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Single crystals of [Ag(CN) ]/NaCl and [Ag(CN} ]/KCI show luminescence spectra that change drastically

with temperature. The major luminescence band at 12 K is a UV emission at about 315 nm. Blue-green
emissions in the 406520 nm region appear upon an increase in temperature to 80 K. A further increase in
temperature results in the disappearance of the blue-green emissions and the appearance of a high-energy UV
emission at about 290 nm. The color changes are reversible and represent a new example of luminescence
thermochromism. A kinetic model is proposed to show the radiative and nonradiative pathways at different
temperatures. Highly resolved emission spectra are obtained upon a careful selection of the excitation
wavelength. Individual peaks within the resolved emission bands are attributed to different geometrical isomers
of a given *[Ag(CN) ], cluster in the alkali halide lattices. The wide range of luminescence energy, the
strong luminescence at ambient temperature, and the control of the profile of the emission spectra by controlling
the excitation wavelength are desired properties for the design of new solid-state photonic devices based on
the Ag(l) luminescence.

Introduction Examples of the use of Cu(l) materials in technological
o ] applications include the photosensitization of water splitting via
Coordination compounds of thétmonovalent ions of group  energy and electron transfer pathwa§ghotocatalysié! and
11 have been the subject of increasing attention in the last 25y potential use of Cu(l) in oxide materials in tunable solid-
years!~3 This attention has been stimulated by the desire t0 gtate |aser materials in the U¥ Gold(l) compounds have been
understand some fundamental issues in chemistry such as Close%uggested for applications such as biosen&plptocatalysté?
shell metat-metal bonding, as well as the use of these gr,gs for rheumatoid arthriti$,and optical sensors for volatile
compounds in many technological applications. Much of the organic compound® Applications of Ag(l) materials include
early work in this field has focused on Cu(l) species due t0 the yse of silver halides as photographic matefiagsid as
many interesting luminescence properties of some Cu(l) tetra- optical fibers in the mid-IR regio#® and the use of silver(l)
nuclear clusters. For example, Hardt et al. have reported thatgyides as photocatalyst,conductors, semiconductors, and
the clusters CiLyX4 (L = aromatic amine, X= halide) photoconductor20-22
reversibly alter their luminescence color with temperafurhis We report herein a study of the temperature-dependent
interesting phenomenon (called luminescence therr“OChrom'Sm)photoluminescence properties of single crystals of alkali halides

hgs k()jeen rt}elumdqted by F?rﬂ et aI.Iln a series ofbartlgles :\hatdoped with dicyanoargentate(l) ions. An earlier study in our
aimed at the assignment of the two luminescence bands w OSEfaboratory has suggested the formation of luminescent exciplexes
relative intensities change_W|th te_mpe:rat&rleterest In 90|d'_ in [Ag(CN),"]/KCl mixed crystals® Exciplex formation is well

(I) compounds has been increasing in recent years, partially y,ovn in organic compoun@but less common in inorganic
because of the tremendous attention given to the relat'onSh'pcompound§4 The *[Ag(CN) ] exciplexes that we have
betweep the ele'ctrgnlc properties of gold(l) compounds to reported in purgéand mixed crystals of the dicyanoargentates-
a_luroph|I|c attraction® namely, groun_d_-state AUAU interac- (I) are metak-metal bonded and represent a new class of
tions. Recently, analogowsrgentophilic attractionhas been exciplexes in which the exciplex botilis between the same

repo.rted in Ag(l).coordination compqunﬂﬁ’.hotoluminesoence type of atoms (homoatomic metahetal bonded exciplexes).
studies of the dicyanoargentate(l) ions have pointed out thatSeveral emission bands appear in the spectra of alkali halide

excited-state AgAg interactions are much stronger than the crystals that are doped with [Ag(CN] ions, giving rise to an

corresponding ground-state interactiés. interesting optical phenomenon callextiplex tuningWe have
reported that the emission energies and intensities caumieel
TThis is part 3 of a series entitled Luminescent Homoatomic Exciplexes by changing the excitation wavelength (site-selective excif&[ion)

in Dicyanoargentate(l) lons Doped in Alkali Halide Crystals. Parts 1 and 2 : ;
of this series have been published earlier: Omary, M. A.; Patterson, H. H and by varying the dopant concentrat%nChanglng the

J. Am. Chem. Sod998§ 120, 7696. Omary, M. A.; Hall, D. R.; Shankle, ~ €Xcitation wavelength controls which [Ag(CN];, oligomer is

G. E.; Siemiarczuck, A.; Patterson, H. Bl. Phys. Chem. B999 103 excited and, hence, which *[Ag(C)], exciplex emits light,
3845. S because different oligomers have different energy §dps the
I'Angelo State University. . el
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dimers), which leads to stronger emission intensities for the
trimer bands® In this article we report thaxciplex tuningcan
also be achieved by temperature variation in two types of mixed
crystals. The formation of dicyanoargentate(l) exciplexes in [Ag-
(CN),"J/NaCl is studied herein in comparison with [Ag(GNY

KCl in order to illustrate the effect of the host crystal on exciplex
formation. The implications of exciplex tuning on the design
of new solid-state photonic devices are discussed.

