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Abstract: The photoluminescence behavior of dicyanoargentate(l) ions doped in KCI host crystals has been
studied. Several ultraviolet and visible emission bands are observed in this system. Each emission band
becomes dominant at a characteristic excitation wavelength; that is, the energy of the emission can be tuned
by site-selective spectroscopy. Both the experimental and the theoretical results suggest the formation of
Ag—Ag-bonded excimers and exciplexes between adjacent Ag(Gb)s in the host lattice. The experimental
evidence includes the broadness, the absence of detailed structure, the large Stokes shifts, and the very low
band energies of the luminescence bands. Meanwhile, ab initio calculations show that the LUMO is bonding
with respect to Ag-Ag bonds while the HOMO is antibonding. Moreover, excited state extende#eHu
calculations indicate the formation of exciplexes with shorter-Ag distances, higher binding energies, and
higher Ag—Ag overlap populations than the corresponding ground-state oligomers. The emission bands are
assigned to different *[Ag(CN) 1, luminescent exciplexes. Tuning of the emission over the-Z8%-nm

range has been achieved by site-selective excitation in a single KCl:Ag{Qiy)stal. The results in this

work give rise to a new optical phenomenon we call “exciplex tuning”.

Introduction hand, have been the subject of numerous recent investigations
There has been increasing interest in coordination compounds"’“med at understanding fundamental chemistry issues such as

with well-understood photophysical properties due to their roles gold—gol_d interactions (aurophilic att_raction)_ anq _supramol_ecu-
in numerous potential applications. For example, metal diimine lar chemistry” as well as their potential applicability as optical

complexes, which have been studied extensively in the past 205€nsors for volatile organic compounds (VO&Y)josensors;
years! have applications in solar energy conversion, supramo- and ‘ﬁ( pho:]ocaéglys%é. dinati ds of Ad(l
lecular assemblies, photocatalysis, nonlinear optics, photonich Unlike Obt era sys'gems,dcoor mgtloln corgpouln sfo 9()
devices, and photoluminescent probes of biological systems. ave not been investigated extensively and only a few spec-
Meanwhile, interest in the photophysical and photochemical troscopic |2_vlegst|ga_1t|ons h_ave bee_n repqrted for these
properties of & systems has been focused on coordination compounds: Th_|s h_as stimulated interest in our group to
compounds of group 11 monovalent ichslistorically, research study Ag(l) coordination compounds. We have recently

in this field started with Cu(l) systems but has shifted in recent Ch(9) (ag KslllgélK-lll??;; 2F§9y5[i1' EB)KK; IDiBfnsdeét% J. Ad.;tforg,/f. .tlF:.Aén o
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electron-transfer pathways. Gold(l) systems, on the other  Hardt, H. D.; Pierre, Alnorg Chim. Actal977 25, L59. (e) Hardt, D. D.;
Stoll, H. J.Z. Anorg. Allg. Chem1981, 480, 193. Hardt, D. D.; Stoll, H.

T Present address: Department of Chemistry, Colby College, Waterville, J. Z. Anorg. Allg. Chem1981, 480, 199.

Maine 04901. (11) Edel, A.; Marnot, P. A.; Sauvage, J. Row. J. Chim.1984 8,
(1) Balzani, V.; Moggi, L.Coord. Chem. Re 199Q 97, 313. 495,
(2) Meyer, T. JAcc. Chem. Red.989 22, 163. (12) Schmidbaur, HChem. Soc. Re 1995 391.
(3) Balzani, V.; Scandola, FSupramolecular Photochemistrllis (13) Mansour, M. A.; Connick, W. B.; Lachicotte, R. J.; Gysling, H. J.;
Horwood: Chichester, UK, 1991. Eisenberg, RJ. Am. Chem. Sod.998 120, 1329-1330.
(4) Pelizzetti, E.; Serpone, NHomogeneous and Heterogeneous Pho- (14) Blonder, R.; Levi, S., Tao, G.; Ben-Dov, I.; Willner J.. Am. Chem.
tocatalysis Pelizzetti, E., Serpone, N., Ed.; D. Riedel Publishing: Dordrecht, Soc.1997 119 10467-10478.
Holland, 1985. (15) Wolf, M. O.; Fox, M. A.J. Am. Chem. Sod995 117, 1845~
(5) Cheng, L. T.; Tam, W; Eaton, D. Rrganometallicsl99Q 9, 2856. 1846.
(6) Prasad, P. N.; Reinhardt, B. £hem. Mater199Q 2, 660. (16) Fortin, D.; Drouin, M.; Turcotte, M.; Harvey, P. D. Am. Chem.
(7) Friedman, A. E.; Chambron, J. C.; Sauvage, J. P.; Turro, N. J.; Barton, Soc.1997, 119, 531.
J. K. J. Am. Chem. S0d.99Q 112,4960. (17) Vogler, A.; Kunkely, H.Chem. Phys. Lettl989 158 74.
(8) For reviews see: (a) Ford, P. C.; Vogler, Acc. Chem. Re4993 (18) Henary, M.; Zink, J. lInorg Chem.1991, 30, 3111.
26, 220. (b) Kutal, C.Coord. Chem. Re 1990 99, 213. (c) Jansen, M. (19) Omary, M. A.; Patterson, H. H.; Shankle, ol. Cryst. Lig. Cryst.
Angew Chenil987, 99, 1136;Angew. Chem., Int. Ed. Endl987, 26, 1098. 1996 284, 399.

S0002-7863(98)00256-X CCC: $15.00 © 1998 American Chemical Society
Published on Web 07/24/1998



Exciplex Tuning by Site-Selexi Excitation J. Am. Chem. Soc., Vol. 120, No. 31, 198897

demonstrated the presence of ligand-unsupported-Akg *[Cu-Cu]?" excimersf2 and *[Cu-AgF" exciplexed® in B''-
interactions (argentophilic attraction) in the mononuclear com- alumina. The formation of the silvessilver-bonded exciplex,
pound, TI[Ag(CN}].2° The fact that Ag-Ag interactions in *[Ag(CN)27]3, in crystalline TI[Ag(CN}] has been described
TI[Ag(CN),] and a few other exampl&s23 are ligand-unsup-  in our recent work*
ported indicates thargentophilicityis generally important in We report herein a new class of inorganic excimers and
Ag(l) coordination compounds. The photoluminescence dis- exciplexes in the Ag(CNJ/KCI system in which the bonding
played by TI[Ag(CN}] has been explained in terms of excited- occurs between the same type of metal atoms. Other examples
state Ag-Ag interactions leading to exciplex formatiéh.  of metal-metal-bonded exciplexes have the exciplex bond
Exciplex formation in TI[Ag(CN}] is the first solid-state  between different metal atord$35 In their classification of
example for the formation of metametal-bonded exciplexes  inorganic exciplexes, Hoftla and Stevenson have categorized
in coordination compounds. meta-metal-bonded exciplexes as one ckésThe work herein

It has long been recognized that the formation of exciplexes suggests that this class should be subdivided fatmoatomic
is a well-known phenomenon in organic compouffd©n the andheteroatomianetal-metal-bonded exciplexes. Therefore,
other hand, inorganic exciplexes have been recognized only*[Ag(CN)z], are the first reportethomoatomic metatmetal-
recently?s Recent reported examples involve coordination bonded exciplexes coordination compounds. The emission
compounds of Pt(I1%7:28 Cu(1), 22230 Ru(Il),3* and Ir(ll1).32 in the Ag(CN)~/KCI system results from silversilver-bonded
Cadmium and mercury form exciplexes with solvetitsOnly excimers and exciplexes with a formula of *[Ag(CN)». In
a few examples are known in which exciplexes are metal this paper we refer to an excited state dimer as an “excimer”
metal-bonded. Nagle et al. have reported exciplex formation While excited-state trimers and longer oligomers are called
in solutions of Pt(Il) complexes in which Pt(ll) is bonded with  “exciplexes”¥” The luminescence ituned by selecting the

