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Temperature-Dependent Photoluminescence Properties of TI[Ag(CM)) Formation of
Luminescent Metal—Metal-Bonded Inorganic Exciplexes in the Solid State
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The photoluminescence behavior of single crystals of TI[Ag@FNas been studied as a function of temperature.

The 10 K spectra show a broad emission centered at about 420 nm and two excitation maxima at 301 and 314
nm. Exciting with each of these maxima gives a different temperature dependence for the corresponding emission
spectra. This result correlates with the crystal structure of the compound which indicates the presence of two
environments with Ag-Ag interactions. The fact that the emission band is largely red-shifted, broad, and
structureless is consistent with exciplex emission. The results of extendekeHand ab initio calculations
indicate exciplex formation in the title compound. Our theoretical calculations show a deep potential well in the
excited state with a AgAg equilibrium distance of 2.45 A and a binding energy of 40.8 kcal/mol. The experimental
and theoretical results in this study demonstrate the importance of excited-stafegAgteractions leading to

the formation of luminescent exciplexes in TI[Ag(CGIN) To our knowledge, this is the first example of exciplex
formation between metal ions in the solid state for coordination compounds.

luminescence studies of Ag(l) complexes have been limited to
¢ tetranuclear clusters analogous to theXCil4 (X, halogen; L,

amine or phosphine) clusters which have been studied exten-
gsively. To our knowledge, no simple mononuclear Ag(l)
complex has been reported to show luminescence prior to the
titte compound. The luminescent complex said to form between
Ag(l) and the protein metallothion&hhas not been structurally
characterized or isolated (aqueous solutions were simply
prepared of the apoprotein with the addition of Aas well as
Cu™, Au™, and Pt"). Luminescence of other Ag(l) species has

Introduction

The photophysical properties of coordination compounds o
the d° monovalent ions of the coinage metals continue to
receive much attention. The rich luminescence properties o
gold(1)18 and copper(f1® coordination compounds have
intrigued inorganic chemists in recent years. In contrast,
coordination compounds of Ag(l) have received very little
attention. Only a few studiés1” have reported the lumines-
cence of Ag(l) molecular coordination compounds, the first of
which did not appear until 1989 by Vogler and Kunké&iyviost
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Photoluminescence Properties of TI[AQ(GN)

been limited to the free ion doped in alkali-metal hali#slore
recently, luminescence studies of different Ag(l) centers have
been reported in glassy and crystalline bof&@nd in phosphate
glasseg?!

A recent study in our laboratory suggested that metadtal
interactions play an important role in interpreting the lumines-
cence properties of TI[Ag(CM)?2 We have reported the crystal

Inorganic Chemistry, Vol. 37, No. 5, 1998061

be characteristic of the orbitals of the aromatic ligands; thus,
they cannot be categorized as inorganic exciplexes. The only
example of coordination compourf@i which exciplex forma-
tion involves metat-metal bonding has been reported by Nagle
and co-workerd? The exciplex is reported to form between
Pt(P,OsH>)4*~ and TI(l) in solution. The title compound herein
represents the first example, to our knowledge, of a metal

structure of the compound which shows a layered arrangementmetal-bound exciplex in the solid state of coordination com-

of metal ions with Ag-Ag distances as short as 3.112A The

pounds.

experimental and theoretical results suggested the importanceEXperimema| Section

of argentophilicityin TI[Ag(CN)2]. Thallium—silver interac-
tions were determined to be insignificant. Therefore, only-Ag
Ag interactions are expected to affect the luminescence prop-
erties of the compound. This is in contrast to TI[Au(GNh
which both THAu and Au—Au interactions are importart.

In this study we report the photoluminescence spectra of Tl-
[Ag(CN),] as a function of temperature. Silvesilver interac-

Details of the sample preparation have been discussed elseithere.
Photoluminescence spectra were recorded with a PTI fluorescence
spectrometer equipped with two excitation monochromators and a 75
W xenon lamp. The spectra were recorded as a function of temperature
between 10 K and room temperature. Liquid helium was used as the
coolant in a model Lt -3-110 Heli-Tran cryogenic liquid transfer system
equipped with a temperature controller. Single crystals of high optical

tions are analyzed to determine whether they exist between thequality were selected using a microscope for all luminescence spectra.

ground or excited states of individual ions. The data in this
study provide strong evidence for the formation of sitvsitver-
bonded exciplexes in the solid state of the compound. While
exciplex formation is well-known in organic compourfdsnly

recently it has been recognized that such species do actually’

form in the excited states of transition-metal complexes. Recent
examples reported involve coordination compounds of P§if}
Cu(l),2¢29-30 Ru(Il),2* and Ir(111).32 The exciplexes reported to
form in most inorganic systems were in solution. Solid-state
excimers were proposed to form in Pt(Il) complexes of some
aromatic ligand2® However, such excimers were proposed to
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Computational Details

Extended Hakel molecular orbital calculations were performed using
the FORTICONS program (QCMPO011). Relativistic parameters were
used for all atoms, and the details are described elsewherke atom
eparations used in the calculations were according to the crystal
structure of TI[Ag(CN)].2* The program allows for excited-state
calculations which were carried out for the title compound.

