang, Hl. Am. Chem. S0d.991, 113 4329~
31.

(22) Teo, B. K.; Zhang, H.; Shi, XInorg. Chem.199Q 29, 2083-91.

(23) Kanters, R. P. F.; Schlebos, P. P. J.; Bour, J. J.; Bosman, W. P.; Smits,
J. M. M.; Beurskens, P. T.; Steggerda, Jinbrg. Chem.199Q 29,
324-328.

(24) Assefa, Z.; DeStefano, F.; Garepapaghi, M. A.; LaCasce, J. H., Jr.;
Ouellete, S.; Corson, M. R.; Nagle, J. K.; Patterson, Hndrg. Chem.
1991, 30, 2868-2876.
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N.; Corson, M. R.; Ludi, A.; Nagle, J. K.; Patterson, H. &hem.
Phys. Lett.1985 118 258-62.

(26) Rawashdeh-Omary, M. A.; Omary, M. A.; Patterson, H. H.; Fackler,
J. P., JrJ. Am. Chem. So@001, 123 11237 11247.

(27) Che, C.-M.; Lai, S.-WCoord. Chem. Re 2005 249, 1296-1309.

(28) Che, C.-M.; Tse, M.-C.; Chan, M. C. W.; Cheung, K.-K.; Phillips, D.
L.; Leung, K.-H.J. Am. Chem. So@00Q 122 2464-2468.
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(31) Li, D.; Che, C. M.; Kwong, H. L.; Yam, V. W. WJ. Chem. Soc.
Dalton Trans.1992 3325-9.

(32) Li, J. J.; Peng, XJ. Nanosci. Nanotechnc2004 4, 565-568.

(33) Kanan, S. M.; Tripp, C. P.; Austin, R. N.; Patterson, H.JHPhys.
Chem. B2001, 105 9441-9448.

(34) Kanan, S. M.; Kanan, M. C.; Patterson, H.Gurr. Opin. Solid State
Mater. Sci.2003 7, 443-449.

(35) Li, X. Z.; Li, F. B. Environ. Sci. Technol2001, 35, 2381-2387.

(36) Currao, A.; Reddy, V. R.; Calzaferri, @hemPhysCher2004 5,
720-724.

(37) Lopez, N.; Norskov, J. KJ. Am. Chem. SoQ002 124, 11262~
11263.

(38) NiDubhghaill, O. M.; Sadler, P. Met. Complexes Cancer Chemother.
1993 221-48.

(39) Shaw, C. F., lll Gold complexes with antiarthritic, antitumour and
anti-HIV activity. In Uses of Inorganic Chemistry in Medicirfearrell,

N. P., Ed.; Royal Society of Chemistry: Cambridge, 1999; pp 26
57.

(40) Gibson, C. SChem. Prod. Chem. Nevi®938 1, 35-6.

(41) Tiekink, E. R. T.Gold Bull. 2003 36, 117—124.

(42) Rawashdeh-Omary, M. A.; Omary, M. A.; Patterson, H.JHAm.
Chem. Soc200Q0 122 10371-10380.
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and a Au-Ag distance of 2.79 and 2.78 A. In these
compounds, the emission profile observed in dilute acetone
solution was assigned to ligand localized* excited states

or to 7z-MMCT transitions, while the solid-state emission
was assigned as arising from metal-centered)({po)* or
(do*)Y(po)! excited states. Similar to our report on aqueous
and methanolic solutions of K[Au(CM)and K[Ag(CN)],

the absorption and emission spectra of the compound in
acetone display a band that does not obey the Lambert
Beer law. This deviation is consistent with the molecular
aggregation in solution through getdjold interactions. Very
recently, Fackler et al. reported the synthesis and character-
ization of trinuclear mixed-metal silver and gold complexes
containing carbeniate or imidazolate ligartd¥.hese com-
plexes exhibited short AuAg and Au—Au distances 0f-3.3

and 3.2 A, respectively.