Aexc=270nm

Experimental Section

Single crystals of [Ag(CN) J/KCI and [Ag(CN)~]/NaCl
were grown by slow evaporation at ambient temperature of
aqueous solutions that are2 M in the alkali halide and that
contain trace amounts<(.05 M) of K[Ag(CN),] and (NaCN;
AgCN), respectively. The silver content was determined by
atomic absorption spectroscopy using a Varian SpectrAA-20 A =235nm
spectrophotometer with an air-acetylene flame and a Ag . — .
analy_tical Iamp_ operating_ at 328.1 nm. The s_tandard_s for the 270 320 370 420 470 520
atomic absorption analysis were prepared using Aldrich 1000
ppm Ag standard in 1% HN$ Atomic absorption measure- Wavelength, nm
ments were run in triplicate for each sample of crystals harvestedFigure 1. Emission spectra of [Ag(CN)]/NaCl at 80 K as a function
at the same time. The single crystals in this study were of excitation wavelength.
characterized by FTIR, and all crystals show infrared bands in
the region of the €N stretching frequencies of typical
[Ag(CN)2"] species (20082200 cnt?). C

Steady-state photoluminescence spectra were recorded with Aem=420 nm
a Model QuantaMaster-1046 fluorescence spectrophotometer
from Photon Technology International, PTI. The instrument is
equipped with two excitation monochromators and a 75 W
xenon lamp. The excitation spectra were corrected for spectral
variations in the lamp intensity using the standard quantum
counter metho# by dividing the raw data by the excitation
spectrum of rhodamine Bl{m = 635 nm). The spectra were
recorded for single crystals with high optical purity as a function
of temperature between 12 K and ambient temperature. Liquid
helium was used as the coolant in a Model LT -3-110 Heli- A
Tran cryogenic liquid transfer system from Air Products
equipped with a temperature controller. Excited-state lifetime
measurements were carried out with a QuantaMaster-2 system

Intensity, arbitrary units

Aexc=247nm

Aem=325 nm
B

Intensity

Aem=300nm

from PTI utilizing a microsecond Xe flash lamp and a gated Tt ——r————

microsecond detector. 200 220 240 260 280 300 320
Wavelength, nm

Results Figure 2. Corrected excitation spectra of [Ag(CN)/NaCl at 80 K

. . . monitoring the emission at wavelengths that correspond to bands A
1. Luminescence Properties at 80 KThe single crystals of

[Ag(CN), J/NaCl studied have 0.31 wt %Ag (0.17 mol %). TABLE 1: Assignment of the Emission Bands Observed in
These crystals have photoluminescence spectra that are dependAg(CN)."]/NaCl and [Ag(CN),"/KCI Crystals

ent on the excitation wavelength and temperature. The IUMi- band AmaE™ NM Amaf*S nm - lifetime, us? assignment
nescence characteristics of [Ag(GN)NaCl crystals are best  ~x™ 585 300 225250  2.8(53F *[Ag(CN)2 I
described by presenting the data at 80 K first and then discussing (excimers)
the temperature dependence. This is because the intensities forB  310-360 270-290 6.9 *[A(g(CN)Iz*)]s
= g L angular
all .[Ag(CN)z ] luminescence bands are significant at 80 K, 300-430 250-270  27.2(39%) *[AG(CN)s s
while at higher or lower temperatures some of these bands are 64.4(61%)  (linear)
absent. Figure 1 illustrates the tunable emission of [Ag¢CIN) D 490-530 3006-360 *[Ag(CN)2 Tn _
NacCl at 80 K as a function of excitation wavelength. Four major (delocalized exciplexes)

emission bands are evident with maxima at ca. 295, 325, 420, @ Lifetime measurements have been determined for the P2 crystal
and 500 nm (labeled in Figure 1 as A, B, C, and D, of[Ag(CN); J/KCI. °Data from ref 25 at 77 K¢ Data from this work
respectively$72The relative intensity of each band is dependent at ambient temperature.

on the excitation wavelength, as Figure 1 clearly illustrates. summarizes the luminescence data for both [Ag(CNNaCl
Figure 2 shows the corrected excitation spectra of [Ag(CN) and [Ag(CN)J/KCI.

NaCl at 80 K monitoring the emission at wavelengths that 2. Luminescence ThermochromismA rather interesting
correspond to each emission band. The characteristic excitationtemperature dependence has been obtained for the luminescence
wavelengths are located at ca. 2285, 286-290, and 245 of [Ag(CN),"]/NaCl single crystals. Figure 3 shows the emission
270 nm for bands A, B, and C, respectively. The excitation spectra of [Ag(CN)~]/NaCl as a function of temperature and
profile for band D is similar to the one for band C. Table 1 excitation wavelength. The excitation wavelengths are selected
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Figure 3. Emission spectra of [Ag(CNJ]/NaCl as a function of
temperature and excitation wavelength. Thin and thick curves represent
spectra obtained with excitation wavelengths of 235 and 270 nm,
respectively. Intensities are comparable between spectra at the same
temperature but not comparable between spectra at different temper-
atures. B B e s e o e e B
315 345 375 405 435 465 495 525
as 235 and 270 nm for the temperature-dependent spectra in Wavelength, nm
Figure 3. These wavelengths are selected to best illustrate the
high-energy bands (A and B) and the low-energy bands (C and
D), respectively. At 12 K, the high-energy bands have greater
intensities than the low-energy bands. Both the UV bands A
and B have strong intensities, while the blue band C is present
but weak at 12 K. The green band D, on the other hand, is
absent at 12 K. As the temperature is increased from 12 K, the
relative intensities of the low-energy bands (C and D) increase
until 80 K and decrease thereafter. In fact, all four [Ag(€N)
luminescence bands (AD) are strong at 80 K. Band D is
observed only near 80 K and becomes quenched at higher or
lower temperatures. The high-energy bands display strong
intensities at all temperatures. However, among the two high- Rttt
energy bands, the intensity ratio of band A to band B increases 375 400 425 450 475 500
with an increase in temperature over the whole temperature Wavelength, nm
range between 12 K and ambient temperature. The positions ofFigure 5. (a) Emission spectrum of a [Ag(Ci}/NaCl single crystal