Ab initio calculations on the restricted HartreEock level were
performed using the STO-3G basis set available in the SPARTAN
program (Version 4.1.1, Wave function Inc., Irvine, CA). To reduce
the calculation time and to cope with the complexity of the model
species, only single-point energy calculations (no geometry optimiza-
tion) were performed. The input geometry corresponds to the structure
minimized by extended Hikel calculationg® Bond order analysis was
performed according to the Mullikéhand Lavdin®> methods as taken
directly from the output file. In the former method, the electron density
is partitioned equally between the atoms involved in a bond. The latter
method, on the other hand, uses the overlap between atomic functions
to partition the charge.

Results and Discussion

1. Photoluminescence SpectraFigure 1 shows the pho-
toluminescence emission and excitation spectra of TI[Ag¢EN)
at 10 K. Two prominent maxima at 301 and 314 nm appear in
the excitation spectrum. The most important feature in the
excitation spectrum of TI[Ag(CN}) is the low energies of the
peaks. The energies of the excitation peaks of TI[Ag({] &)
10 K are much lower than the absorption band energies-of (
Bu)sN[Ag(CN),] observed by Mason, a case where very long
silver—silver distances are expected due to the presence of the
bulky cation3¢ A solid film of (n-Bu)sN[Ag(CN),] at 40 K
gave rise to several absorption peaks between 42.6 and<51.2
10 cmt while, for frozen EPA solutions (77 K), all absorption
bands had energies of 429 10° cm™! and higher® No
luminescence data were reported in that study. It should also
be noted that in the free Agion, the 4d5s! excited state is
located 39164 cm' above the 4¥ ground stat&-%8 and the
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Figure 1. Luminescence spectra of TI[Ag(CH)at 10 K. (a) is the

Wavelength, nm

2.5E+6

excitation spectrum monitoring the emission at 418 nm; (b) and (c) 76 K b
are the emission spectra with excitation at 301 and 318 nm, respectively.
2 20E+6 -

corresponding absorption band was observed at 44.@ cm™! g
in aqueous solutions of Ag®® Moreover, the 4d-5s bands of 8 15646
Ag* doped in alkali-metal halide matrices occurred in the same g
energy rangé? In TI[Ag(CN)z], the 31.8 and 33.% 10°cm™? 3
energies of the two excitation maxima are significantly lower 2 105+¢1
than the values of these other systems. @

Emission spectra of TI[Ag(CN) were scanned using both £ 5.0g+5
301 and 318 nm excitation wavelengths. The 318 nm excitation
was chosen because it has less contribution from the 301 nm o,oaoJ ‘ : _ )
signal than 314 nm. Figure 1 shows that the emission bands 3500 400.0 450.0 ' 500.0

occur at 419 and 418 nm with excitation at 301 and 318 nm,
respectively. We assigned this emission to a spin-forbidden _ . )
transition from a triplet excited-state on the basis of our lifetime F/9Uré 2. Emission spectra of TI[Ag(Ch)as a function of temperature
data?? These wavelength values represent a large red shift from (@) in the 1676 K temperature range and (b) in the-7E7 K
9 . p g h temperature range. The spectrum at 195 K in (b) is magnified. 10

the lowest energy emission band observed for Alpped in
NaCl (which was also spin-forbidden) assigned to Yag5s)
— 1A14(4d) transition observed at 250 rith.The energies of
both emission and excitation luminescence bands of TI[Ag-
(CN),] are too low to be assigned to isolated Ag(GNgenters.
Therefore, Ag-Ag interactions must be responsible for the low
energy values of the luminescence bands.