Our group has recently reported the metallophilic interac-
tions in closed-shell @ metal-metal dicyanide-bonded
systems EU[AgAU;x(CN)]3 (x = 0—1)*and La[AgAU;«
(CN)s (x = 0—1).4%%°The presence of mixed-metal Au

(43) Rosenzweig, A.; Cromer, D. Acta Crystallogr.1959 12, 709-12.

(44) Nagasundaram, N.; Roper, G.; Biscoe, J.; Chai, J. W.; Patterson, H.
H.; Blom, N.; Ludi, A. Inorg. Chem.1986 25, 2947-51.

(45) Mason, W.J. Am. Chem. Sod.976 98, 5182-5187.

(46) Rawashdeh-Omary, M. A.; Omary, M. A.; Fackler, J. P. Idorg.
Chim. Acta2002 334, 376.

(47) Fernandez, E. J.; Lopez-de-Luzuriaga, J. M.; Monge, M.; Rodriguez,
M. A,; Crespo, O.; Gimeno, M. C.; Laguna, A.; Jones, PCBem-—
Eur. J. 2000 6, 636.

(48) Mohamed, A. A.; Galassi, R.; Papa, F.; Burini, A.; Fackler, J. P., Jr.
Inorg. Chem.2006 45, 7770-7776.

(49) Caolis, J. C. F.; Larochelle, C.; Fernandez, E. J.; Lopez-de-Luzuriaga,
J. M.; Monge, M.; Laguna, A.; Tripp, C.; Patterson, H. H.Phys.
Chem. B2005 109 4317-4323.



Mixed-Metal Transition in Au/Ag Dicyanide

Ag clusters in these species was verified using Raman andmeasurements were performed using a Nanophase diode-pumped
luminescence spectroscopy. These mixed-metal comp|exe§olid-state laser that pulses at 266 nm with a repetition rate of 8._1

exhibit many of the desirable properties of the pure di- kHz. The decays were averaged over 1000 sweeps on the oscil-
cyanoaurate and dicyanoargentate species including tunability©Scope. All measurements were carried out for the same single

for excited-state energy transfer. They luminesce quite crystals used in the elemental analysis, luminescence, and X-ray
strongly at room temperature at an energy that is tunable Measurements. . .

depending on the Au/Ag stoichiometric ratio, and the X-ray Crystallographic Analysis. The crystal structure was

L lies b h £ h A dA determined using a Bruker SMART CCD-based diffractometer
emission energy lies between those of the pure Au an gequipped with an LT-3 low-temperature apparatus operating at 213

systems. This provides evidence that the excited statesi a suitable crystal was chosen and mounted on a glass fiber using
responsible for this emission are delocalized over the Ag grease. Data were measured usingcans of 0.3 per frame for
and Au centers. The ability to tune the excited-state properties30 s, such that a hemisphere was collected. A total of 1271 frames
has far-reaching implications in the design of optical devices. were collected with a maximum resolution of 0.76 A. The first 50
In this paper, we discuss the synthesis and characterizationrames were recollected at the end of data collection to monitor
of dl°—d° heterometallic compounds containing gold and for decay. Cell parameters were retrieved using SMAR®ftware
silver and compare the results with the corresponding pureand refined.using SAIN¥? soﬁwarg on all observed reﬂectiong.
systems. Whereas our previously reported Au/Ag systemsData reduction was performed using the SAIN.T software Whl_ch
contained+3 counterions, in the present article we study corrects for Lp and decay. Absorption corrections were applied

: . using SADABS354 supplied by George Sheldrick. The structure
the luminescent properties of a Au/Ag system when the was solved by direct methods using the SHELXS-97 pro§ram

counterion ist1. Photoluminescence spectroscopy has been, ¢ refined by the least-squares methodFén SHELXL-97 5
used as the major tool to study these systems. Here, we aimncorporated in SHELXTL-PC V 6.1¥.