T1(1)%* and Au(l)3 Zink et al. have reported the formation of ~ €xcitation wavelength characteristic of each *[Ag(GN)
emissive exciplex. These results are quite unprecedented in the

(20) Omary, M. A.; Webb, T. R; Assefa, Z.; Shankle, G. E.; Patterson, photophysics of coordination compounds and thus give rise to

H. H. Inorg. Chem.199§ 37, 1380. a new optical phenomenon we ceiciplex tuning.It is known
1152%229“ Ki Long, J. R; Stavropoulos, .Am. Chem. Sod 997 that the tunability of the excited-state properties is an essential
(22) Kim, Y.; Seff, K.J. Am. Chem. Sod977, 99, 7055. Kim, Y.; Seff, factor for the use of coordination compounds in most of the

K. J. Am. Chem. S0d97§ 100, 175. aforementioned applicatioR$é The tunability of the excited
1 gﬁgﬁé;%%r_ldbgigx ';TgﬁggjéQMiGAéfusse”’ D.R.; Symons, M. C. R giates of dicyanoargentate(l) systems compares favorably with
(24) Omary, M. A.; Patterson, H. Hnorg Chem.1998 37, 1060. other systems that have been reported to display efficient tuning

(25) (a) Lowry, T. H.; Schuller-Richardson, Klechanism and Theory  of their excited state®:3°
in Organic ChemistryHarper & Row: New York, 1981; pp 919925. (b)
Turro, N. J. Modern Molecular PhotochemistryBenjamin/Cummings: . | Secti
Menlo Park, CA, 1978; pp I35146. (c) Lamola, A. A. IrEnergy Transfer Experimental Section
and Organic PhotochemistnLamola, A. A., Turro, N. J., Eds.; Wiley-

Interscience: New York, 1969; pp 540. (d) The exciplexGordon, M., Crystals of KCI/Ag(CN)~ were grown by slow evaporation of
Ware, W. R., Eds; Academic Press: New York, 1975. (e) Kopecky, J. aqueous solutions containing KCl and small amounts of K[Ag(EN)
Organic Photochemistry: A Visual ApprogciCH: New York, 1991; pp The silver content was determined by atomic absorption spectroscopy

38—40. (f) Michl, J.; Bona&-Koutecky, V. Electronic Aspects of Organic using a Varian SpectrAA-20 spectrophotometer with aragetylene

PhotochemistryWiley: New York, 1990; 274286. : :
(26) For arg:em r)éview See: Hotha . gt?evenson, « LCoord. Chem.  flame and a Ag analytical lamp operating at 328.1 nm. The standards

Rey. 1996 153 57. for the atomic absorption analysis were prepared using Aldrich 1000
(27) Bailey, J. A,; Hill, M. G.; Marsh, R. E.; Miskowski, V. M.; Schaefer, ~ PPM Ag standard in 1% HN$
W. P.; Gray, H. B.Inorg Chem.1995 34, 4591. Miskowski, V. M.; Photoluminescence spectra were recorded with a Model Quanta-

Houlding, V. H.Inorg Chem.1989 28, 1529. _
(28) () Chan, C.-W.; Lai, T-F.. Che, C.-M.; Peng, S.MAm. Chem. Master-1046 fluorescence spectrophotometer from Photon Technology

Soc.1993 115 11379. (b) Kunkely, H.; Vogler, AJ. Am. Chem. Soc. International, PTI. The instrument is equipped with two excitation

199Q 112 5625. monochromators and a 75-W xenon lamp. All luminescence spectra
(29) Stevenson, K. L.; Dhawale, R. S.; HotlvaA.; Horvah, O.J. Phys. were recorded at liquid nitrogen temperature for a single crystal using
Chem. A1997 101, 3670. Stevenson, K. L.; Knorr, D. W.; Hotg A. a Model LT-3-110 Heli-Tran cryogenic liquid transfer system. Cor-

Inorg. Chem.1996 35, 835. Horvidh, A.; Wood, C. E.; Stevenson, K. L. rection of the excitation spectra for the lamp background was carried

Inorg. Chem1994 33, 5351. Horvéh, A.; Wood, C. E.; Stevenson, K. L. ; ; g
J. Phys. Chenl994 98, 6490. Horvéh, A.; Stevenson, K. Linorg Chem. out using the quantum counter rhodamine B. Lifetime measurements

1093 32, 2225, were carried out with a LaserStrobe system from PTI equipped with a
(30) Stacy, E. M.; McMillin, D. RInorg Chem.199Q 29, 393. Palmer, nitrogen laser, a dye laser, a frequency doubler, and a gated microsecond

C. E. A.;; McMillin, D. R.; Kirmaier, C.; Holten, DInorg Chem 1987, 26, detector for the microsecond time domain. Some measurements were

3167. carried out with a QuantaMaster-2 system utilizing a microsecond Xe
(31) Ayala, N. P.; Demas, J. N.; DeGraff, B. A. Phys. Chem1989 flash lamp. A Beckman Model DU-640 spectrophotometer was used

igéglffd Al‘)gg’ N. P.; Demas, J. N.; DeGraff, B. .Am. Chem. Soc. for UV —vis absorption spectra. An aqueous solution of K[Ag(&N)

(32) Ayala, N. P.; Flynn, C. M., Jr.; Sacksteder, L.; Demas, J. N.; Was used for absorption measurements. The solution was placed in a
DeGraff, B. A.J. Am. Chem. S0d99Q 112, 3839.

(33) Yamamoto, S.; Doi, MJ. Chem. Soc., Faraday Tran997, 93, (36) (a) Hollingsworth, G.; Barrie, J. D.; Dunn, B.; Zink, J.J. Am.
1309. Takahashi, O.; Sotowa, C.; Saito, K.; Ahmed, O.; Yamamotd, S. = Chem. Soc1988 110, 6569. (b) Barrie, J. D.; Dunn, B.; Zink, J.J. Am.
Chem. Soc., Faraday Tran$995 91, 3795. Chem. Soc199Q 112 5701.

(34) (a) Clodfelter, S. A.; Doede, T. M.; Brennan, B. A.; Nagle, J. K;; (37) The term “excimer” was first used in organic compounds to indicate
Bender, D. P.; Turner, W. A,; LaPunzia, P. N.. Am. Chem. Sod.994 excited state dimers of the same species;[*Ahen similar dimers were
116, 11379. (b) Nagle, J. K.; Brennan, B. A, Am. Chem. Sod.988 110, discovered later but between two different atoms (*AB), these dimers were
5931. called “exciplexes” to distinguish them from the first type. The word

(35) (a) Nagle, J. K. Luminescent Excimers and Exciplexes Formed from “exciplex” is used to describe an excited state complex. We cannot use the
Pt(1) Monomer and Dimer Compounds: Relativistically-Influenced Metal- word “excimer” herein because [Ag(CN), aggregations are not restricted
Metal Interactions. Lecture presented in the 12th International Symposium to dimers and thus we elected to use the word “exciplex” because it is
on Photochemistry and Photophysics of Coordination Compounds. Saint more general.