Figure 2 shows the temperature-dependent emission spectr

of a single TI[AG(CN}] crystal using 318 nm excitation. Figure g, oy Ag-Ag contact of 3.11 A in the environment of one

2 shows that the TI[Ag(CN) emission undergoes a red-shift o ag(1).'is well below the summed van der Waals radii of
with the stepwise decrease of temperature. The emission peali

) wo silver atoms typw = 1.70 A for silver)¥2 The nearest-
located at 418 nm at 10 K gradually shifts to shorter wavelengths neighbor Ag-Ag separation in the environment of the other

and reaches 403 nm at 195 K. This represents an average Shifgite, Ag(2), is 3.53 A which is only slightly above the van der

] -9 . .
Og abogt 5 cm/K. A S|m|Iarden¢rrE;)é§h|ﬁ was thglned fOL.ﬁ Waals limit of 3.40 A. It is interesting to note that Holt and
the emission spectra scanned with 301 nm excitation. A shift o, \orers found that, in tetrameric halamine clusters of Cu-

of the luminescence bands to Iower_er_lergies upon cooling Is a(l), low-energy luminescence was observed only from clusters
well-known spectroscopic charagtensuc for compounds with @ yith cu—Cu distances below the summed van der Waals radii
layered structure. Yersin and Gliemann established that lower- of two copper iong? Ab initio studies of similar compounds

ing _the temperature res_ults in th_ermal c_ontrac_tion of the in- by Ford et al. supported this argument qualitatiélyThe study
chain or |géglanehM—M dlzt_ancgs 'rr‘] Iovl\_/-dlmensmnal Iayerﬁq herein, therefore, suggests that the same argument is likely true
compounds.” Other studies in the literature support this ¢, ag(jy coordination compounds. The luminescence bands

argument. For example, a recent neutron powder diffraction depi P : ; . .

S picted in Figure 1 are assigned to-Afg interactions in the
s@udy of Tl[.Au(CN)Z] h‘?‘s indicated a decrease of AAu environments of both Ag(1l) and Ag(2) sites in the crystal
distances with decreasing temperattireAlso, Gray and co- structure of TI[AG(CN)].

Wavelength, nm

workers have noted the contraction of the stacks of the linear-
chain molecule Pt(bpy)€l(bpy = 2,2-bipyridine) upon pro-
gressive cooling. The shorter PRt distances at lower
temperatures have resulted in a red shift of the luminescence
band of the compounth.
We attribute the observed luminescence of TI[Ag(g]N®

the presence of two sites in the crystal structure with both sites
Ehaving relatively short nearest-neighbor-A8g distances. The

(38) Jargensen, C. KAbsorption Spectra and Chemical Bonding in  (41) Connick, W. B.; Henling, L. M.; Marsh, R. E.; Gray, H. Biorg.

Complexes Pergamon Press: Oxford, U.K., 1962. Volbert, Z. Chem.1996 35, 6261.
Physik. Chem193Q A149 382. (42) Bondi, A.J. Chem. Physl1964 41, 3199.

(39) Fussgaenger, K.; Martienssen, W.; Bilz, Phys. Stat. Solidl965 (43) Rath, N. P.; Holt; E. M.; Tanimura, Knorg. Chem1985 24, 3934;
12, 383. Dreybrodt, W.; Fussgaenger, Rhys. Stat. Solidl966 18, J. Chem. Soc., Dalton Tran$986 2303. Rath, N. P.; Maxwell, J.
133. L.; Holt, E. M. J. Chem. Soc., Dalton Tran986 2449. Tompkins,

(40) Yersin, H.; Gliemann, GAnn. N.Y. Acad. Sci1978 313 539. J. A.; Maxwell, J. L.; Holt, E. M.Inorg. Chim. Actal987 127, 1.

Gliemann, G.; Yersin, HStruct. Bondingl985 62, 87 and references (44) Vitale, M.; Ryu, C. K.; Palke, W. E.; Ford, P. @org. Chem1994
therein. 33, 561.
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2.5E+06 of K[Au(CN),], whose lowest-energy emission band reached a
z maximum at 166-180 K25
§ 2.0E+06 | The temperature behavior of the emission spectra of the Ag-
g (2) environment cannot be explained by decay processes from
5 156406 higher excited states because the emission intensity did not
£ gradually increase above 10 K (Figure 3). Instead, it appears
8 that nonradiative processes are the dominant pathways respon-
§,1‘°E+°6 I sible for the decreasing intensities above 10 K in the emission
© spectra scanned with 301 nm. The contrasting temperature
% 5.0E+05 behavior between the two emitting sites of the title compound
a is surprising. However, an analogy can be made with tetracy-
0.0E+00 \ . ‘ anoplatinate(ll) salts for which the temperature behavior of their
0 50 100 150 200 emission bands has been well-characterized by Yersin and