to synthesize and characterize mixed-metal gsitver The structure was solved in the space gr&t@(No. 148) by
dicyanides and explain their interesting properties through analysis of systematic absences. The crystal was twinned with the
a series of experiments. twin law 0 —1 0 —1 0 0 0 0—1. It was refined with the protocol
described in Herbst-Irmer and SheldrfékThe fractional contribu-
Experimental Section tion of the minor domain refined to 0.240(3). All atoms are refined

anisotropically. The Au and Ag reside on the same site, and the

occupancy was refined using the same coordinates and displacement

parameters for both atoms. Refinement of the Ag/Au ratio gives

values of 0.556(7):0.444(7) for the mixed-metal complex. THe K

ion resides in two possible sites. The crystal used for the diffraction

study showed no decomposition during data collection.
Computational Calculations. Extended HokeP? calculations

General Procedure and Physical MeasurementsReagent
grade K[Au(CN}] (Alfa-Aesar) and K[Ag(CN}] (Alfa-Aesar) were
used as received. For crystals of K[AgosgCN),], a 4 mL
aqueous solution of K[Au(CN) (0.861 mmol, 0.248 g) and 4 mL
aqueous solution of K[Ag(CN) (0.860 mmol, 0.171 g) were mixed
in a 25 mL beaker at room temperature. The resulting solution was
covered with a watch glass, left undisturbed in a hood, and the X X )
solvent was allowed to evaporate slowly. After@days, colorless ~ Were carned_out for the grour_ld and first excited states of the
crystals were harvested. The mixture was expected to have a 0.50FAU(CN)2"]2 dimer, [Ag(CN) "], dimer, and [Au(CNy /Ag(CN).]

0.50 (Ag/Au) mole ratio in the resulting crystal. However, after dimer. Each unit of [Au(CNy'] and [Ag(CN), ] was assumed to
elemental and crystallographic analysis, it was found to have a Nave linear geometry. Bond distances for K[Au(GNnd K[Ag-
0.556(7):0.444(7) (Ag/Au) ratio (see X-ray Crystallography section (CN)2l were taken from the X-ray crystallographic data, which are
below). similar to_those previously reported in t_he Iltergtﬁ?é?otentlal

The other mixed-metal complexes were prepared in a similar €N€T9Y diagrams of the ground and first excited states were
manner by mixing the proper stoichiometric solutions (4 mL each) generated by calculating the energy of each dimer as the metal

of K[AU(CN),] and K[Ag(CN);] in a 25 mL beaker. Crystals of metal separation is varied. Calculations (extendéeatkel and
KIAU,Ag1_«(CN)s] (x = 0 — 1) were harvested after-2 days semiempirical methods) were also performed on pure and mixed-
X —X - .

The amount of Au and Ag present in the crystals was determined g]e;al syf:‘ems \{\:hgre a Altj(CZN)lor AG(CN)" unit |sTshgrro|u ndfd
by atomic absorption spectroscopy using a Smith-Hieftie Model y four other units in a rectangular arrangeméns). This closely

857 atomic absorption spectrometer with flame ionizer. Standard apprOX|m%gsNtETDI%grangemerét_ofththe |t0nsd 'g.;ﬂgl Cr)llStalll' The
solutions were prepared by serial dilutions from Puro-Graphic program ) was used n the extende caicula-

standard gold (99g8g/mL Au in 5% HCI) and silver (99mg/mL (51) SMART V 5.625 (NT) Soft ror the CCD Detector SveRrk

: . . ortware 1or the etector y,SBJ er
Ag in 5% HCI) solutlon.s purchased from Cetl®armer Company. Analytical X-ray Systems: Madison, WI, 2001.
Steady-state photoluminescence spectra were recorded with a modgk2) SAINT V 6.22 (NT) Software for the CCD Detector SystBruker
QuantaMaster-1 fluorescence spectrophotometer from Photon Tech-( ) Arllalytlcal X-ray System”S: Madison, WI, 2001.