Michael's College, Vermont, 1997. (b) Pettijohn, C. N.; Chuong, B.; Nagle, (38) Cummings, S. D.; Eisenberg, R.Am. Chem. S04996 118 1949.
J. K.; Vogler, A. Luminescent Excimers and Exciplexes of Pt(ll) Com- (39) Yersin, H.; Gliemann, GAnn. N. Y. Acad. Scil97§ 313 539.
pounds.Coord. Chem. Re, in press. Gliemann, G.; Yersin, HStruct. Bond1985 62, 87 and references therein.
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Figure 1. Structure of a unit cell of KCI with a defect created by doping two adjacent Ag{Cidps. In the defect, the Agand CN ions are
shown to occupy the Kand CI sites, respectively.

supracell quartz capillary tube and inserted into a liquid nitrogen Dewar  Restricted HartreeFock ab initio calculations were carried out using
flask with a quartz window. Fourier transform infrared (FTIR) spectra the STO-3G basis set available in SPARTAN (Version 4.1.1, Wave-
were obtained using a Bio-Rad Digilab FTS-60 spectrometer equipped function Incorporated, Irvine, CA) to generate the HOMO and LUMO
with a microscope accessory and a liquid nitrogen cooled detector. This surfaces of [Ag(CNy ], oligomers. Density functional calculations on
setup allows for measuring the FTIR spectra of single crystals using the BECKE3LYP level were carried out to calculate the energies of

the reflectance mode. different configurations of the [Ag(CM)], dimer. The LANL2DZ
split-valence basis set that utilizes the Hayadt effective core
Computational Details potential for silver was used in the density functional calculations. These

calculations were carried out using CefifRelease 3.0, Molecular
Extended Hakel molecular orbital calculations were performed using Simulations Inc.).
the FORTICONS program (QCMPO011). Relativistic parameters were
used for all atoms and the details are described elsevihelide
calculations were carried out for a monomer, dimer, and trimer of
Ag(CN),; ions in a KCI crystal lattice. The dopant Ag(CN)ions

are distributed in the KCI lattice creating crystal defects in which the ; : ; : ;
Ag* and CN' ions replace K and CI- ions, respectively. Figure 1 analysis of the studied KCI mixed crystals gave rise to a silver

shows the structure of a defect in the KCl lattice caused by two adjacent qun,tent of 1'6%, (by weight). The numb,er of 7‘\9’“5 replacmg
Ag(CN),~ ions aligned in an eclipse®(s) configuration. The dimer K 10NS Qetermlnes the extent of Ad\g interactions. Despite

can also be arranged in two other configurations not shown in Figure the low silver content in the mixed crystals, A8g interactions

1, perpendicular@,,) and offset-eclipsed@,). Chart 1 shows the are expected to be present for two reasons. First, the statistical
three possible configurations of the dimer. All neighboring ions for probability of Ag™ ions to be adjacent is relatively high due to
each Ag ion in the same layer were accounted for in the calculations. the large number of neighboring*ksites. For a given Kion

For example, a monomer defect was modeled by a layer containing athere are 12 other next-neighbor Kons in the unit cell (four

Ag" fon with four neighboring Cl ions separated by 3.19 A and four i, the same layer and four in each of the layers directly above

neighboring K€ ions separated by 4.50 @"I.he two cyanide ligands o\ oo Second, our recent MO calculations indicate that
were placed directly above and below the*Agn (in the next layers).

Ground- and excited-state extendedckel calculations were also AQG(CN)2" Lons ha_ve a ‘hermo‘?'yr_‘amic_a”Y driyen tende_ncy to
carried out for isolated monomer, dimer, trimer, and pentamer units of 29gregaté? Details of the statistical distribution analysis are
Ag(CN),~ using the same program. These calculations were carried discussed below.
out for eclipsedD..n) and staggeredX) dimer models. For the trimer Figure 2 shows the cyanide region of the FTIR spectrum of
models, the array of Ag atoms has a linear arrangenteans;, D) a single crystal of KCI/Ag(CN)y". There are at least four
in one model and an angular arrangeme(Cy) in the other. The = o5q1ed peaks in this infrared region. The presence of more
array of Ag atoms has a square-plar(@jn) arrangement in the . R,
pentamer. than one pgak in thec_n region |nd|_cates th_e presence of more
than one site for the Ag(CH) ions in the mixed crystal. This
is likely due to crystal defects in the KCI host crystal created
Chart 1 . L -
by the doped Ag(CNy ions present in different aggregations
(i.e., [Ag(CN)],) and different orientations. Infrared spectra
for solid K[Ag(CN),] (mineral oil mulls) have been reported
N N previously and show only one strong band in tigey region®
/ The possibility of combination bands is slim due to the low
g

Results and Discussion

1. Atomic Absorption and FTIR Data. Atomic absorption

eclipsed (Dwjy) perpendicular (C2y) offset-eclipsed (C2y)

CN -~ ~-~~" N <A
S CN - - - A
T ! \ (40) On the basis of the values of the ionic radii of hexacoordinated K
ag Ag oN A g N and CI: Shannon, R. DActa Crystallogr.1976 A32, 751.
Ag----- <N (41) Chadwick, B. M.; Frankiss, S. Gl. Mol. Struct.1968 2, 281.
Bottger, G. L.Spectrochim. Actd968 24A 1821. Hildago, A.; Mathieu,
CN ----- cN J. P.Compt. Rend1959 249, 233. Jones, L. HJ. Chem. Physl1957, 26,

CN 1578.
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Figure 2. Infrared spectrum of a single crystal of KAg(GICI at
room temperature in the region of the cyanide stretching frequency.
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Figure 3. Exciplex tuning by site-selective excitation: emission spectra
of a KAg(CN)/KCI crystal at 77 K with different excitation wave-
lengths. Intensities are not comparable between different spectra.

doping level of AQ(CN)~ in KCI. By virtue of the microscope
setup of our FTIR spectrometer, the infrared spectrum in Figure
2 is for the same intact single crystal used for the optical studies
in this work which allows good correlation with the lumines-
cence spectra.

2. Photoluminescence SpectraFigure 3 shows the emis-
sion spectra of Ag(CN)/KCI single crystals. The emission
profile is strongly dependent on the excitation wavelength.

Emission peaks at ca. 295, 327, 345, 417, and 548 nm are

observed upon excitation with the indicated wavelengths. We
categorize four luminescence bands throughout this paper: A,
B, C, and D, as labeled in Figure 3. The emissions at 327 and
345 nm are given the same label because they strongly overla
with each other and have similar excitation spectra.

Since the luminescence of%systems has a demonstrated
sensitivity to metat-metal interactions, different emissions are

expected to occur from various Ag centers in the doped crystals

(monomers, dimers, trimers, etc.). Therefore, the emission
bands in Figure 3 are likely due to the presence of different
aggregations of the Ag(CRH) ions in the KCI host lattice. This

is in agreement with the above prediction based on the infrared
data.

J. Am. Chem. Soc., Vol. 120, No. 31, 199899
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Figure 4. Corrected (thin lines) and uncorrected (thick lines) excitation
spectra of a KAg(CNYKCI crystal at 77 K monitoring the emissions

at wavelengths corresponding to the emission maxima of bard3 A

in Figure 3. Intensities are not comparable between different spectra.
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Figure 5. Absorption spectrum of an aqueous solution of KAg(&N)
at room temperature. The spectrum is the same at 77 K as at room
temperature.

Excitation spectra have been obtained for each emission band.
Figure 4 shows the excitation spectra of Ag(GMKCI single
crystals with the emission monitored at wavelengths that
correspond to each of the emission bandsD\ vide infra.
Figure 4 shows that each emission band is associated with a
different excitation peak. Therefore, the different emission
bands are resolved by site-selective excitation. Individual peaks
within different excitation bands are most likely due to different
orientations of Ag(CN)~ units in the crystal lattice.

