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Single crystals of the layered compound K,Na[Ag(CN).]; exhibit a
dual emission with high-energy (HE) and low-energy (LE) phos-
phorescence bands at 313 and 402 nm, respectively. Remarkably,
the crystals exhibit “optical memory”, in which a new emission
band with intermediate energy (IE) at 380 nm is generated upon
laser irradiation (1ex = 266 nm) at cryogenic temperatures. The
irradiated crystals reinstate their original luminescence spectrum
upon heating to room temperature and then recooling. In addition
to these unusual “write/read/erase” changes, the crystals also
exhibit multistep luminescence thermochromism such that the LE/
HE intensity ratio increases between 17 and 80 K but then
decreases upon further heating. The unprecedented occurrence
of both novel phenomena in one compound has been related to
reversible photophysical changes instead of irreversible photo-
chemical changes.

part of it had been irradiatedFord and co-workers, on the
other hand, showed that the clusterslGiX, (L = aromatic
amine; X= halide) exhibit “luminescence thermochromism”
such that their luminescence color is reversibly altered with
temperature due to changes in the relative intensities of X
— L charge transfer and Gicluster-centered phosphores-
cence band$Here we show drastic reversible changes in
both aforementioned phenomena in single crystals of one
compound, KNa[Ag(CN),]s.

The synthesis and crystal growth ofMa[Ag(CN)]; were
performed by the reaction of a stoichiometric mixture of
NaCN, KCN, and AgCN in an aqueous suspension followed
by slow evaporation, following a published literature pro-
cedure’ The details of the luminescence experiments are
described elsewhefe.

Figure 1 shows the changes in luminescence spectra of
K2Na[Ag(CN)]s crystals upon irradiation. Prior to laser
irradiation, the crystals exhibit two emission bands with

Molecular materials that can exhibit reversible changes maxima at 313 and 402 nm, henceforth referred to as the

in their optical, magnetic, and/or electrical properties via HE (high energy) and LE (low energy) bands, respectively.
application of external stimuli are invaluable for many Following exposure to 266 nm laser light for 20 min, a new
applications. For example, data storage applications haveemission band at an intermediate energy (IE) is generated
been suggested for organic films that exhibit “write/read/ with a maximum at 380 nm. This is accompanied by a
erase” properties by redox switchirgnd for transition-metal  significant decrease in the intensity of the HE band, while
cluster complexes whose magnetic moments reverse sign bythe LE band becomes no longer discernible. Remarkably,
only slight changes in the applied field strengt@oordina-  the luminescence excitation spectra (see the Supporting
tion compounds of the 'l monovalent ions of group 11  Information) undergo no change in their profile as a result
constitute a promising class of molecular materials for the of this experiment, suggesting that the ground-state structure
aforementioned applications because of the remarkableof the crystals remains intact after irradiation. Hence, the
changes that they exhibit in their structure, bonding, and changes in the luminescence spectra are deemed photophysi-
optomagnetoelectronic properties upon population of their cal as opposed to photochemical in nature such that the
low-lying excited states. For example, Zink and co-workers structural changes resulting from irradiation last only for the

reported an “optical memory” effect for Cuand Cu/Ag™*-

dopedg-alumina, in which the crystal “remembers” which

lifetime of the excited states. Even more remarkable is that
the crystals exhibit full hysteresis of their original lumines-

* To whom correspondence should be addressed. E-mail: omary@unt.edu (3) (a) Hollingsworth, G.; Barrie, J. D.; Dunn, B.; Zink, JJl.Am. Chem.

(M.A.O.), howardp@maine.edu (H.H.P.).
T University of North Texas.
* University of Maine.

(1) For example, see: Kim, K. Y.; Hassenzahl, J. D.; Selby, T. D;
Szulczewski, G. J.; Blackstock, S. Chem. Mater2002 14, 1691.

(2) For example, see: Zhao, H.; ‘@e, R.; Sun, J.-S.; Ouyang, X.;
Clemente-Juan, J. M.; Gomez-Garcia, C. J.; Coronado, E.; Dunbar,

K. R. J. Solid State Chen2001, 159 281.

3798 Inorganic Chemistry, Vol. 46, No. 10, 2007

10.1021/ic070198p CCC: $37.00

Soc.1988 110, 6569. (b) Barrie, J. D.; Dunn, B.; Zink, J.J. Am.
Chem. Soc199Q 112 5701. (c) Barrie, J. D.; Dunn, B.; Hollingsworth,
G.; Zink, J. 1.J. Phys. Chem1989 93, 3958.