; ; ; ; ; 53) Blessing, RActa Crystallogr. A1995 51, 33.

nOk.)gy. International (PTI). The instrument is equipped with .tWO (54) Sheldrick, G. M.SADABS-A Program for Empirical Absorption
excitation monochromators and a 75 W xgnon arc lamp. Lumlne§- Correction Version 2006/1; University of Gtingen: Gatingen,
cence spectra were recorded as a function of temperature using  Germany, 2006.

liquid helium as the coolant in a Model LT-3-110 Heli-Tran (55) Sheldrick, G. M.SHELXS-9pProgram for the Solution of Crystal
ic liquid transfer svstem equipped with a temperature Structu_re University of Gdtingen: Gitingen, Ge_rmany, 1990.
cryogenic liq Y quipp p (56) Sheldrick, G. MSHELXL-97 Program for the Refinement of Crystal

controller. Excitation spectra were corrected for variation of the Structure University of Gdtingen: Gatingen, Germany, 1997.
lamp intensity using the Rhodamine B quantum counter. Emission (57) SHELXTL 6.1 (PC-VersionProgram library for Structure Solution
spectra were uncorrected unless otherwise specified. Lifetime ~ 2Nd Molecular GraphicsBruker Analytical X-ray Systems: Madison,

WI, 2000.
(58) Herbst-Irmer, R.; Sheldrick, G. Mcta Crystallogr. B2002 58, 477—
(50) Colis, J. C. F.; Larochelle, C.; Staples, R.; Herbst-Irmer, R.; Patterson, 481.
H. H. Dalton Trans.2005 675-679. (59) Hoffmann, RJ. Chem. Phys1963 39, 1397.
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Table 1. Crystallographic Data for K[Atla4Ago.56 CN),]2

Hettiarachchi et al.

Table 2. Metal—Metal Distances for K[Ag44Ago.se(CN).], Pure
K[Au(CN),], and K[Ag(CN)

empirical formula GAgo.56AU0.4KN2
fw 238.61 complex MM distance, A
ZFE%:e group X @ KIAU(CN)2]2 Au---Au 3.620(1)
A ' K[AU0.4Ago s{CN);] (HP30T) Au--Au 3.636(1)
C(A)s 26.563(3) Aghg 3.636(1)
v S216:50) K[AG(CN)22 Ag-+Ag 3.702(1)
Deaica(Mg/m) 2.931 hohg s-622(1)
refins collected 2881 aUnpublished results from our laboratories.
data/restraints/params 653/0/33
R1 (I > 20(1))/GOF 0.0193/1.079 mixed-metal complexes  Eu[A89:-x(CN);]s and
WRZ (I > 20(1)) 0.0486

aObtained with graphite-monochromated MaxKi = 0.71073 A)

radiation " R1 = 5||Fol — [Fell/SIIFel. *WR2 = {S[W(Fs® — F)
{SIWFA}2

La[AuAgi—x(CN)]s (x = 0—1)3950 Table 2 shows the
metak-metal distances in K[A4k/AGo s CN),] in comparison
to K[Au(CN),] and K[Ag(CN)].

While many attempts were made to grow X-ray quality
crystals, only one mixed-metal sample gave suitable data for
X-ray structure determination. The Au/Ag stoichiometric
ratio in the other mixed-metal samples were determined by
atomic absorption spectroscopy. The luminescence spectra

of these crystals do not differ markedly from the lumines-
cence spectra of K[A4uAgosd CN),] for which a crystal
structure was obtained.

Luminescence Variable-temperature luminescence spectra

for all crystals used in this study were recorded in the range
of 180—4.2 K. New emissive states which are not present
in the pure K[Ag(CN}] or K[AU(CN)] luminescence spectra
are seen in the spectra of the mixed-metal KjAgy—«(CN),],

with x between 0 and 1.