- ; ; at 12 K with lexe = 293 nm showing high resolution. (b) Emission
fzge[p?(agrggyn)i (u::méngsr?rigce bands are virtually temperature spectra of a KCI/KAg(CN)crystal (P3) at 81 K (bottom) and a [Ag-

] ) ) (CN)z7)/NaCl single crystal at 12 K (top). The excitation wavelength
Three mixed crystals of [Ag(CN)]/KCI with varying Ag is 293 nm in both spectra.

content have been studied. We refer to the [Ag(ENKCI
crystals with wt % Ag of 0.17, 2.7, and 4.3 as P1, P2, and P3, is the observation of highly resolved spectra upon a careful
respectively2’® Although all three crystals show luminescence selection of the excitation wavelength. This resolution is
thermochromism, the most dramatic results have been Obtainecbspecially high at low temperatures. As a representative example
for P3. Figure 4 shows the emission spectra of P3 as a functionof the highly resolved spectra, Figure 5a shows the emission
of temperature. At ambient temperature only band A is observed. spectrum of a [Ag(CNy J/NaCl single crystal at 12 K withiexc
Cooling to 77 K results in a virtual disappearance of band A = 293 nm. Band B has two resolved peaks at 325 and 350 nm,
concomitant with the appearance of a strong emission due towhile at least seven resolved peaks appear within the envelop
the lower-energy band C. Upon further cooling to 12 K, the of band C. Figure 5b illustrates that the resolution in the
strongest emission becomes due to the higher-energy band Bemission spectra of the dicyanoargentates(l) occurs also in [Ag-
Another interesting aspect of the photoluminescence proper-(CN), ]/KCl-doped crystals. The profile of the structured
ties of the [Ag(CN)]/NaCl and [Ag(CN}]/KCl single crystals emission of band C is similar for [Ag(CM)]/KCI and [Ag-
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(CN)2,"]/NaCl crystals. Figure 5b illustrates that the same and the appearance of another, so this cannot be explained by
number of peaks within the structured band C are obtained atthe expected small reductions in the-A8g distance. Therefore

virtually the same energies for both crystals. this possibility is ruled out.
. _ The second possibility is the presence of major structural
Discussion changes such as phase transitions. Such changes may lead to

different structures of the luminescent [Ag(CN], ions at
different temperatures. Therefore, the cluster sged/or the
geometry of a given cluster may be altered as a result of
temperature variation, which leads to corresponding changes
in the relative intensities of the different luminescence bands.

species (see ref 8 for details). On the basis of this discussion This possibility cannot be proved or disproved in mixed crystals
we provide in Table 1 the assignment of all emission bands’such as those studied herein because of the difficulty in obtaining

observed in the [Ag(CNJ]/NaCl and [Ag(CN)-J/KClI crystals direct structura} data for such crystal;. However, an analogy
studied herein can be made with pure crystals of the dicyanoargentate(l), some
o I of which exhibit luminescence bands that have a temperature

The aforementioned temperature behavior illustrates strong

s s . ¥ behavior similar to the one hereihFor example, single crystals
luminescence thermochromism” in dicyanoargentates(l). This . ; L2 -

. : ’ o of KoNaJAg(CN)]s display a change in the relative intensities
interesting phenomenon was first reported for coordination

compounds in tetranuclear Cu(l) clusters by Hardt et ahd of bands B and C above and below 80 K (similar to the trend

g - . .
these compounds have attracted considerable attention in recent. Figure 4)>* Recent neutron diffraction data versus temperature