Figure 5 shows the room temperature absorption spectrum
:of an aqueous solution of K[Ag(C®) Figure 5 shows that an
absorption peak occurs at 196 nm5L x 10° cm™Y). The

Y position of this absorption peak did not shift even at liquid

nitrogen temperature. Cooling has only resulted in a higher
extinction coefficient. Similar absorption data were reported
for aqueous K[Ag(CNyj by Mason?? The absorption peak
(50.70 x 1 cm™L; ¢ = 2.1 x 10* L mol~t cm™! at room
temperature) has been characterized as a metal-to-ligand charge
transfer (MLCT) band? The absorption in Figure 5 is,
therefore, assigned to a Laporte-allowed charge-transfer transi-

(42) Mason, W. RJ. Am. Chem. Sod.973 95, 3573.
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Table 1. Frontier Orbital Energies for [Ag(CN)]» Species
Doped in KCI from Extended Hikel Calculation®

undoped monomer/  dimer/ trimer/

species [Ag(CN)z ] KCI KCI KCI
HOMO, eV —-11.22 —10.52 —-10.51  —-10.51
LUMO, eV —6.01 —-5.17 —5.24 —5.27
HOMO—-LUMO 5.21 5.35 5.27 5.23
gap, eV

total energy, eV =~ —498.11 —1032.26 —1797.39 —2562.51

®

2 The calculations have been carried out for eclipsed configurations
of the dimer and trimer only.

tion from the d° orbitals of Ag(l) to the emptyr* orbitals of
CN~. Surprisingly, the excitation bands in Figure 4 are largely
red-shifted from the absorption band of an aqueous solution of
K[Ag(CN),]. The excitation peaks of the KCI/Ag(Ch) mixed
crystals shown in Figure 4 are red-shifted by as much as 23
1% cm! from the energy of the absorption peak of aqueous

KIAQ(CN),]. Silver—silver interactions are likely responsible
for such a large shift. A similar conclusion has been reached D
in interpreting the low energies for the excitation bands in Tl- o2

[Ag(CN)2] which has Ag-Ag distances as short as 3.1124.
The excitation spectra of TI[Ag(CH) are red-shifted by as
much as 1% 10° cm~1 from the absorption bands af-Bu);N- Figure 6. Surfaces of the HOMO (top) and LUMO (bottom) orbitals
[Ag(CN),] in which no Ag—Ag interactions are presefi. of [Ag(CN)2]2 (eclipsed configuration) as plotted from Hartrefeock
3. Electronic Structure Calculations. In order to under- ab initio calculations. Note the AgAg antibonding character of the

) . . HOMO and the Ag-Ag bonding character of the LUMO. Note that
stand the nature of AgAg interactions, we have carried out for the LUMO the interaction is primarily between the,5Sgomic

extended Hokel calculations for monomer, dimer, and trimer  orhitals of the two Ag atoms (theaxis passes through both Ag atoms).
units of dicyanoargentate(l) doped in the KCl lattice as described

in the Computational Details section. The calculations were compounds with a AgAg distance as short as 2.704A.

also carried out for a free (undoped) Ag(GNJon to study Excited-state Ag-Ag interactions are, therefore, expected to
the effect of the doping. Table 1 summarizes the results of pe the reason behind the very low energies of the luminescence
these calculations. Table 1 shows that the highest occupiedpands of the KCI/Ag(CN) crystals shown in Figures 3 and 4.
mol.ecular orbital (HOMO) and thell.owest unoccupied molecylar To test the possibility of excited-state Adg interactions,
orbital (LUMO) are both destabilized as a result of doping e have performed ab initio and extendeickel calculations
Ag(CN).~ in KCI. This can be ascribed to the increased ligand  for oligomeric units of AG(CN)~. Since the effect of varying
field due to the chloride ions which act as ligands to Ag(l) in the Ag-Ag distance is sought, these calculations have been
the doped crystals. Table 1 also shows that the HGMOMO carried out for free [Ag(CN) ], oligomers instead of ones doped
gap for Ag(CN)" increases upon doping the monomer in KCI. jn the KCl lattice. Both calculation methods suggest exciplex
This suggests that the excitation energy of the monomer shouldformation in the [Ag(CN) ], models. Figure 6 shows the
increase in the KCI environment. Since all excitation bands surfaces of the HOMO and LUMO orbitals for the eclipsed
for the doped crystals (Figure 4) have lower energies than the configuration of [Ag(CN)]», respectively. These surfaces are
absorption band of free Ag(Cl) (Figure 5), none of the  plotted from the output of our Hartred=ock ab initio calcula-
excitation bands is assigned to the monomer. These resultstions. Figure 6 shows that the HOMO has an antibonding
suggest that the Ag(Cl) monomer does not luminesce and character with respect to AgAg bonding while the LUMO
that Ag—Ag interactions must exist in order to observe has a Ag-Ag bonding character. A similar result was obtained
luminescence. Energy-transfer pathways from the excited statesfor the staggered conformer. The same can be said about the
of monomer sites to the excited states of oligomer sites in the Ag—Ag bonding characters of the frontier orbitals in the
KClI lattice are thus responsible for the observed luminescence.[Ag(CN), |3 trimer and the [Ag(CNy ]s pentamer (details are
Table 1 shows that the HOMELUMO gap decreases in the ~ available in the Supporting Information).
direction of monomer— dimer — trimer of doped ions. Our ab initio calculations thus clearly indicate that for all
Ground-state Ag-Ag interactions are thus present in the Ag- studied aggregations of Ag(CN) the HOMO is always
(CN), -doped KCI crystals. However, the decrease in the antibonding while the LUMO is bonding with respect to Ag
HOMO—-LUMO gap in Table 1 is very small and cannot explain Ag regardless of the configuration. As a consequence, a net
the low energies of the luminescence bands in Figures 3 and 4.bonding is expected to result in each species upon one-electron
This result is not surprising since the Agyg separation of 4.5  €xcitation from the HOMO to the LUMO. This leads to a
A'in the doped crystals is significantly longer than the summed formal increase of the AgAg bond order in the excited state
van der Waals radii of two Ag atoms (3.40 A). Ground-state Y 1. 0.5, and 0.25 unit for the dimer, trimer, and the pentamer,
Ag—Ag interactions are too weak to cause the low energies of respect_lvely. Thesg results satisfy the ground-state requirements
the luminescence bands of the studied crystals. This is unlike for exciplex formation. _ _ o o
Au—Au interactions which can be significant in the ground state  Extended Hukel calculations yielded similar qualitative
due to the relativistic effects which are much greater in Au than "esults to the ab initio calculations with regard to the bonding
Ag. A study by Cotton et al. showed that little or no bonding (43) Cotton, F. A.; Feng, X.; Matusz, M.; Poli, B. Am. Chem. Soc.
takes place between Ag(l) centers in the ground state even in198§ 110 7077.
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Table 2.
Dicyanoargentate(l)

J. Am. Chem. Soc., Vol. 120, No. 31, 199801

Summary of the Results of Extended ¢kel Calculations for the Ground and Excited States of Oligomeric Species of