Temperature, K Gliemann®® For example, KLi[Pt(CNj]-2H,0O showed a tem-
Figure 3. Temperature-dependence of the intensities of TI[AgEEN)  perature behavior similar to that observed in Figure 2 as the
emission bands scanned with excitation wavelengths of 318 nm (solid low-energy triplet emission reached a maximum around 75 K
line) and 301 nm (dashed line). The lines are guides for the eye.  for that compound. The activation energies for the decay from
higher-energy excitons to the triplet state were determined

The intensity of the TI[Ag(CNy| emission bands show an  experimentally, and the results demonstrated that, in general,
interesting temperature behavior for the spectra scanned withcompounds with longer P#t distances gave rise to higher
318 nm excitation. While the band intensity increases as the gctivation energy values than compounds with shorterP®t
crystal is progressively heated between 10 and 76 K (Figure distance$?® On the basis of this argument, a lower energy
2a), a large decrease of the intensity is observed upon heatingharrier should be associated with the decay process to the triplet
to higher temperatures (Figure 2b). The spectrum recorded atemissive state of Ag(1) relative to Ag(2) since the nearest-
195 K is actually magnified 10 in Figure 2b. No luminescence  nejghbor Ag atoms are within a shorter distance (3.11 A) in
is observed at all at room temperature. A rather different the former. It is also noted that the Stokes shift is smaller for
temperature behavior is obtained for emission spectra excitedthe Ag(1) emission. Therefore, the energy gap for the migration
with 301 nm. Figure 3 shows the emission intensity versus of the excitation energy to the emissive state is smaller for Ag-
temperature for the spectra scanned with the two excitation (1). Consequently, such migration proceeds with relative ease
maxima. Emission spectra with 301 nm excitation show a in the Ag(1) environment leading to increasing population of
general decrease in intensity upon progressive heating. the triplet state and thus to increasing intensity between 10 and

The existence of two excitation maXima, each of which has 76 K. The Corresponding energy gap for Ag(z) is |arger; thUS,
a different temperature behavior for its corresponding emission the migration of the excitation energy becomes more difficult
spectra, is consistent with the presence of two different sites tg proceed and the characteristic emission intensity does not
with close Ag-Ag distances in the crystal structure of the increase with increasing temperature.
compound. The shorter AgAg distance in the Ag(1) environ-
ment leads to a greater interaction between neighboring
Ag(CN),~ ions in this environment relative to the Ag(2)
environment. We, consequently, assign the luminescence
excitation peak at 314 nm and its corresponding emission to
result from Ag-Ag interactions surrounding Ag(1) while the
301 nm peak is assigned to the Ag(2) environment.

The complicated temperature dependence of the intensities . . . .
P P P 2. Molecular Orbital Calculations. Since the luminescence

of the emission bands of the title compound is explained in dat t that silvesilver int " | tral rol
view of the aforementioned assignment. First let us discuss . a ?hsu?ge.s atsi Vez' \;1er In erafc llt_)lnAS pély a”(;en rat\. rol €
the temperature dependence of the emission assigned for thé th€ lumineéscence behavior o [AQ(CA) theoretica

Ag(1) environment, namely the spectra excited with 318 nm calculations have been designed to model the lattice environ-
(Figure 2). The increase of emission intensity as the tempera’turements in which short AgAg contacts are observed in the crystal

is increased from 10 to 76 K (Figure 2a) can be explained by structure. Calculations for the thermodynamic stability of the

thermal decay processes from higher excited states. Such©ns n these environments are described elsewteréhe

athways are known to be thermally activated. Therefore, b calgulations he.rein focus on relating Adg interactiqns to the
gn incrgase of the temperature in thém K range, the triplet g optical properties of TI[AQ(CN?]' Thrffe Ag((_:N)_ lons are
state responsible for the emission becomes more populated adresentin the Ag(1) environment V.V'th Fhe lon in thg center
the energy migrates through the lattice from higher excited Statesseparated from the Othfr_ two_termmal ions by 3.1% AA.
(such as the singlet excited state) leading to increased triplettrlmer model _Of Ag(CNy” ions s, therefore, _used to describe
emission. On the other hand, as the temperature is increasecjhe Ag(1) enywonment. On t_he other hapd, five Ag(GNpns
above 76 K toward room temperature (Figure 2b), nonradiative are present in the Ag(2) environment with two sets of g

processes such as multiphonon relaxation to the ground statef@Ntacts. The shortest contact is 3.53 A for two of the ions
become more dominant thus leading to depletion of the surrounding the central Ag(2) atom, while the other terminal

emission. The high frequencies of the cyanide stretching bandsions are separated by 3'89 A from Ag(2). The 3.89 A separation
(ca. 2120 cmY)? facilitate such decay process. A similar can be ignored because it is well above the sum of the van der

temperature dependence was observed for the emission band¥/aals radii for two Ag atoms. Therefore, the Ag(2) environ-
ment can also be approximated as a trimer with a-Ag