years® The results herein illustrate that this phenomenon might indicate tgf absence of phase transitions iN&AG(CNJ]s
be general for coordination compounds of monovalent ions of near 80 .K' Therefore, it is not Ilkel_y th‘."‘t phase transitions are
the coinage metafs. Luminescence thermochromism in Cu(l) respons@le for thg .trer]ds shown in Flgures 3 and 4.
clusters such as Gu(py)s is indicated by the appearance of The third possibility is that the luminescence bands may be
emissions with markedly different visible colors at different fluorescence and phosphorescence and each component has a
temperature$.Some temperature changes in the [Ag(€N) dlfferent Femperature dependenge from the other. We rule out
systems occur between emission bands that are in the ultraviolethis Possibility because our data indicate that all luminescence
region (e.g., bands A and B), whereas all luminescence bandsPands observed for [Ag(CR)/KCI have excited-state lifetimes
for the Cu(l) clusters are in the visible region, which results in with microsecond va_lues (Table 1). Therefore, all luminescence
more marked color changes to the naked eye in the Cu(l) clustersP@nds A-D are assigned to phosphorescence of the relevant
compared to the [Ag(CNJ] systems. From a scientific point *[Ag(CN),], triplet exciplexes rather than fluorescence.
of view, however, the changes in the study herein are more The mechanism responsible for the temperature behavior of
dramatic. In the present study a major emission band at a certainthe luminescence bands in this study involves the transfer of
temperature is virtually absent at a different temperature (for excitation energy between excitons characteristic of clusters
example see band C in Figure 4). This is not the case in mostresponsible for individual emission bands. Nonradiative energy
solids of the Cu(l) clusters, in which the low-energy band transfer processes are known to be strongly dependent upon
remained stronger than the high-energy band even at lowtemperature. An increase in the intensity ratio of the LE/HE
temperatures at which the high-energy band becomes promi-luminescence bands upon increasing the temperature is a typical
nent* Moreover, the temperature changes in the present studybehavior of “normal” energy transfer processes due to the
occur for four emission bands, as opposed to only two emissionthermal nature of such processes. This is illustrated by the
bands for the Cu(l) clusters. increase in the relative intensities of the blue-green emissions
Multiple temperature-dependence trends have been observedn [Ag(CN)2"J/NaCl at the expense of the UV emissions as the
for the luminescence spectra of each crystal studied herein.temperature is increased from 12 to 80 K (Figure 3). On the
Therefore, more than one factor must be responsible for theother hand, the reduction in the intensity ratio of the LE/HE
temperature dependence observed. We shall discuss four poshands as temperature is increased between 80 K and ambient
sibilities that are normally used to explain changes in lumines- temperature does not follow this “normal” trend. “Back transfer”
cence bands as a result of temperature variation. The firstprocesses must, therefore, be responsible for this behavior of
possibility is that varying the temperature results in a change [Ag(CN)2"]/NaCl and [Ag(CN} ]/KCl above 80 K. Back
in Ag—Ag distances. Several studies have reported red shifts transfer refers to energy transfer from a lower-energy level to
of the luminescence bands of low-dimensional layered com- a higher-energy level. In this case, back transfer proceeds from
pounds upon cooling as a result of the thermal reduction of the energy levels characteristic of the lower-energy bands C
metal-metal distance&:92%34 However, in such cases rela- and D to those of the higher-energy bands A and B. Back
tively small red shifts within the same luminescence band are transfer is not favorable from thermodynamic considerations
normally observed upon cooling. For example, TI[Ag(GNgs because it is an endothermic process. In contrast, a “normal”
an emission band with a shape and energy similar to band C inenergy transfer process occurs from a higher-energy level to a
Table 1939The emission peak of TI[Ag(CN)undergoes ared  lower-energy level and is, thus, exothermic. Therefore, back
shift of only 500 cnt! upon cooling single crystals of the transfer processes require much higher activation energies than
compound from 195 to 10 R30 as a result of the thermal normal energy transfer processes. Consequently, such back
reduction of the Ag-Ag distance within the cluster responsible transfer mechanisms become important at high temperatures so
for the emission ban#p. Layered compounds that exhibit red as to surmount these high activation energies. For example,
shifts in their luminescence bands upon cooling normally exhibit Kambli and Gulel have reported that back transfer processes
a corresponding decrease of metaletal distances by no more  proceed at higher temperature than those needed for “normal”
than 0.1 A when the temperature is decreased from ambientenergy transfer processes in antiferromagnets such as GsMnX
temperature to near liquid helium temperat#e¥$:3¢ In Figures and RbMnX (X = ClI, Br).38 A similar result has been reported
3 and 4, however, we observe the disappearance of one bandecently for Y[Au(CN}]s.2° The efficiencies of back transfer

1. Temperature Dependence of the Luminescence Bands.
Since the [Ag(CN)~] monomer is not luminesceftall dicy-
anoargentate(l) emission bands must be due to silsiérer
interactions. An increase in metaietal interactions decreases
the energy of the absorption and emission bands for [AgidN)
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Figure 6. Kinetic model showing the major radiative and nonradiative
pathways responsible for luminescence thermochromism in the dicy- o L o
anoargentates(l). The major pathways are depicted at 12 K (). Also temperature m0n|t9r|ng the band B emission. (b) Cor_rected excitation
shown are additional pathways that occur as the temperature is increasedPectra of [AG(CNyJ/KCl versus temperature monitoring the band A
between 12 and 80 K (b) and between 80 K to ambient temperature €M!SSION:

(c). Solid single lines represent absorption, double lines represent

emission, and dashed lines represent nonradiative processes. Theontrolled only by direct excitation processes. We have estab-

symbols %", “k’, and “Q" represent rates of excitation, energy transfer, lished in ref 25 that the statistical probability is higher for
and quenching pathways, respectively. The symbdsdnd “T [Ag(CN); 1. clusters with a smaller number of ions (e.g., with
represent singlet and triplet states, respectively. n = 2) than those with a larger number of ions (e.g., with