[S. *[S] (S *[S]2 [Sls *[S]s [Sls *[S]s [Sls “[S]s
species [S] (e9 (e0 (sY) (sY) (TL e (T1, eq (TL sy (TL, s (T1,eq (Tl eq
Ag—Ag eq. diet, A 800  3.58 3.00 2.88 2.39 3.49 3.09 2.79 2.46 3.54 3.15
binding energy, eV 0.00 0.13 1.12 0.22 1.32 0.33 1.47 0.61 2.00 0.29 1.14
H-L gapPeV 4.95 4.37 3.98 4.28 4.13 4.00 3.55 3.73 3.46 4.17 3.83
O.P¢(Ag—AgQ) 0.000 0.003 0.034 0.069 0.089 —0.008 0.027 0.039 0.079 0.003 0.048

aNotation: [S], [Ag(CN)z 1n; *[S]n, excimer/exciplexec,eclipsed;st, staggeredT 1, linear trimer {rans); T2, angular trimer ¢is-). See Charts
1 and 2 for dimer and trimer configuratiofrsSsHOMO—LUMO gap. ¢ O.P.= Overlap population. Values listed for bonds with the central silver
atom. ¢ Isolated ions are considered at a-Af§g distance with a total energy that does not change (within 0.01 eV) at longer distances. See plateau

in Figure 7.
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Figure 7. Excimer emission: Potential energy diagram of the ground

and the excited state of [Ag(Cht). (eclipsed configuration) plotted
from extended Hokel calculations. The excimer *[Ag(Ch)]. corre-

sponds to the potential minimum of the excited state. Optical transitions

shown are (a) excimer emission, (b) solid-state excitation, and (c)
solution absorption.

characters of the HOMO and the LUMO orbitals. In both
methods, the Ag orbital contribution of the HOMO and LUMO
orbitals in the [Ag(CN)~]> dimer consists of the same combina-
tion of atomic orbitals (the coefficients have the same sign but
different values).
HOMO is ao antibonding orbital whereas the LUMO isma
bonding orbital with respect to AgAg bonding. Given their
qualitative similarity to the ab initio calculations, extended
Hickel calculations have been used to study the excited state
of the above models in order to reduce the calculation time.
Figure 7 shows a potential energy diagram for eclipsed
[Ag(CN)27]. The data are plotted from extended dial

Both calculation methods suggest that the

than 10 times greater in the *[Ag(CM), excimer than the
ground-state dimer.

Table 2 shows that similar trends are obtained for the
analogous staggered conformer. The staggered *[AgfgN)
excimer gives rise to a significantly shorter A4g distance,
greater binding energy, and greater-Agg overlap population
than the corresponding [Ag(CB)> ground-state dimer. A
potential energy diagram similar to Figure 7 was obtained for
the staggered dimer and is available in the Supporting Informa-
tion. Table 2 shows that stronger Adg interactions exist in
the staggered conformer than the eclipsed one. This is true for
both the ground state (dimer) and the excited state (excimer).
For instance, staggered [Ag(CN), has a Ag-Ag equilibrium
distance that is 0.70 A shorter than in the eclipsed conformer.
On the other hand, the binding energy of the staggered excimer
is 30.4 kcal/mol, or 4.6 kcal/mol greater than the corresponding
value for the eclipsed excimer.

Table 2 shows that trimer models with different configurations
yielded similar qualitative results to those obtained for the dimer
models. For example, the staggered configuration of the linear
trimer model gives rise to the formation of a *[Ag(CN]}s
exciplex with a binding energy of 46.1 kcal/mol, a Aég
distance of 2.46 A (0.33 A shorter than the ground-state trimer),
and about twice the AgAg binding energy of the ground-state
trimer. The ground- and excited-state potential wells and
relevant optical transitions for the staggered configuration of
the linear trimer model are shown in Figure 8. Potential energy
diagrams similar to Figures 7 and 8 have been obtained for the

Sstaggered dimer as well as for the eclipsed configurations of

the linear and angular trimer models. These diagrams are
available in the Supporting Information.

It should be emphasized that the magnitude of the shortening

calculations for both the ground state and the first excited state ©f the Ag-Ag distance AQ) is presented in Table 2 in a
to show the optical transitions. The ground state shows very gualitative sense, and therefore conclusions should not be drawn

little Ag—Ag bonding as indicated by its very shallow potential
well. In contrast, significant AgAg bonding is evident in the
first excited state of the [Ag(CN)], model. Table 2 sum-

from the absolute values of these numbers. This is due to the
low level of the calculations as well as the fact that these
calculations are for free (undoped) [Ag(GN), species.

marizes the important results of ground- and excited-state Therefore, the actuaAQ values for the different oligomers

calculations for [Ag(CNy~]2. The formation of a *[Ag(CNy ]2
excimer is indicated in Table 2 for the following reasons: (1)
The Ag—Ag equilibrium distance is much shorter in the excited

doped in the KCl lattice might be lower than the values shown
in Table 2. Nevertheless, the KCl lattice can accommodate large
excited-state distortions. For example, it has been reported that

state than the ground state. The calculated excited stateSOMe color centers (F-centers) in KCI Iattices4 4hﬂ\@ values
distortion of 0.58 A is very large and indicates that the nuclei as large as 0.28 A in crystals doped witti Tons** Moreover,
undergo S|zab|e rearrangement |ead|ng to the|r aggregat|0n aét has been reported that the emission in some KCI color centers

a result of light absorption. (2) The potential well along the

occurs from ther ~30 excited state vibrational levels.

Ag—Ag bond is much deeper in the excited state than the ground 4. Exciplex Tuning. The observation of different emission

state. This gives rise to a silvesilver-bonded excimer with a
binding energy of 25.8 kcal/mol (1.12 eV). This value is about
9 times the corresponding value of the ground state in which
silver—silver bonding is virtually not existing. (3) The Ag

Ag overlap population is greater in the excited state than in the

bands over such a broad range of wavelengths as shown in
Figure 3 is quite unusual. This is especially true because these

(44) Markham, J. J=-Centers in Alkali HalidesAcademic Press: New
York, 1966; p 382.
(45) Elliott, R. J.; Gibson, A. FAn Introduction to Solid State Physics

ground state. The increase in the overlap population is more and its ApplicationsMacmillan Press: London, 1976; p 192.
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Figure 8. Exciplex emission: Potential energy diagram of the ground
and the excited state of [Ag(CM)s (staggered configuration) plotted
from extended Hckel calculations. The exciplex *[Ag(CM)]s cor-

Omary and Patterson
Table 3. Tentative Assignment of the Luminescence Bands of
Ag(CN), /KCl at 77 K shown in Figures 3 and*#

Ama&S,
nm

emission Amae™ ]
band nm assignment

A 285—-300 225-240 *[Ag(CN).7]2 (excimers)

B 320-360 270-290 cis*[Ag(CN)27]s (localized exciplexes)
C 390-430 250-270 trans-*[Ag(CN)]s (localized exciplexes)
D 490-530 300-360 *[Ag(CN), ]n(delocalized exciplexes)

aIn this paper we refer to an excited state dimer as an "excimer"
while excited state trimers and longer oligomers are called “exci-
plexes”s’

Figures 7 and 8 clearly show that the luminescence energies
decrease significantly as one proceeds in the direction of
monomer— dimer— trimer due to the formation of excimers
and exciplexes. This provides the theoretical rationale behind
the new exciplex tuning phenomenon. Experimentally, the shift
to lower energies between the monomer and oligomers is
illustrated by the energy difference between the solution
absorption (Figure 5) and the solid-state excitation bands (Figure
4). Among the [Ag(CNy], oligomers with the same config-

responds to the potential minimum of the excited state. Optical yration, the greater the value af*the lower the luminescence
transitions shown are (&) exciplex emission, (b) solid-state excitation, energy. Theoretically, this is indicated by a comparison of the

and (c) solution absorption. Note the lower energies of transitions “a”
and “b” relative to the corresponding transitions in Figure 7. Also note
that the Ag-Ag distances are shorter and the potential wells are deeper
than those in Figure 7 for both the ground state and excited state. Sed

Table 2 for the specific values.

luminescence energy depicted for the dimer (Figure 7) versus
that for the trimer (Figure 8), and also by a comparison between
he values of the HOMO©LUMO gap for the dimer and excimer
versus those for the trimer and the corresponding *[Ag(CN)
exciplex (Table 2). It should be pointed out that our ground-

different emissions occur in a single crystal and the emission State extended Hikel calculations show that the trend continues
is tuned simply by changing the excitation wavelength. The &S Weé proceed to the pent:':lmer. The vglue of the HGMO

emission bands in Figure 3 are assigned to various excimerstUMO gap for the [Ag(CN)"]s pentamer is smaller than the

and exciplexes formed in the studied crystals with a formula of corrésponding values for the dimer and trimer.