(45) Nagasundaram, N.; Roper, G.; Biscoe, J.; Chai, J. W.; Patterson, H, Separation of 3.53 A, which is in the vicinity of the van der
H.; Blom, N.; Ludi, A.Inorg. Chem.1986 25, 2947. Waals limit. Molecular orbital calculations have been performed

Exciting with different excitation wavelengths has resulted
in rather similar emission spectra. The two emission spectra
in Figure 1 have a very similar band shape and almost identical
maxima. Even though the two emission bands expected from
the spectra obtained with different excitation wavelengths were
not resolved, the different behavior toward temperature, in
essence, resolves the two emissions.
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Figure 4. Setup of the axes for the trimer model for which the extended
Huckel calculations were carried out. Note the cyanides of the two
terminal silvers are on the-axis, which is perpendicular to the plane
of the page.
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Table 1. Results of Relativistic Extended ldkel Calculations of

the HOMO-LUMO Gap and Total Energy for Interacting

Ag(CN).~ lons in the Trimers Representing the Environments of the
Ag(1) and Ag(2) Sites in the Crystal Structure of TI[Ag(GN)

site Ag(1) Ag(2)
Ag—Ag dist, A 3.11 3.53
HOMO-LUMO gap, eV 3.64 3.80

tot. energy, eV —1491.88 —1492.22

for these two trimer models using the extendeatkil method

in order to evaluate the differences between the two emitting

sites. Approximations were made that all Ag(GNjons were

linear and perpendicular to each other in both motfel3he

trimer model used in our calculations is shown in Figure 4.
Table 1 summarizes the important results of our extended

Huckel calculations for the two sites described above. The data

in Table 1 indicate a smaller HOMELUMO gap for the trimer
representing the Ag(1) environment. This confirms the above

assignment of the luminescence excitation peak at 314 nm and

its corresponding emission as resulting from-A&p interactions
surrounding Ag(1), while the 301 nm peak is assigned to the
Ag(2) environment. The energy difference between the HGMO
LUMO gaps of the two trimers (0.16 eV) is in excellent

agreement with the experimental energy difference between the.

two excitation maxima (ca. 1.3& 10 cm! = 0.17 eV).
Therefore, the resolution of the excitation spectrum of TI[Ag-
(CN);] has allowed for differentiation between two similar
emitting sites of the same compound. This has not been
commonly encountered in the photophysical investigations of
coordination compound¥:48

Figure 5 shows that the HOMELUMO gap decreases as
the Ag—Ag distance decreases in the trimer model. A good fit

(46) The crystal structure shows a little deviation from linearity for the
Ag(CN),~ ions of Ag(3), which represent the terminal ions in both
models. The €Ag—C angle in that site is 172.3(1)The ions in the
Ag(1) and Ag(2) sites were linear as both sites lie on inversion centers.
The crystal structure also shows that the dihedral angle in the Ag(1)
site is 98; thus, a perpendicular geometry is a valid assumption too.

(47) Lanthanide ion excitation spectra that are sensitive to the environment

have been used in biological systems. See: Horrocks, W. DeW., Jr,;
Sundic, D. RAcc. Chem. Re%98], 14, 384. Richardson, F. &£hem.
Rev. (Washington, D.C.)982 82, 541. Horrocks, W. DeW., Jr.; Albin,
M. Prog. Inorg. Chem1984 31, 1.

(48) For a recent example, see: Bruno, J.; Horrocks, W. DeW., Jr.;
Beckingham, K.Biophys. Chem1996 63, 1—16.

(49) Ferguson, 1. Chem. Physl958 28, 765. Stevens, BSpectrochim.
Acta 1962 18, 439.

(50) Cotton, F. A.; Feng, X.; Matusz, M.; Poli, B.Am. Chem. S04988
110 7077.
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Figure 5. Change of the HOMGLUMO gap as a function of the
Ag—Ag distance in the [Ag(CNY)]s trimer model describing silver
silver interactions in the TI[Ag(CN) crystal as obtained from
relativistic extended Hekel calculations.

to this decrease was obtained using a fourth order polynomial
equation. A similar fit was reported by Fackler et al. in gold
() phosphaadamantane complef&sThis demonstrates the
sensitivity of the optical properties of Ag(l) compounds to-Ag

Ag interactions. Also, Figure 5 provides a theoretical support
for the red shift observed in the luminescence band of the title
compound upon progressive cooling since shorter—Ag
distances are expected at lower temperatures.