(4) For a review, see: Ford, P. C.; Cariati, E.; Bourassgh&ém. Re.
1999 99, 3625.

(5) Zabel, M.; Kihnel, S.; Range, K. Acta Crystallogr.1989 C45 1619.

(6) Hettiarachchi, S. R.; Patterson, H. H.; Omary, M.JAPhys. Chem
B 2003 107, 14249.

© 2007 American Chemical Society
Published on Web 04/13/2007



COMMUNICATION

Figure 1. Luminescence spectra obKa[Ag(CN)]s single crystals at 70

K before and after irradiation with 266 nm laser light. The results of a
repetition of the same experiment are shown after the same sample was
heated to room temperature and then cooled again to 70 K in the dark.

cence spectra after they are heated to ambient temperature

and then cooled. Another cycle of irradiation heating—

cooling generated the same remarkable changes with a full

recovery (Figure 1). Therefore, the “memory” effect exhib-

ited by the irradiated crystals is “erased” upon heating to

ambient temperature. These observations are reminiscent of , _

those in doped materials of%bystems reported by the Zink Q?n“g:r:t'ur (';_“m'”escence spectra ofzKa[AG(CN)Js single crystals vs

group inB-aluming& and by us in KCI matrixe$The optical

changes we report here have two important distinctions fromto a triplet LE state because both bands exhibit microsecond

the aforementioned precedents: (1) the active species are inifetimes at all temperatures (e.gssx = 5.3+ 0.1 and 20.8

single crystals of a pure material as opposed to being + 0.1us for HE and LE, respectively). Delayed fluorescence

impurities in doped crystals, and (2) a new excimeric band is also ruled out because such an emission usually exhibits

is generated upon irradiation instead of changes in existingthe same lifetime as the corresponding phosphorescence

luminescence bands as the situation was in both the Zinkwhile the emission bands here give rise to significantly

work and our previous work on doped crystals. different lifetimes at the same temperature and even different
Figure 2 shows the emission spectra GNR[Ag(CN)]s temperature dependence for each lifetime (see the Supporting

vs temperature. The excitation spectra yield maxima near Information for further lifetime data). Then we consider

290 and 250 nm regardless of thg, being monitored (see  thermal contraction of Ag-Ag distances. Although such

the Supporting Information). The temperature behavior of contractions are common for low-dimensional materials of

the two emission bands illustrates striking luminescence closed-shell transition metalghey usually lead to gradual

thermochromism that reverses its direction®0 K (Figure and small red shifts for the same band upon cooling, while

2). Thus, the LE/HE intensity ratio increases upon heating the changes here are in the relative intensities of two bands.

in the 17— 80 K range but decreases upon further heating. Another reasonable cause considered is a discrete structural

Multiple factors have been considered for the explanation change (phase transition) near 80 K, the temperature at which

of the striking changes in the luminescence spectraef K the direction of the luminescence thermochromism trend

Na[Ag(CN)]s crystals upon temperature variation. Although changes. However, this possibility is ruled out based on a

the ~7300 cm! energy separation between the HE and LE prior study for KsNa[Ag(CN)]s, in which no peak in the

bands is on the order of the-g splitting for the Ag ion’ specific heat data vs temperature was sé&remperature-

and although fluorescence and phosphorescence can both béependent neutron diffraction and Raman data suggest a