*[Ag(CN),]n. We call the new phenomena@xciplex tuning
since the luminescence fanedby the formation of different

It is clear from the above discussion that the luminescence
bands should decrease in energy as the number of interacting

exciplexes. The luminescence energy depends on the identity*9(CN)2™ ions increase. Experimentally, the observation of

of the *[Ag(CN), "], emissive excipleX! Since the different

several luminescence bands with distinctly different excitation

exciplexes have different excitation bands one can tune the@nd emission energies is consistent with these theoretical
luminescence energy to a certain value by selecting the predictions. On this basis, we assign the luminescence bands

characteristic excitation wavelength of the exciplex responsible In Figures 3 and 4 as due to the formation of *[Ag(GN}

for this luminescence.
Figures 7 and 8 provide a nice illustration of the optical

transitions observed in exciplex tuning. Solution absorption in

these figures (transition “c”) is depicted as a transition from
the ground state to the excited state at a long-Ag distance,
at which no stabilization is present due to-Af8g interactions.

This distance is arbitrarily chosen as 7.0 A. This corresponds

to the absorption spectrum of aqueous Ag(£€N$hown in

Figure 5. Solid-state excitation is depicted as a transition from

the ground state at a AgAg distance corresponding to the
minimum of the ground-state potential well (transition “b”).

There is significant stabilization, especially in the excited state,

due to Ag-Ag bonding. This stabilization explains the low

energies of the excitation bands of the studied crystals (Figure
4) in comparison with the solution absorption band (Figure 5).
Finally, the excimer/exciplex emission is depicted as a vertical

transition from the minimum of the excited-state potential well

to the ground state (transition “a”). These transitions correspond
to the emission spectra shown in Figure 3. The extremely low

excimers and exciplexes with different values of’.“ The
assignment of all the luminescence bands is given in Table 3.
Band A has the highest energy among all bands thus it
corresponds to a small value of* Since 'n”is =2, we assign
band A to a *[Ag(CN)"], excimer. Since band D has the
lowest energy among all bands observed in the KCI/AgECN)
crystals, we assign it to delocalized exciplexes. The fact that
our calculations predict the formation of the pentanuclear
*[Ag(CN)27]s exciplex, which serves as a model for a delo-
calized exciplex, is consistent with this assignment. Bands B
and C have intermediate energies between those of bands A
and D and therefore they correspond to localized *[Ag(EN)
exciplexes. A *[Ag(CN)~]s trimer exciplex is a reasonable
model for such localized exciplexes. The Ag atoms can be
arranged in either a lineatréns-, D..,) or an angulardis-, C,,)-
fashion in the trimer. Therefore bands B and C are assigned to
angular and linear *[Ag(CNJ]s trimer exciplexes, respec-
tively.#¢ The results of ground- and excited-state extended

(46) It is tempting to assign bands B and C to *[Ag(GN} and

energies of the excimer and exciplex emissions are due to a*lA9(CN)2 ]. trimer and tetramer exciplexes, respectively. However, we

combined effect of excited-state stabilization and ground-state

have reported recently that TI[Ag(C})has a luminescence band of the
same energy as band C her&nThe crystal structure of TI[Ag(CN) shows

destabilization as clearly illustrated in Figures 7 and 8. The that the Ag{CN)~ ions are arranged in trimer aggregations in which the
energy minimum in the excited state corresponds to a ratherAg atoms are linear. Band C should therefore be assigned to a linear

short Ag—Ag distance in the ground state at which the repulsive
forces between the nuclei overwhelm the attractive forces

between the nuclei and the electrons.

*[Ag(CN)2]s trimer rather than a tetramer exciplex. An inspection of Figure
3 shows a band at+470 nm. It is possible that this band represents the
tetramer exciplex although the excitation spectrum of this band and that of
band D are almost identical.
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and the very low luminescence energies. These are the typical

B features of the conventional excimer and exciplex emissions in
c organic compounds. In Figure 3, the full-width at half-
maximum (fwhm) is ca. 3.32, 3.05, and 4.6110° cm! for
bands A, C, and D, respectively. The value of fwhm is not
calculated for band B because there are two major components
for this band, and we did not try to resolve thémThe high
values of all these bandwidths are indicative of largely distorted
excited states. Our theoretical calculations support this result
as shown in Table 2 in which very large excited-state distortions
are indicated by the significantly shorter Aé\g distances in

Energy

1 3| |4 the lowest excited states relative to the corresponding ground
states.

J The general absence of structure in the emission bands in

- Figure 3 is because the ground-state potential well is rather

shallow in most cases and the emission transition terminates
> on the repulsive anharmonic part of the well. Figure 7 is most
instructive of this point as the ground state is almost completely
Figure 9. Potential surface model of the transitions responsible for repulsive. Even when ground state-Af8g interactions become
ba”_‘tjst_B and é:; 1b' b":‘j“g c e_'t“'ts_s'onT;hz' band B e”}'ff]'o”? t3 ba_?_d C more significant as we go to trimers and pentamers, the emission
excitation, and 4, band b excitation. 1he energies of INese Wansitions js i) expected to be structureless. The reason is because the
are consistent with the relative energies of bands B and C listed in . . . . .
excited state is largely distorted because the excimer or exciplex

Internuclear distance

Table 3. emissive state has a shorter-A8g equilibrium distance than
Table 4. Lifetime Data for the Luminescence Bands of the ground state (Figures 7 and 8). The resulting emission ends
Ag(CN), /KCl at 77 K shown in Figure 3 up in the repulsive region away from the potential minimum of
emission band lifetimeys the ground state.
A 48 Large Stokes shifts are observed for the emission bands in
B 3.1 (94%) Figure 3. The value of the Stokes shift, calculated as the energy
16 (6%) difference between the emission peak and the corresponding
C 9.4 (54%) excitation peak of the same band, is 7.7, 6.9, 14.5, and %3.3
5 :3142 (21662‘{2) 10° cm™! for bands A, B, C, and D, respectively. The large
0 (38%) Stokes shifts of the emission bands shown in Figure 3 are

explained by the large energy differences between the emission
and the excitation transitions (“a” vs “b” in Figures 7 and 8).
Huckel calculations for these trimer models support this Note that the stabilization from the excited state is at its
assignment (Figure S5 in the Supporting Information). maximum for transition “a” while this stabilization is less for

Excited-state lifetimes for all luminescence bands are sum- transition “b”. Meanwhile, the ground state is actually stabilized
marized in Table 4. The microsecond-level lifetimes indicate for transition “b” (especially in Figure 8) but very highly
phosphorescence emission for all bands, i.e., the emissions occugestabilized for transition “a”.