In Figure 2, the emission spectra for single crystals of

K[Au,Ag1—x(CN),] at 4.2 K with 1ex = 265 nm, andx =

Figure 1. Layered structure of K[AslsAdo s6(CN),] with linear M(CN),~
chains and K ions connecting the layers through N contacts.

tions. Relativistic parameters for Au, Ag, C, and N were used as
described elsewhefé52

Results and Discussion

X-ray Crystallography. Crystal data are summarized in
Table 1. Figure 1 shows the crystal structure of the mixed-
metal species K[As1AAJosd(CN),]. The Au and Ag atoms
reside on the same site, and the occupancy was refined using
the same coordinates and displacement parameters for both
atoms. After refinement, a Ag/Au ratio of 56:44 was
obtained. The €Au—C and C-Ag—C bond angles are
18(. The crystal structure consists of layers of linear chains
of Au(CN),~ and Ag(CN}~ and K ions that connect the
layers through N atoms. This is similar to the crystal structure
of pure K[Au(CN)] and K[Ag(CN)] and the reported

(60) Calzaferri, G.; Rytz, R.; Braendle, M.; Bruehwiler, D.; Glaus, S.
ICONEDIT: Extended Huckel molecular orbital and transition dipole
moment calculations, update 2000. http://iacrsl.unibe.ch (August 26,
2006).

(61) Omary, M. A.; Patterson, H. H.; Shankle, Kol. Cryst. Lig. Cryst.

Sci. Techno).Sect. A1996 284, 399-4009.

(62) Pyykkg P.Chem. Re. 1988 88, 563-94.
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Figure 2. Emission spectra of K[AWg1-x(CN)z] (x = 0—1) at 4.2 K

with ex = 265 nm as the metal composition is changed. Emission bands
at 343 and 372 nm appear in the mixed-metal systems and not in the pure
metal systems and are assigned to mixed-metal transitions.



Mixed-Metal Transition in Au/Ag Dicyanide

]
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Figure 3. Three-dimensional emission of K[8&:Ado.3d CN),] showing the different fluorophores present at 4.2 (top) and 77 K (bottom) and their dependence
on the excitation wavelength when the excitation wavelength is changed by 10 nm between each spectrum.

0—1 are shown. Pure K[Au(CN)shows a broad emission  emission, it follows that the higher energy peaks should have
band at 386 nm, while pure K[Ag(C®)shows a broad band a greater amount of Ag than Au.

centered at 312 nm. The mixed-metal complexes, on the other Comparison of the 77 K spectra with the 4.2 K spectra
hand, show bands that do not correspond to either the pureshows differences. The 77 K spectra show a decrease in
K[Ag(CN),] or pure K[Au(CN)] starting material but to a  intensity of the high-energy peaks observed at 4.2 K and an
metal-metal transition involving Ag and Au. The two increase in the low-energy peaks seen at 4.2 K. This change
emission bands due to AgAu interactions are observed at in the relative intensity of the high-energy and low-energy
343 and 372 nm. The intensity of the lower energy emission Peaks is due to energy transfer at 78 K between high-energy
(372 nm) is affected by variations in the Au/Ag ratio and clusters and low-energy clusters. At 4.2 K, the barrier to
increases as the stoichiometric amount of Ag decreases, while2n€rgy transfer is larger tha and energy transfer occurs

the relative intensity of the higher energy emission band at VerY little. The resglts hgrein are similar to those we have
343 nm remains largely unaffected. reported for metal dicyanides such as K[Au(GNind K[Ag-

) o o
Figure 3 shows the three-dimensional emission spectra of(CN)z]’. both pure a_nd doped, as 'mp“”“.es n KGH
; In Figure 4, variable-temperature emission spectra are
the mixed-metal system K[AW:AJos(CN),] at 4.2 and 77 shown for K[A siAdo sdCN)s] With e = 265 nm. We have
K. As the excitation wavelength is varied from 230 to 310 tb.612Jo3d ) ex '

nm, different emission bands appear at different emission previously publishett a study of KIAU(CN}] in which the

wavelengths, indicating the presence of different mixed-metal (63) Rawashd?]h-Omﬁry, M. A.; Omary, M. A.; Shankle, G. E.; Patterson,
_ . H. H. J. Phys. Chem. R00Q 104, 6143-6151.
clusters of AU(CNQ and Ag(CN)_» - Since the K[Ag(CNé] (64) Omary, M. A,; Hall, D. R.; Shankle, G. E.; Siemiarczuk, A.; Patterson,

emission is at a higher wavelength than the K[Au(gN) H. H. J. Phys. Chem. B999 103 3845-3853.
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Figure 4. Variable-temperature emission spectra for the KjA#go.sdCN);] crystal withAex = 265 nm showing the intensity changes associated with the
increase in temperature for each emissive species present in the crystal.