3. Exciplex Model. The observation of a rather broad, red-
shifted, and structureless emission for TI[Ag(GN$ reminis-
cent of excimer and exciplex emissions observed in planar
aromatic compounds such as pyréheAlthough most of the
investigations of excimer-forming organic molecules have been
in solution, the few solid-state investigations suggest that the
molecules must be stacked in columns or arranged in pairs with
an interplanar distance of less than 3.5 A (the@distance in
graphite) in order for the excimers to forth. The layered
structure of TI[Ag(CN}] satisfies this condition.

The very low energies of the luminescence bands of TI[Ag-
(CN);] cannot be attributed to silvessilver bonding in the
ground state because Ag(l) ions have filled 4d orbitals which
gives a net bonding of zero if these orbitals interact in the ground
state. This is especially true for silver compounds compared
to gold compounds because the relativistic effects are less
important in silver than gold. Relativistic effects allow sig-
nificant mixing between the 5d orbitals and the 6s and 6p
orbitals of gold. Some studies suggested that mixing of 5s and
5p orbitals in the ground state could provide a pathway forAg
Ag interactions in tetranuclear silver (I) complexXésHowever,
in a theoretical/experimental study Cotton et al. showed that
even in dinuclear silver(l) compounds of bridged ligands in
which a very short Ag-Ag distance (2.70 A) is enforced by
the geometry, little or no bonding takes place between Ag(l)
centers?

The largely red-shifted luminescence bands in TI[Ag(&N)
cannot result from ground-state interactions between Ag(l) ions
by s—d or p—d mixing. Therefore, such interactions have to
be present in the excited states. It is interesting to note that the
Ag(1) and Ag(2) environments have rather different-A&g
ground-state distances. Nevertheless, their emission energies
are virtually identical which indicates that the A@g interac-
tions are in the excited states. A similar conclusion was reached
by Henary and Zink in interpreting the lower emission energy
associated with the cube isomer relative to the chair isomer of
the tetrameric cluster Atn(PPh)s despite the fact that very
little difference in the ground-state AgAg distance exists
between the two isomets. Since two isomers with similar Ag
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Table 2. Summary of the Results of Extended ¢kel Calculations {m) HEWILE
for the Ground and Excited States of the [Ag(GN) Model
(Figure 4)
species

Ag(CN)~  [Ag(CN)271s *[AJ(CN)2ls

isolated ions  (trimer) (exciplex)
Ag—Ag equilibrium dist, A 6.00 2.79 2.45 e >
binding energy, eV 0.00 0.60 1.77
HOMO—-LUMO gap, eV 4.35 3.40 3.11
OP(Ag—Ag)? —0.001 0.034 0.0712
OP(Ag—C)? 0.258 0.237 0.216

aOP = overlap population. Values are listed for bonds with the

central silver atom.

b LMD

Ag distances yielded quite different emissions in that study while
in our study two different sites with quite different ground-
state Ag-Ag distances yielded almost identical emission
energies, it seems to us that there is a general tendency for Ag-
(I) species to interact strongly in their excited states instead of
their ground states. Given the excited-state nature of Ag
interactions, the ground-state silvegilver distance plays little
role in such interactions as well as the luminescence spectra.
The other experimental observation which provides strong
evidence for an exciplex model for TI[Ag(CH)is the very
large Stokes shifts observed for the emission bands. LargeFigure 6. Surface drawing of the HOMO (a) and the LUMO (b)
Stokes shifts are indicative of highly distorted excited states. Orbitals of the [Ag(CNy]s trimer model according to ab initio

g - calculations using the STO-3G basis set. The-Ag distance is 2.79
This is clearly reflected by the broadness of the IumlnescenceA, which corresponds to the minimized structure of the ground state

bands observed in .Figure 1. Upon .a one-photon_ excitation, the(TabIe 2). Note the HOMO has an antibonding character and the LUMO
bond order Sh0U|d Increase accor(_jlng to the exciplex model by has a bonding character with respect to-#&g bonds (the interaction
1.00 for two interacting ions (excimer) and by 0.50 for three in the LUMO occurs between the prbitals of Ag atoms).