from triplet *[Ag(CN)27]» excimers and exciplexes. The It is noted that the excitation spectra in Figure 4 are very
observation of more than one microsecond component for bandshighly unsymmetrical and structured. This is most likely due
B—D is consistent with the observation of other bands upon tg the overlap between the different emissive states. Figure 4
excitation with a wavelength characteristic of one particular band shows that even when we carefully select the emission
(Figure 3). The decay curve of band A, on the other hand, was wavelength to minimize the contribution from other bands, a
fit with a single microsecond component, also in agreement with great deal of overlap still exists in the excitation spectra. The
Figure 3 which shows virtually no other bands besides band A model shown in Figure 9 depicts the overlap between bands B
upon excitation with the characteristic wavelength of band A. and C. Some structure could be due to excitation to different
It is interesting to note that the excitation and emission vyiprational levels of the excited state. However, the splitting
maxima did not always follow the same trend. This is the case petween different peaks of the same band is not uniform. This
for bands B and C. While band C has a lower-energy emission could be due to the presence of a large anharmonicity factor.
maximum than band B, the excitation maximum was at a higher The |argely distorted excited state is consistent with this
energy for band C (Figures 3 and 4, Table 3). This anomaly is possibility because this distortion implies excitation to the
explained by the model shown in Figure 9 which depicts the anharmonic region of the excited-state potential surface. How-
transitions responsible for bands B and C. This model is also ever, we still rule out the significance of vibronic coupling for
consistent with the large overlap between bands B and C two reasons. First, if anharmonicity is involved then the spacing
observed in the luminescence spectra. The observed largeihetween different excitation peaks should decrease by proceed-
Stokes shift for band C than band B is also accounted for in jng to the higher energy (shorter wavelength) part of the
Figure 9 which shows that the potential surface of the excited structured band. This has not been observed. Second, this
state Corresponding to band B is less-distorted than the one forspacing does not Correspond to any of the vibrational modes of
band C. Ag(CN),~. Forinstance, the most prominent vibrational mode

Exciplex formation in the studied Ag(CIYKClI crystals is is the G-N symmetrical stretch (Figure 2) in the 2100 ¢
supported by both the experimental and the theoretical results
in this work. The experimental evidence includes the broadness_ (47)In fact, even for bands A, C, and D, they are not perfectly

. . - symmetrical and they may be resolvable to more than one component. The
of the luminescence bands, the absence of detailed structure inayes of fwhm indicated may not be accurate. Nevertheless, it is clear that

most emissions, the large Stokes shifts of the emission bandsall the bands are very broad.
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region. Other vibrational modes include the-A@ stretching Table 5.  Statistical Distribution Analysis of the Geometrical

and G-N bending modes in the 400 and 250 ¢nregions, Isomers of the [Ag(CN)]. Dimer and the [Ag(CN)']s Trimer in
respectively* The spacings between the structures in the e KCILattice _ _ :
excitation bands do not correspond to any of the aforementioned _ . % in studied relative
vibrational energies. species probability crystap probability®
It is interesting to note that the emission bands in Figure 3 fMonomer > Olill-‘; 1120
do not show the structured pattern observed in the excitation ©t dimer (D) (Z%sz 0,081 23
spectra shown in Figure 4. The overlap between the excitation  pp (1) p? 0.016 15
bands is reflected in the emission spectra by the appearance of D3 4 0.048 4.4
more than one band even when the excitation wavelength is total trimer (T) 150 B 0.020 1.8
selected to observe a certain band. For example, exciting with ~ T1 %g P 8-88% 8-531
315 nm in order to see band D has also resulted in band C T3 24g 0.0032 029
emission, which appears as a shoulder. Also, exciting with 270 T4 725 0.0096 0.87

or 280 nm has not only resulted in emissions due to band B. Notat o1 diculacs) di D2, eclipse@oy)

: ; otation: D1, perpendiculaty,) dimer; D2, eclipsedD.) dimer;
Instead,. bar;)ds c anq D are aljo eVIdert r(]Flgl;]re 3).' A D3, offset-eclipsed@,,) dimer; T1, linear trime(D.n for Ag atoms);
comparison between Figures 3 and 4 reveals that the emissionr; angular trimer, Ag atoms in the same plaBe): T3, angular trimer,
bands are much more separated from each other than theag atoms in different plane<C,); T4, triangular(Da, for Ag atoms).

excitation bands. This observation is explained by a careful See Charts 1 and 2Mole %. ¢ Relative to the mole % of the monomer.
inspection of Figures 7 and 8 which show that there is more
difference among different exciplexes in the emission transition
“a” than in the excitation transition “b”. The difference in the -662.874 +
binding energy between these exciplexes, as shown in Table 2, _sez2.876 |
is responsible for this observation. Moreover, Table 2 shows -

-662.872

Offset eclipsed (C )

-662.878 Eclipsed (D w1)

that the differences in the HOMELUMO gaps between 3
different exciplexes is greater than it is between the correspond- g %282 \'\ Perpendicular (C.) /
ing ground state aggregations. 2 662.882 |

Figure 3 shows that band B is resolved into two peaks. The E.sez.am 1
prominent peak appears at ca. 327 and 345 nm for the spectre
irradiated with 270 and 280 nm, respectively. Since the
preceding discussion suggests that the factors affecting the
structure of the excitation spectra have much less effect on the -ss2.890 e e
resolution of the emission spectra, a different reason is likely ¢ 15 30 45 60 75 90 105 120 135 150 165 180
responsible for this structure. We assign the two peaks in band Dihedral angle,’

B to different geometrical isomers of the same type of exciplex. Figure 10. Total one-electron energy versus dihedral angle for
This assignment is also supported by our theoretical calculations.[ag(CN),], as plotted from BECKE3LYP/LANL2DZ density func-
Table 2 shows that there is an appreciable difference betweentional calculations. The horizontal lines show the energies of the three
the eclipsed and the staggered conformers of the dimer andpossible configurations of the [Ag(CK}). dimer in the KCI lattice
trimer models in both the ground state and the excited state.(see Chart 1).

This difference is manifested by the different binding energies, provide the lower limit for the different oligomers, especially
HOMO—LUMO gaps, and Ag-Ag distances between the tWo 5 the chain length increases.

species. The lower energies and shorter-Ag distances in The thermodynamic factors should also be considered for the
the staggered conformer are due to less steric interactionSyitferent geometrical isomers of a given oligomer. Figure 10
between the cyanide ligands in comparison to the eclipsed shows a plot of the total energy versus the dihedral angle for
conformer. Table 2 also shows that the angular and linear yhe [Ag(CNY ], dimer. It is obvious that the staggered dimer
structures of the eclipsed trimer attain significantly different s the most thermodynamically favorable configuration with 5.58
results. These results emphasize that besides the length of th§cai/mol lower energy than the eclipsed isomer. However, the
chain in the [Ag(CN) ], oligomers, the overall structure and  staggered isomer cannot exist within the KCI lattice (see Chart
the dihedral angle of a given oligomer also play a significant 1) “Among the three [Ag(CNJ]. dimers that can exist in the
role in determining the luminescence energy. Therefore, a k¢ attice, the perpendiculat,) isomer has the lowest energy
distribution analysis of the different oligomers and different fqlowed by the eclipsedr) and then the offset-eclipse4,)