Table 3. Lifetime Data for Pure K[Au(CNy and K[Ag(CN),] and _—
Different Emission Bands Observed in K[AwAdo.sd CN),] at 4.2 and _— _

77 K a
J—
emission band, nm lifetime at4 s  lifetime at 77 Kus __b1/
415 (K[AU(CNY]) 12.90+ 0.01 0.34+ 0.01
390 (K[Ag(CNY]) 47.16+ 0.02 44.63+ 0.03
343 (Au—Ag mixed system) 0.076: 0.001 2.20+0.02
372 (Au—Ag mixed system) 1.38& 0.02 2.27+0.01
1 »
. . —A—— xzyz —4—4— 0 xz,yz
luminescence energy of the 390 nm peak and the unit cell o —
dlm_en_5|on were recorded betwee_n 300 and 78 K. The P
emission energy showed a red-shift of 1100 tmith a
lowering of temperature and a decrease of intralayer Au Ag(CN),- Ag(CN);-Au(CN); dimer AU(CN),-

Au separation from 3.64 A at 278 K to 3.58 A at 78°K. Figure 5. Energy level diagram for [AUCN)- (D). [AG(CN)A- (D).
Thus, in mixed-metal crystals, we expect to observe a small ang the mixed-metdl[Au(CN), ]—[Ag(CN)2 ]} (Cz.) dimer showing the
red-shift of the emission peaks with lower temperature. possible mixed-metal transition for the dimeric unit. The arrow represents
However, in our previous studies of doped Ag(QN)1 KCl the t!’ansition frorr_] an orbital that is mostly Au in character to an orbital
. o, ) . that is mostly Ag in character.

and NacCl, thermochromic behavior is obseff#dd which
low-energy bands assigned to different clusters appear attransfer within the mixed-metal cluster. The shorter lifetime
higher temperature and higher energy clusters emissionvalues observed in the mixed-metal systems relative to the
appear at low temperatures. The mixed-metal system reportecpure metal systems are indicative of the mixed metal systems
herein has similar thermochromic behavior. (kmixed) contribution to the lifetime. It should also be noted

Lifetime measurements for the observed luminescencethat the lifetime valuesta4 K are smaller than those
bands present in a¥imixed-metal sample were carried out measured at 77 K. This is because, at higher temperatures,
at 4.2 and 77 K. The results are summarized in Table 3. At knixea decreases as a result of a decrease in the mixed metal
4 K, the 343 nm emission band shows a nanosecond lifetime,delocalization. Thus, as a result, the value ofcreases with
indicating that this process results from a singlet state increasing temperature.
(fluorescence) while the emission at 372 nm is significantly ~ Electronic Structure Calculations. Figure 5 shows the
longer (-3 us), indicative of a phosphorescence process. simplified energy level diagram obtained from relativistic
Both pure KAg(CN) and KAuU(CN} show microsecond extended Hakel calculations performed on the mixed-metal
scale lifetimes at 77 and 4 K, indicating this emission results [Au(CN),"]—[Ag(CN),"] dimer. The [Au(CN)"] and

from a phosphorescence process. [Ag(CN), ] monomer units are both linear; the two subunits
The luminescence lifetime for these species can be are eclipsed, and the AtAg bond lies along the axis. The
calculated using the equatian= 1/(Kad + Knonrad+ Kmixed), potential energy diagram (Figure 6) of the ground state of