interacting ions (two Ag-Ag contacts).
To evaluate the relative importance of ground-state versus“c” and “t” subscripts denote the central and terminal silver
excited-state AgAg interactions, extended ldkel calculations atoms, respectively.
have been carried out for the ground and the first excited state
of the trimer model of the title compound (Figure 4); the results HOMO = (1/0.32) 0.26 s(Ag) — 0.34 d,(Ag,) —

are summarized in Table 2. The results of the calculations show _
that a potential well forms for the ground state of the 017 5(Ag) + 0.2 do(Agy) —0.17 s(Ag) +
[Ag(CN),]s trimer with a short Ag-Ag equilibrium distance 0.2 d,(Agp)} (1)

of 2.79 A. Moreover, a larger binding energy, smaller HOMO _ _ _
LUMO gap, greater Ag-Ag overlap population, and a smaller LUMO = (1/0.13(0.15 p(Ag,) — 0.23 p(Ady)
Ag—C overlap population are obtained in the [Ag(GN} 0.23 p(Agy)} (2)
trimer relative to isolated Ag(CN) ions. Ground-state Ag
Ag interactions are also supported by our ab initio calculations.  The setup of the axes in the calculations was such that the
Single-point calculations have been carried out for the trimer central silver atom lies at the origin and thaxis passes through
model depicted in Figure 4 at silvesilver distances of 2.79,  all three silver atoms as shown in Figure 4. Taking this into
3.11, and 3.53 A. The 2.79 A distance corresponds to the consideration, it is obvious that the HOMO has an antibonding
equilibrium Ag—Ag distance obtained from the extendetdkel character while the LUMO has a bonding character with respect
calculation. The 3.11 and 3.53 A distances correspond to theto the Ag-Ag bonds. This result is confirmed by our ab initio
Ag—Ag separations in the environments of Ag(1) and Ag(2) in calculations for the same model. Figure 6 shows the surfaces
the crystal structure of TI[Ag(CN). Bond order analysis was  of the HOMO and the LUMO orbitals as plotted from the output
performed using ab initio calculations which indicated that both of the ab initio calculations. Similar surfaces were obtained
the Mulliken and Levdin bond orders are positive and relatively for trimers with Ag—Ag separations as in the crystal structure.
large (0.4-0.5) for Ag—Ag bonds in the trimer. Details are  The surfaces depicted in Figure 6 qualitatively describe the
available in the Supporting Information. bonding interactions between Ag atoms inferred from eqs 1 and
Excited-state Ag-Ag interactions can be understood from 2 above. Both the ab initio and the extendetckil calcula-
analysis of the composition of the HOMO and LUMO orbitals tions, therefore, produce similar qualitative results for the
of the [Ag(CN)]s trimer. Since silver-silver interactions seem  [Ag(CN), ]s model. The antibonding character of the HOMO
to be the dominant factor in determining the photoluminescence and the bonding character of the LUMO with respect to-Ag
behavior of TI[Ag(CN}], vide supra, special attention should Ag bonds are evident in Figure 6. This is an interesting situation
be given to the composition of the HOMO and the LUMO with because it means that upon excitation of an electron from the
respect to the silver atoms in each site. This has been carriedHOMO to the LUMO, a net Ag-Ag bonding results; i.e., the
out using both extended kel and ab initio calculations at interaction of silver dicyanide monomer units in their excited
the equilibrium Ag-Ag separation of 2.79 A. Equations 1 and states leads to a net increase in the bond order with respect to
2 show the composition of both the HOMO and the LUMO, silver. This leads to the formation of exciplexes between the
respectively, according to the extendedckiel calculations. The  interacting silver dicyanide units.
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-1486.0 state in our exciplex model. Figure 7 indicates the presence of
weak Ag—Ag interactions in the ground state of the [Ag(GN}
trimer.

-1487.0 | The exciplex model described in this section can effectively

explain the luminescence results. The difference in the emission
behavior of the two crystallographically distinct Ag sites in the
-1488.0 | TI[Ag(CN)] structure can be explained in terms of excited-
state distortion. The *[Ag(CNJ]s exciplex is expected to have

a shorter Ag-Ag distance than the corresponding ground-state
-1489.0 | distance in each site (Figure 7). Since the-A%g distance is
shorter in the environment of the Ag(1) site than the Ag(2) site,
the excited state which is common for both sites is more
-1490.0 distorted with respect to the ground state of the Ag(2) site. This
agrees with the experimental result that the Ag(2) emission band
is broader than the Ag(1) emission (Figure 1). The full-width
-1491.0 at half-maximum (fwhm) is about 3.2 and 2:310° cm~! for

the emission bands with 301 and 318 nm excitation, respectively.
These values, according to the above assignment, correspond