processes also increase in the presence of phonon assistanc8) in the face-centered cubic alkali halide lattices. Therefore,
The high vibrational frequency of the cyanide group{50 w, > W, in Figure 6a. This explains the domination of the HE
cm™Y) provides strong phonon assistance for such back transferbands at 12 K (Figures 3 and 4). Upon increasing the
processes in the [Ag(CA)]/NaCl and [Ag(CN) ]/KCl crystals. temperature between 12 and 80 K, “normal” energy transfer
In a recent article, we have demonstrated that individual Processes become significaki (n Figure 6b). Consequently,
luminescence bands of [Ag(CN]/KC] are observed as a result the relative intensities of the LE bands increase (Figures 3 and
of direct excitation of a given [Ag(CNJ]. cluster as well as ~ 4)- As the temperature is increased further toward ambient
energy transfer from other [Ag(CB)], clusters?® On the basis temperature, two additional nonradiative processes compete with
of time-resolved emission spectra at 77 K, it was concluded ki (Figure 6c): “back” energy transfeks and nonradiative
that energy transfer proceeds from excitons characteristic of banddeexcitation Q: andQy). It is expected tha@, < Q; by virtue
A (as donors) to excitons responsible for band C (as acceptors).of the energy-gap la#%: Moreover, the complete quenching of
The relative importance of direct excitation versus energy the LE emission bands C and D at ambient temperature (Figures
transfer is a function of temperature. In the absence of major 3 and 4) suggests thé + Q) > k. Both of these factors
structural changes, the direct excitation pathway should not belead to a decrease of the relative intensity of the LE band
affected by temperature variation because this pathway is concomitant with an increase in the relative intensity of the HE
controlled by the statistical probabilities of the different bands upon increasing the temperature from 80 K toward
[Ag(CN), ] clusters. Energy transfer pathways, in contrast, are @mbient temperature.
strongly dependent on temperature. In Figure 6, we propose a Analysis of the luminescence excitation spectra provides
simplified kinetic model in an attempt to explain the complicated invaluable information about the mechanism of the excited-state
temperature trends of the luminescence spectra in the presenprocesses and allows us to check the validity of the kinetic
study. Although four luminescence bands are displayed by the model proposed in Figure 6. Figure 7a shows the excitation
mixed crystals in this study, the model in Figure 6 shows the spectra of a [Ag(CNy]/NaCl crystal versus temperature
electronic states of two species only for simplicity. Therefore, monitoring the band B emission. The lower-energy region of
the clusters responsible for the HE bands A and B are the excitation spectrd (> 240 nm) represents direct excitation
collectively represented by the electronic states on the left, while of band B oligomers, while the higher-energy regi@n<( 240
the clusters responsible for the LE bands C and D are nm) represents energy transfer from band A excitons (see Table
represented by the electronic states on the figjht. 1 and Figure 2). According to Figure 7a, the relative intensity
At very low temperatures (e.g., 12 K), energy transfer of the lower-energy peaks decreases with an increase in
processes are minimized and, hence, the luminescence idemperature from 12 to 80 K to 293 K. That is, direct excitation

Figure 7. (a) Corrected excitation spectra of [Ag(GN)NaCl versus
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becomes less important and “normal” energy transfer from the TABLE 2: Vibrational Level Analysis of the Resolved Peaks
higher-energy band A to the lower-energy band B becomes ain the Luminescence Band between 380 and 480 nm in

more dominant mechanism at high temperatures. According to Figure 5&°
the discussion above, “back” energy transfer becomes important v, et Ay, cmrt v—vg, CMT !
at temperatures above 80 K. Excitation spectra of band A versus  2.54x 10¢ 0
temperature are in support of this hypothesis. Figure 7b shows  2.44x 10* 9.31x 1 9.31x 10
the excitation spectra of a [Ag(CM)/KCI crystal versus 2.38x 10° 6.40x 107 1.57x 10°
temperature monitoring the band A emission. It is noticed that 2.29x 10¢ 8.74x 10 244> 10°
L . . . 2.22x 10 6.89x 1% 3.13x 10°
the relative intensity of the peak @260 nm is much higher at 216x 10¢ 6.25 % 107 376 % 10°
ambient temperature than at 80 K. Since this peak is due to 212 10 458 % 1R 4.22% 10°
energy transfer from the lower-energy band C to the higher- averageAv 703+ 174 cnt?t
energy band A, Figure 7b provides evidence that back transfer % std dev 24.8

is a valid mechanism between 80 K and ambient temperature.  aThe electronic origin is assumed to be the highest-energy peak (2.54
It is noted that the relative intensities of the higher-energy peaks x 10* cm2). ® Notation used in this tablev,, wavenumber of the
are stronger in both Figures 7a and 7b. This is due to the higherelectronic origin; Av, spacing between neighboring peaks;vo,
statistical probability of the dimers than the trimers in the alkali wavenumber difference between each peak and the electronic origin.
halide lattice?®> Therefore, we conclude that energy transfer is
the dominant mechanism for the observation of the luminescence At ambient temperature, one needs only to derive the time
characteristic of trimer oligomers at all temperatures and direct dependence of the band A emission because the lower-energy
excitation becomes less and less important with an increase inbands are quenched. Considering the additional processes shown
temperature. Meanwhile, direct excitation is the dominant in Figure 6¢c and assuming that > w,, we obtain
mechanism for the observation of the luminescence characteristic
of dimer oligomers at all temperatures and that back energy NA() = (W/[k+— K DI( kKt + k, +Q,) equ(rt) —
transfer becomes more and more important with an increase in _ _
temperature_ p (k + k2 + QZ) eXp(k t)] (3)
2. Kinetic ProcessesExcited state lifetime measurements
have been determined for the luminescence bands of thewherek* are constants given by eq 4:
dicyanoargentate(l) luminescence bands at 77 K and at ambient
temperature (Table 1). The results can be related to the kineticok*™ = —(Ky + kg + Ky + Q) + Q) £ [(ky + Ky — K, +
model shown in Figure 6. In this analysis we shall use the 2 2
lifetimes for bands A and C in relation to the states in Figure Q1 — Q)"+ k] ™ (4)
6 characteristic of the HE and LE emissions, respectively.
According to the model in Figure 6, the time dependence of ~ Equation 3 suggests that a monoexponential lifetime decay
the A and C emissions at 77 K can be described by eqs 1 andshould exist for band A at room temperature, in agreement with
2, respectively (see ref 25 for mathematical details): the experimental resultf = 5.3 us; see Table 1). However,
the equation also predicts the existence of a rise time, which
we have not seen with the gated microsecond detector. Finally,
the increase in the lifetime of band A from 2.8 at 77 K to
5.3us at ambient temperature is in support of the kinetic model,
which proposes the presence of the back transfer mechanism
in addition to direct excitation.
3. Analysis of Fine Structure. Another interesting feature
of the dependence of the luminescence on the excitation
wavelength is illustrated in Figure 5a for [Ag(CN})/NaCl. A