wheret = lifetime, kog = rate constant of radiative energy the [Au(CN) ]—[Ag(CN), ] dimer shows a minimum at a
transfer pathwayknonag = rate constant of nonradiative Au—Ag separation of 3.45 A. At this separation, the
energy transfer pathway, akgls = rate constant for energy  contribution to the HOMO of the Ag 5s,dy, and @ is
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Figure 6. Potential energy diagram of the mixed-metal [Au(eN)-[Ag- Au - - - = Aus
(CN)27] dimer showing the first excited-to-ground-state transition. The 4

excited state has a shorter metaietal distance and a deeper potential well
than the ground state, indicative of a stronger bonding relative to the ground Figure 7. HOMO—LUMO energy gap for [Au(CNy s (Dar), [A9(CN)z 5

state. (D2n), and mixed-metal pentameric species. The crystallographic results
indicate that every Au or Ag atom in a given layer has four nearest neighbors
Table 4. Summary of Extended Hokel Calculations for the Pure and in a rectangular arrangement. The inset shows this rectangular arrangement
Mixed-Metal Dimers of the Au atoms for the pentameric [Au(CN]s species. Arrows represent
HOMO— the Ag and Ag pure met‘al transitions, as well as thg mi_xed-metal transition,
M—M, energy, M—M* energy, LUMO, all observed in the luminescence spectra shown in Figure 2.
system eq ev eq ev ev

Table 5. HOMO—-LUMO Energy Gap from Extended 'tdkel

[AU(CN), ] 3.30 —102.385 3.00 —98.091  4.40 . T _
[Au(CN);]Z—[Ag(CN)[] 350 —100025 320 —95546 461 Cal_cullaatljrm.z,J fqtr;he Pure and Mixed-Metal [Au(CN)[AQ(CN)2 Tn-1
[Ag(CN); 2 370 —97.662 3.30 —92.928 491 (n = 174) Uni

HOMO-LUMO  HOMO-LUMO

gap/cnm?! gap/nm

slightly larger than the corresponding con_tribution from the [AG(CN)>Ts 340195 204
Au. In the LUMO, however, the gold 5prbital has a larger [AU(CN)2 T[AG(CN)2 14 32862.2 304
contribution than the 4porbital of silver. The HOMO of [AU(CN)z:]z[Ag(CN)z:]sE 32681.0 306
the mixed-metal dimer can be characterized as hawing Eﬁﬂgg“g;ﬁﬁggm;_r S 3
character, while that of the LUMO has character. Previ- [AU(CN)2 13[Ag(CN)2 ]2 31602.9 316
ously published results for pure [Ag(CN]). dimers indicate [AU(CN)27]s 30838.4 324
an antibonding HOMG?%° while the LUMO is slightly a For the mixed-metal cases, one unit of [Ag(GN)is surrounded by
bonding. This explains the shortening of the Afu four [M(CN)z7] in a rectangular arrangemefitLinear arrangement of Ag

. . c
separation when an electron is promoted from the HOMQ &toms-Bent arangement of Ag atoms.

to the LUMO. Table 4 shows the summary of the extended
Huckel calculations for the pure and mixed-metal dimers.
As can be seen from this table, the HOMOUMO energy
gap for the mixed-metal dimer lies in between the HOMO
LUMO energy gap for the pure gold and silver metal cases.
This is consistent with the observation of a mixed-metal
transition in the mixed-metal system.

In order to approximate the local environment of a linear
M(CN),™ ion (M = Ag, Au) in the crystal, extended ldkel
calculations were performed on a series of systems where
each Au(CN)~ or Ag(CN),™ is surrounded by four M(CNY)
in a rectangular arrangement and a point groupaf When
the HOMO-LUMO gap was calculated at the equilibrium
distance for each mixed-metal case, it was found that the
energy of the mixed-metal clusters ([Au(GN)-
[AQ(CN)2 ]n-1, n = 1—4) lies in between that of the pure
[Ag(CN)2]s and [Au(CN}]s cases. Surprisingly, values of

the HOMO-LUMO gap for the mixed-metal cases fall
within an ~1000 cm range. The result is summarized in
Figure 7 and Table 5.