-662.886 + = D

—

-662.888

geometrical isomers in the KCI lattice is worthwhile. isomer. The fact that the energy of the offset-eclipseg))(
Table 5 shows the statistical distribution of the geometrical isomer is much higher than the other two isomers indicates that
isomers of the [Ag(CNy ], dimer and the [Ag(CN) ] trimer. this isomer may not exist in the KCl lattice. Therefore, although

The fact that the dimers and trimers occupy significant percent- Table 5 shows that the statistical probability for the offset-
ages of the monomer sites (13% and 1.8%, respectively) eclipsed Cy,) isomer is about 3 times that of the eclips&d.)
indicates appreciable statistical probability for the oligomeriza- isomer, the actual concentration of tBg,, isomer is indeed
tion of [Ag(CN). ] species in the KCl lattice. Before drawing more than the offset-eclipse@4,) isomer (which may not exist
conclusions from the distribution analysis, one should consider at all). This is an important point because as one proceeds to
the thermodynamic factors besides the statistical factors. Forlonger oligomers, the number of geometrical isomers becomes
example, our recent MO calculations show that the total energy very large. For example, the Ag backbone of the trimer has
per Ag(CN)~ ion decreases and the binding energy increases the four configurations shown in Chart 2. If one considers the
as one proceeds in the direction: monomedimer— trimer isomers with the presence of the cyanide groups on the silver
— pentamer® This means that the probabilities for different atoms, a total of 26 geometrical isomers are possible for the
oligomers deduced from the statistical distribution analysis four structures shown in Chart 2. It is difficult to imagine that
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Chart 2 have noted that two isomers with similar ground-state-Ag
Ti ™ distances but different geometries showed quite different
g emission energie¥. The silver atoms in the cube isomer of
\ Ag4l4(PPh), have more nearest-neighbor Ag atoms than the
chair isomer. The emission energy was lower in the cube isomer
than in the chair isomer despite the fact that the-Ag distance
T3 T4 is slightly longer in the former (3.12 A) than in the latter (3.09
Ag Ag—ag A); thus, it was concluded that excited-state interactions play
/ \ the dominant role$® In contrast to the aforementioned systems
with excited-state interactions, systems such as tetracyanoplati-
nates(ll) which are well-known to have ground-state metal

. . . etal interactions, show extreme sensitivity to the-Pt
the number of peaks within the luminescence bands asslgned;1 ' y

to the trimer can be resolved to 26 peaks. Therefore, only a istance in the ground staté.
few of these isomers must be present in the KCl lattice. Finally, this study sheds light into the exciplex phenomenon

in inorganic versus organic systems. A well-known requirement
for the observation of excimer-like emissions in conventional
organic excimers in the solid state is that the interacting species
This study demonstrates remarkably rich luminescence prop-must be stacked in layet3.We argue that the same requirement
erties for dicyanoargentate(l) systems. The new exciplex tuning is valid for the formation of inorganic excimers and exciplexes.
phenomenon discovered in the Ag(GNKCI system reported  The only reported example of a coordination compound which
herein illustrates unusual photophysical behavior of the dicy- forms metat-metal-bonded exciplexes in the solid state is TI-
anoargentates(l). The formation of Ad\g-bonded excimers [Ag(CN),].2* The compound has a layered strucf@rand,
and exciplexes between adjacent Ag(@Njons in the KCI therefore, satisfies this condition. Other M[Ag(GNEom-
lattice gives rise to the different luminescence bands observedpounds (e.g., M= Na, K, ¥sK:Na, ¥/-Ca, 4,Sr) are also known
over the 285-610-nm rangé® These species represent a new to have layered structuf®sand recent results in our laboratory
class of metatmetal-bonded inorganic exciplexes in which the  suggest that these compounds also show exciplex emisgions.
bonding occurs between the same type of metal atoms. TheThe alkali halide host lattices allow the stacking of the
tunability of the emission energy in the Ag(GNJKCI system  Ag(CN),~ dopant ions and thus it is not surprising to see
compares favorably with other systems that have been reportedexciplex emissions in these systems. Another aspect of the
to display efficient tuning of their excited states. For example, comparison between organic and inorganic exciplexes is ground-
Yersin and Gliemann have described the tunability of the state interactions. It is generally known that such ground-state
luminescence energy in the tetracyanoplatinated¥Ihlowever, interactions are absent in conventional organic exciplexes. The
to tune the emission over a large range of wavelengths, apresent study indicates that this may not necessarily be the case
combination of chemical substitution (changing the counterion) in inorganic exciplexes as this study indicates the presence of

and application of high pressure must be applied in [Pt¢EN) ground-state Ag-Ag interactions.
systems. More recently, Cummings and Eisenberg have re-

ported efficient tuning of the charge-transfer absorption and  Acknowledgmentis made to the donors of the Petroleum
emission of Pt(diimine)(dithiolate) by 8160 and 7400 ¢ém Research Fund, administered by the American Chemical Society,
respectively?® Thirteen complexes were synthesized by varying for the support of this research. M.A.O. acknowledges an
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In exciplex tuning, on the other hand, the emission can be tunedthe National Science Foundation and a grant from Paul J. Schupf
by more than 18 000 cnt in the UV and visible ranges in a  for the Paul J. Schupf Scientific Computing Center at Colby
single crystal of Ag(CNy/KCI, simply by changing the  College. We thank Professors Andrea Dorigo and Thomas
excitation wavelength. This result is promising for potential Shattuck for their assistance with some calculations presented
applications of the Ag(CN)/KCI system. in this work. We also wish to thank Dr. Aleksander Siemiarczuk
Since the data in this study suggest that the interactionsfrom the Fast Kinetics Application Laboratory at PTI for his
between dicyanoargentate (I) units occur predominantly in the help with the lifetime measurements.
lowest excited state, it is appropriate to present a comparison
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Concluding Remarks

between ground-state versus excited-state metetal interac- Supporting Information Available:  Figures of frontier
tions. Unlike ground-state interactions, excited-state metal orbitals and potential surfaces for both the ground and excited
metal interactions do not require very short metaletal states of different [Ag(CN) ] aggregations (6 pages). See any

distances. Moreover, excited-state interactions are not verycurrent masthead page for ordering information and Internet
sensitive to the metaimetal distance. Instead, the number of access Instructions.

interacting metal ions and their geometry play a central role in jaggp256T

determining the extent of excited-state metaletal interactions.

For example, in TI[Ag(CNy], two emissive sites with quite (49) Ferguson, Jl. Chem. PhysL958 28, 765. Stevens, BSpectrochim.
different Ag—Ag distances showed emissions at the same Actal1962 F1e8' 439-K el S Zabel. MA oar 1 4
energy?* One site has a short AgAg distance (3.11 A) and (50) (2) Range, K. J.; Kwnel, S.; Zabel, MActa Crystallogr1989 C45

. . 1419. (b) Zabel, M.; Kbhnel, S.; Range, K. Acta Crystallogr.1989 C45
the other site has a much longer distance (3.53 A) but the 1619. (c) Hoard, J. LZ. Kristallogr. 1933 84, 231. Staritzky, EAnal.
geometry of the two sites is similar. Also, Henary and Zink Chem.1956 28, 419. (d) Range, K. J.; Zabel, M.; Meyer, H.; Fischer, H.
Z. Naturforsch.1985 40B, 618. (e) Hoskins, B. F.; Robson, R.; Scarlett,

(48) The limits of this range are based on wavelengths with intensities N. V. Y. J. Chem. Soc., Chem. Commuad®894 2025.
equal to or greater than the intensity at half-maximum for the luminescence  (51) Omary, M. A. Ph.D. Thesis, Graduate School, University of Maine,
bands in Figure 3. 1997.