Na(t) = NA(0) exp({ks + ki}1)

Ne(t) = NAO)[Ky/ (k™ — ky — ky)][exp(—{k, + k}t) —
exp(—kPt)] + N(0) exp—{ k1) (2)

1)

whereNa(t) and Nc(t) represent the population of the excited
states characteristic of bands A and C, respectively, wdile
and kc represent the radiative decays of bands A and C, highly resolved emission spectrum of this system is obtained
respectively. when certain excitation wavelengths are selected (293 nm in
According to eq 1, band A decays exponentially with only Figure 5a), especially at low temperatures. Site-selective
one lifetime component, in agreement with the experimental spectroscopy is a well-known method that is used to improve
results ¢a = 2.8 us; see Table 1). The mechanism depicted in the resolution of the emission spectfa?* The resolved peaks
Figure 6, therefore, accurately describes the time dependencere normally characterized as vibronic structure that shows a
of band A emission at 77 K. On the other hand, eq 2 predicts progression of some vibrational modes in the luminescent
that band C has a rise time and two decay time components.species. This progression is normally analyzed by the classical
The rise time component of the band C emission should be equalFranck-Condon method or by the time-dependent theory of
in magnitude to the decay time of band A, according to eq 2. electronic and Raman spectroscopies, to gain information about
One of the two decay components of band C is due to the the assignment of the excited stdtédowever, the appearance

feeding mechanism from band A excitons=£ 1/k:®), and
the other component is due to direct excitation={ 1/kc®?).

of structured emission in Figure 5 is unusual and is unlikely
due to vibronic structure for two reasons. First, the dicyanoar-

Experimentally, band C has a virtual zero rise time and a dual gentate(l) emission has been characterized as an exciplex

lifetime decay with a slow component® = 64 us, due to
energy transfer from A, and a fast componeg® = 27 us,

emissiort Excimer and exciplex emissions are known to have
structureless luminescence baAdSecond, the spacing between

due to direct excitation. The magnitude of the fast component the individual peaks that appear in Figure 5 does not correspond

is significantly longer than the decay time of band A (29.

Therefore, the rate-determining step in the short time domain

to any dicyanoargentate(l) vibrational mode.
Table 2 shows a vibronic level analysis of the individual peaks

for band C is direct excitation, which explains the absence of a that appear in the luminescence band that extends between 380

rise time experimentally.

and 480 nm in Figure 5. In this analysis we assume that the
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electronic origin {g) is 2.54 x 10* cm™1, which corresponds  of the dihedral angle betweer? @nd 90 (15° increments)
to the highest-energy peak (394.0 nm). The resolved peaks havaesulted in a stepwise reduction in the total electronic energy
an average separatioli) of 703 & 174 cntl. The most with a total stabilization of 23.3 kJ/mol for the 9(staggered)

prominent vibrational mode for the [Ag(CMN)] ion (Dwp) is isomer relative to the O(eclipsed) isomer. Further calculations
the C-N symmetrical stretch near 2150 chf*®* The average have indicated that the HOMELUMO gaps for [Ag(CN}7]>
Av value of 703 cm? is much lower tharvc—y. Meanwhile, and [Ag(CN)~]s models are sensitive to the geometry and

the other [Ag(CN)] vibrational modes have energies below dihedral angle§.For example, the HOMGLUMO gap for the

400 cnt! (e.g., Ag-C stretching and the €N bending modes  staggered linear trimer is 2.8 10° cm™1 lower in energy than
occur near 360 and 250 cth respectively). Therefore, the 703 that for the corresponding eclipsed isomer. Meanwhile, the
cm~! value for theAv value is much higher than the energies eclipsed linear trimer has a HOM@.UMO gap that is 1.3%

of these modes. Vibronic progressions such as the “missing 10° cm™! lower in energy than that for the eclipsed angular
mode effect* have been reported in the literature in coordina- trimer. Therefore, one would expect different absorption and
tion compounds such as W(Cfyridine)*P and K[PtClg].44¢ emission energies for the variety of [Ag(CN); isomers that
However, for such progressions to occur a combination is do exist in the alkali halide lattice, with no particular constant
required between at least two vibrational modes that are closeenergy separation between the individual peaks representing
in frequency to each other. The missing mode will usually have these isomers.