The results from the extended ekel calculations for the
pure and mixed-metal species indicate that exciting the
different species with the appropriate wavelength will
produce stable excimers supported by metaétal interac-
tions. The observed luminescence in the different mixed-
metal systems are assigned to mixed-metal transitions, i.e.,
a transition from the lowest excited state with mostly Au in
character to an orbital in the ground state that has mostly
Ag character. The excitation spectrum at 4.2 K spans a broad
range below 300 nm, indicating that there are a number of
excited states leading to the emission of mixed-metal species
with Aem < 400 nm (see Supporting Information).

Emission bands at 343 and 372 nm in the-AAg mixed-
metal systems reported herein have been assigned to mixed-
(65) Omary, M. A.: Patterson, H. H. Am. Chem. S04.998 120, 7696 metal transitions from extended kel calculations. These

7705. calculations suggest a stronger bonding interaction in the
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lowest excited state but only a weak interaction in the ground  Lifetime measurements were obtained for single crystals
state, as has been observed in other Au and Ag complexesof K[Au,Ag:—x(CN),] at 77 and 4 K. At 4 K, the 343 nm
It should be noted that the magnitude of the distances andemission band shows a nanosecond lifetime, indicating that
energies summarized in Table 4 from extendetckdl this process results from a singlet state (fluorescence) while
calculations are presented in a qualitative manner, andthe emission at 372 nm is significantly longer—3 us),
therefore, conclusions should not be drawn from the absoluteindicative of a phosphorescence process. Both pure K[Ag-
values of these numbers. This is due to the low level of the (CN);] and K[Au(CN),] show microsecond scale lifetimes
calculations performed and the fact that the species areat 77 and 4 K, indicating their observed emission results from
assumed to be in idealized geometry. However, qualitative a phosphorescence process. The increase in lifetime from 4
comparisons between the different species can be made. to 77 K for the emission at 372 nm is indicative of a decrease
in the mixed-metal delocalization as temperature is increased.
Conclusions Extended Huakel calculations revealed that the first excited
states of the different trimeric species have shorter metal
metal separation, deeper potential energy wells, and stronger
metal-metal interactions than the ground state. This is
reflective of exciplex behavior. Further, in the mixed-metal
systems, the observed luminescence has been assigned to a
mixed-metal transition in which an electron jumps from the
lowest excited state with mostly Au character to the ground
state with mostly Ag character.
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Crystals of the mixed-metal®-d'°K[AuAg1—x(CN);]
heterometallic samples with different Ag/Au ratios have been
synthesized and characterized. X-ray diffraction studies
showed that the structure of the different mixed-metal
systems are similar to each other and exhibits the similar
layered structure found in pure K[Au(CHljand K[Ag(CN),].

The structure of K[AY4AgosdCN),] is isostructural to
K[Au(CN),], while K[Ag(CN),] crystallizes in a different
space group.

The emission bands observed in the mixed-metal com-
plexes lie between the emission bands of the pure K[Au-

(CN)z] and K[Ag(CN)z] Variable_temperature luminescence Note Added after ASAP PUb“CB..tiOI’].'ThiS articlg was
studies showed that the emission maxima observed in thereleased ASAP on July 28, 2007 with minor errors in Tables

different K[AwAg: (CN)J] (x = 0—1) heterometallic 1 and 2. The correct version was posted on July 31, 2007.
samples do not change in energy as the Au/Ag ratio is varied Supporting Information Available:  Crystallographic informa-
and the cation has &1 charge. This is in contrast with the tion files (CIF) and excitation spectra of the different pure and
previously reported La[Ag: x(CN)Js (x = 0—1) where mixed-metal complexes. This material is available free of charge
the emission maxima are tunable with respect to the Au/Ag Vi the Intemet at http://pubs.acs.org.

ratio and the counterion i$-3. IC700780K
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