Total energy, eV

-1492.0 - : ‘ to the environments of Ag(2) and Ag(1), respectively.
1.5 25 35 45 5.5 Figure 2 shows that the emission band becomes broader with
Ag-Ag distance, A increasing temperature. The increase of fwhm with increasing

Figure 7. Potential energy curve of both the ground state and the first temperature can also be attributed to excited-state distortions.
excited state of the [Ag(CN)]s trimer model. The minimum of the  The distortion of the excited-state becomes larger at higher
potential well in the excited state represents the exciplex. temperatures since this is expected to lead to longer &gy
) ] distances (vide supra) and, consequently, broader emission

To further elucidate the exciplex model, we have performed pzngs.
extended Haokel calculations for the excited state of the Exciplex formation in TI[Ag(CN)] has resulted in a HOM©
[AG(CN)2"]3 model trimer. Such calculations are important | ymo gap that is 1.25 eV smaller than the gap for isolated
because they account for the adjustment of the nuclei in responsezg(CN),~ ions (Table 2). This result explains the large red
to the absorption of light. Since the HOM@UMO transition shift observed in the luminescence spectra of the title compound
is expected to affect the bond order, nuclear adjustment shouldrelative to other Ag(l) species which lack significant Agg
be significant as the excited state is expected to be largely interactions. The HOMGLUMO gap at the excited-state
distorted from the ground state. Figure 7 shows the potential equilibrium Ag—Ag distance (2.45 A) is also about 0.3 eV
energy diagram for both the ground and excited states of the smaller than the gap at the ground-state equilibrium distance
[Ag(CN)2 13 trimer. In Table 2 we summarize the results of of 2.79 A according to our extended kel calculations. This
the excited-state calculations for the [Ag(GN) model atthe  explains the large Stokes shift for the luminescence bands of
equilibrium Ag—Ag distance and compare the results with those TI[Ag(CN),]. The fact is that with such a sizable nuclear
for the ground state. rearrangement the emission transition occurs from the exciplex

Figure 7 shows that a potential well forms in the excited state State to the repulsive portion of the ground-state potential curve
of [Ag(CN), ]z that is about three times deeper than the ground- (Figure 7). Moreover, the results of the aforementioned
state potential well. Typical organic exciplexes have binding calculations demonstrate that the excited-state Ag interac-
energies in the vicinity of 10 kcal/mét. The only reported ~ tions are more significant than ground-state-#g interactions.
inorganic exciplex formed in solution between(PtOsH2)4*~ Conclusions , o .
and TI(I) was determined to have a formation energy slightly The experimental and theoretical data in this study indicate

less negative thar10 kcal/mol as determined by photoacoustic that excited-state AgAg interactions are significant in TI[Ag-
calorimetry2 and optical dat8’ The binding energy for the (CN)2]. Ground-state interactions, on the other hand, are less

*[Ag(CN) s exciplex in the title compound is more than four significant in determining the optical properties of the com-

times greater than these values (40.8 kcal/mol) according to ourP0und: The luminescence of TI[Ag(CH)s attributed to the

extended Hakel calculations, which implies tremendous ther- formauon of a S|Ive1_=5|lver-_bonded exciplex as a resu_lt (.)f
modynamic stability. excited-state AgAg interactions. To our knowledge, this is

o . the first example of a solid-state metahetal-bound exciplex
The minimum energy occurs at a Adg excited-state in coordination compounds.
distance of 2.45 A. This represents a large excited-state Acknowledgment. We thank the National Science Founda-
distortion, 0.34 A shorter than the Aghg equilibrium distance tion for supporting the Molecular Modeling Center at the
of the ground state and 0.67 A shorter than the shortest yniversity of Maine through Grant DUE9551313. We also
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deep potential wells occurring at a shorter internuclear equi- the ab initio calculations and for his comments on the
librium distance than the ground state is indicative of excipleX manuscript.
formation2> However, in the conventional exciplex formation Supporting Information Available: A table is provided with
phenomenon in some organic compounds, the ground state hasdletailed results of ab initio calculations with a complete bond order
typically been assumed to be structureless with a potential well analysis according to the Mulliken andwdin methods for [Ag(CNy]s

depth of virtually zer#® This is not the case for the ground trimers with Ag—Ag distances corresponding to the experimental values
as well as the minimized geometry (1 page). Ordering information is

given on any current masthead page.
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