an intermediate frequencg.For a missing mode effect to be 4. Effect of the Host Crystal. We wish to discuss in this

responsible for the structure in Figure 5, a combination of the section the similarities and differences in the luminescence
vc-n mode at 2150 cm' and the low-frequency modes 400 behavior of the dicyanoargentate(l) ions in the NaCl-doped
cm!) must exist because thev value of 703 cm* in Table 2 crystals versus the KCl-doped crystals. An example of the

is an intermediate value. The large difference in frequency sensitivity of the [Ag(CN)~] luminescence to the host crystal
between thevc-n mode and the low-frequency modes of s the appearance of the low-energy band D near 500 nm. This
[Ag(CN)."] precludes any coupling by the missing mode effect. hand appears with a reasonably strong intensity in the lumi-
Another unusual progression that has been reported is the “beahescence spectrum of [Ag(CN)/NaCl crystals (Figure 3) but
frequency” (e.g., in ruthenocen®y which corresponds to the s virtually absent in analogous [Ag(CNJ/KCI crystals with
energy difference between two modes. Obviously, the structuresimilar or even higher dopant concentration (Figure 4). The
in Figure 5 cannot be explained by a beat frequency becausedicyanoargentate(l) emission near 500 nm is assigned to
no two normal modes of [Ag(CN)] differ by 703 cn™. delocalized exciplexesThat is, the excitons that are responsible

The possibility that the structure in Figure 5 is caused by for this emission band are delocalized over a [Ag(€WN)cluster
F-center progressions (due to the alkali halide hosts) is ruled with a large ‘h” value. The HOMO-LUMO gap of this cluster
out because Figure 5b illustrates that the structure observed isepresents the convergence of the band gap of the [Ag(CN)
virtually independent of the type of alkali halide host (NaCl or homologues asri” increases. For two-dimensional solids such
KCI). In addition, the spacings observed herein do not cor- as dicyanoargentates(l), a good model for such a cluster is a
respond to the phonon energies of F-centers in NaCl or KCI. square-planar [Ag(CNJ]s pentamer. Delocalization over five
The effective phonon energies of F-center emissions in KCI monomer units is easier if the AgAg distances are shorter.
and NaCl have been reported as 0.0188 eV (151%rand Due to the high lattice energies of the alkali halide crystals, we
0.0243 eV (196 cmt), respectively*® Obviously, the spacings  assume that the AgAg distances in the [Ag(CNJ], species
observed in Figure 5 and Table 2 have much higher frequenciesin the doped crystals are the same as the intercationic distances
than these values for F-centers and, besides, have virtually thein these crystals. These distances are 4.51 and 4.00 A in KCI
same values for both NaCl and KCl, unlike the case for F-centersand NaCl, respectively. The corresponding areas of the square-
in these crystals. planar pentamers are 40.7 and 329ika KCl crystal and a

We propose that the different peaks within the same NacCl crystal, respectively. Consequently, the delocalization of
luminescence band correspond to different geometrical isomersa *[Ag(CN)2"]s exciton occurs more easily in a NaCl crystal
of the [Ag(CN)]n cluster that is responsible for the structured than in a KCI crystal due to the 8.7C?Amaller pentamer area
luminescence band. This is valid for both bands B and C, as in the former. One should point out that the presence of a
illustrated in Figure 5a. A statistical distribution analysis reveals [AJ(CN)z7]s is very disruptive to the alkali halide lattice, as
that the [Ag(CN)]s trimer has more than 25 possible geo- €videnced by the extremely large Stokes shift associated with
metrical isomers when doped in a KCI lattelhe same  band D (Table 1). In fact, we have noticed that doped KCI
argument applies for [Ag(CM)]s in NaCl because both KCl ~ crystals showing a strong D emission are slightly discolored.
and NaCl have the same space group. In our study of a varietyOther factors leading to the D emission, which include the
of [Ag(CN), "] species, we have observed the same type of irradiation history of the crystal, are under current investigation
structure shown in Figure 5 using certain excitation wave- in our laboratory.
lengths®” The energies of individual peaks within the same  The two types of doped crystals are similar in the individual
emission band are virtually unaffected by changing the host luminescence bands, despite the large difference in-Ag
lattice, the dopant concentration, or the temperature. Theseseparations. This is most likely due to excited-state interactions
factors have affected only the resolution and sometimes thein [Ag(CN),"], species. Such excited-state interactions have
relative intensities of the resolved peaks, but not their enefgies. little sensitivity to ground-state metaietal distances because
These experimental observations are in support of the afore-of exciplex formatior? In contrast, the most important factor
mentioned assignment of the structured emission. Electronicthat affects excited-state interactions in [Ag(GN) is the
structure calculations are also in support of this assignment. number of neighboring ionsn) and the geometry of the
Density-functional theory (DFT) calculations were carried out oligomer. Both NaCl and KCI have the same space group; hence,
at the B3LYP level using the LANL2DZ basis S€the results a given [Ag(CNY ], oligomer has the same geometry in both
show that the energy of a [Ag(CM). dimer is strongly crystals, which leads to the same luminescence bands, as
dependent on the dihedral angle between the two ions. Variationobserved experimentally.
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to the presence of multiple sites with slightly different local
symmetries because, like the case for band C, the energy
separations between individual peaks comprising the structured
emission of band B do not correspond to any of the normal
modes of the [Ag(CN)] ion.

Another interesting property of the crystals studied herein is
the observation of strong luminescence at ambient temperature.
The strong ambient-temperature luminescence is observed in
the UV region of band A with a maximum near 300 nm. Not
many UV lasers are available commercially at such short
wavelengths. For example, the Nd:YAG laser provides output
at 266 nm, but in order to obtain this wavelength, the energy
should be quadrupled from 1064 nm (which means diminished
intensity at 266 nm). Nitrogen lasers, on the other hand, provide
a single line at 337.1 nm, which limits the use of these lasers
in the case of species that do not absorb at this wavelength (for
example, N lasers are not useful for this study; see Figure 2).
Continuum sources such as xenon lamps have very low
intensities at wavelengths 300 nm. Mercury lamps provide
useful wavelengths in the UV region, but they are not continuum
Aexc=245 nm sourced?’ A photonic device that is based on the luminescence

Aexc=278 Nm

Aexc=251 nm

Aexc=269 nm

Aexc=227 nm

Intensity, arbitrary units

Aexc=238 nm

exc

. ; ‘ - of the mixed crystals in this study would not have these

T Y rem— T T

limitations. Such a device would provide strong intensities at
250 300 350 400 450 500 550 ambient temperature in the wavelength range-#75-325 nm
(Figure 4). Moreover, this wavelength range cantinged by

) i ) ) ) ] considering the ideas in this section as well as those discussed
Figure 8. Fine-tuningof the dicyanoargentate(l) luminescence obtained ;. refs 8 and 25.

by varying the excitation wavelength at 12 K in a single crystal of

Wavelength, nm

[Ag(CN),"J/KCI. It is important to note that dicyanoargentate(l) species display
ambient-temperature photoluminescence only in doped crystals
5. Exciplex Tuning by Temperature Variation. Tuning of such as the title crystals but not in pure crystals such as TI-

the dicyanoargentate(l) luminescence-8 000 cmil has been  [AG(CN)2] or KoNa[Ag(CN)]s.*” Self-quenching processes are
achieved by a Variety of methods such as site-selective excita_believed to be the reason for this observation. The excitonic
tion 8 changing the dopant concentratirand in this study by ~ €nergy is propagated between neighboring [Ag(CNjons
temperature variation in two host crystals. Exciplex tuning in Within the layered structure of the pure crystals until a crystal
the title crystals can be controlled to show eithearse tuning ~ defectis reached, which traps the excitation energy and quenches
or fine-tuning Coarse tuning is achieved in a single crystal by the luminescence. The concentration of the [Ag(€fNJons is
Varying the temperature between 12 K and ambient temperatureJOW in the alkali halide host Iattice, which diminishes self-
For example, Figure 4 shows that the strongest emission isduenching processes in doped crystals.

different at different temperatures: B at 12 K, C at 80 K, and

A at ambient temperature. Fine-tuning is achieved by varying Conclusions

the excitation wavelength at the same temperature. This controls

the profile of the spectrum and the exact position of the emission ~Remarkably rich luminescence behavior has been observed
maximum within the dominant emission band at that temper- in [Ag(CN)z"]/NaCl and [Ag(CN}"]/KCl-doped crystals. The
ature. Toillustrate, Figure 8 shows the emission spectra of [Ag- luminescence spectra are strongly affected by controlling the
(CN),"J/KCI at 12 K using different excitation wavelengths. temperature, excitation wavelength, and changing the alkali
Even small Changes in the excitation Wavelengths lead to halide host Crystal from KCI to NaCl. A Strong luminescence
Significant Changes in the emission profiie_ For exampie, if it thermochromism is observed in all the CryStals Studied, in which
is desired to obtain a narrow emission, one can carefully vary the strongest emission band is vastly different at different
the excitation Wave|ength in small increments. Figure 8 shows temperatures. A reversal of the relative intensities of the hlgh-
that changing the excitation wavelength from 227 to 238 nm €nergy/low-energy emissions has been observed twice in the
makes band B narrower, but a weak signal due to band C alsotemperature range of 12 K to ambient temperature. A kinetic
appears. A further increase in the excitation wavelength to 245 model has been proposed to explain the temperature dependence
nm makes band B narrower with no interference from band C. Of the luminescence bands. It is concluded that “normal” energy
If it is desired to obtain a wide range of luminescence energies, transfer pathways are responsible for the changes between 12
one can select an excitation wavelength that leads to more thar@nd 80 K, while “back” transfer pathways are responsible for
one luminescence band. For examp|e, Figure 8 shows thatthe Changes above 80 K. All Crystals studied exhibit extremely
changing/ey from 251 to 269 nm leads to a change in the large tunability of their excited-state energies (118 000
emission maximum from-300 to~330 nm. A further change ~ ¢m ), which make them promising for technological applica-
of Jexc 10 278 nm results in the observation of a continuous tions, such as the design of new tunable solid-state photonic
emission in the~290-500 nm range 15 000 cn? range). devices in the ultraviolet region.

These results have important implications for the design of

tunable solid-state photonic devices based on materials that have Acknowledgmentis made to the donors of the Petroleum
luminescence properties similar to those in the present study.Research Fund, administered by the American Chemical Society,
The structured emission shown in Figure 8 for band B is due for the support of this research.
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