exhibited simultaneously ineicomplexes$,we rule out the

ihili i i i (8) Lee, Y. A;; McGarrah, J. E.; Lachicotte, R. J.; EisenbergJ.RAm.
possibility of intersystem crossing from a singlet HE state Chem. S062002 124 10662,
(9) For examples, see: (a) Gliemann, G.; YersinSHuct. Bondindl985
(7) Moore, C. EAtomic Energy Leels U.S. Department of Commerce, 62, 87. (b) Connick, W. B.; Henling, L. M.; Marsh, R. E.; Gray, H.
National Bureau of Standards: Washington, DC, 1958; Vol. IIl. B. Inorg. Chem.1996 35, 6261.
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monoclinic-to-pseudohexagonal gradual phase change but at
temperatures>220 K (at which the solid does not lumi-
nesce); this is a new type of phase transition reported for
the first time in ref 10. We adopt a change in the photo-
physical relaxation pathways between the HL and LE states
as the correct model for the luminescence thermochromic
changes. To further characterize this kinetic model, we have
analyzed the changes in the intensity ratios (relative peak
areas) with temperature and found that they follow an
exponential behavior. Therefore, Arrhenius plots of In-
(intensity ratio) vs IT give linear behavior with good
correlation R?2 = 0.997), from which an activation energy
(Es) of 268 cnt! is calculated for the HE= LE forward
relaxation up to 80 K. Similar plots for the L& HE reverse
relaxation above 80 K givB? andE;, values that depend on
the upper temperature limit. Thus, we obtdgh = 0.982
andE, = 326 cm'? for the entire 86-190 K data, while a
better fit (> = 0.998) withE, = 242 cm! is obtained when

bocause of lese competiion by multphonon deexcitaion o =, 2. T AG-Ag bonding in the proposed excited-siate
P y P structure is localized on excimeric clusters that are separated

the ground state because such a process becomes Mo om one another, as opposed to having a uniform delocalized

?rgm'mc;ingghig ;‘?T‘%er_rzggfs'Siza?g'sas;nllistsur?égfnenizi%ompression of Ag-Ag distances in all complexes in each
9y 9 9y two-dimensional sheet. Each of the HE, LE, and IE emission

EI[]hg":]énse;:?; r?g:gr;arfe?;tr)?eligvrﬂé t?'%zrfg?g:gtg:z;'on bands is, therefore, assigned to a different excimeric cluster
i the around state than the HE bandp (Energy Gap Law with characteristic #", geometry, and/or conformation.
9 dy >ap While the identity of the exact excimeric species responsible

considerations), W.h'Ch s likely a contrlbut_lng factor n the for each emission cannot be definitively assigned without a
reversal of the luminescence thermochromism in the highest- . : -
direct excited-state structural study, the structures in Figure

temperature range. Itis surprising, however, thaBhealue 3 are consistent with those in our previous investigations,

Ijoi][f;?:nlc_(fé tvvtaEerl?rtcr)\ZelisE ';nglﬁghsiggotgggﬁ]s (\e/\r;eergy which suggest that the relative emission energies follow the
) order: linear trimer< bent trimer < dimer®!? It is not

g::ocﬂ?ii)tmh?Ltehsgss:';“grn;;icﬁigizgg?gsﬁ)ggze;‘f tise unusual that oligomeric MM-bonded excimeric species are
responsible for the emission in &°dsolid material with

g?;i:ﬁlcg:gjmas.t;ﬁ gf tc;]c;mﬁé rgﬁg LCIlEJ rg:nglrsoizsz:r(])%sail;ttehnet packing due to extended ™M intermolecular interactions.
Indeed, Coppens and co-workers have shown via time-

with the spectral observation that the excitation spectra resolved X-ray diffraction that discrete dimeric species are

monitoring either emission are rather similar (Figure S2 in : .
the Supporting Information). The lof, values above-¢300 responsible for the phosphorescence of a trinucledr Cu
upporting Information). values abover complex that packs with extended G«Cu interactions in

g ; .
cm ) are easily surmountable, even by some single phononsthe ground stat& Thus, the model in Figure 3 is reasonable.

::ttehrlgssti);stesm (et.gz;c_g ~2300 %ml)’ V\éh'Ch facilitates the In summary, remarkable luminescence changes have been
g spectral ¢ gng.es ° sgrve ' observed for the layered compoungN&[Ag(CN),]s involv-

The unstructured emission profile, even for crystals at 17 ing “optical memory” and luminescence thermochromic
K, and the large separation from the excitation bands, changes. Because these phenomena occur reversibly in pure
combined with the general band assignments that we nqoped) crystals of one compound, potential applications
established in numerous publications for [Ag(@N)materi-  j, gata storage and temperature sensing are anticipated for

als*?lead us to assign the emission bands eN&[Ag- K2Na[Ag(CN)]s and similar compounds we are pursuing

Figure 3. Proposed model for the changes in the molecular structure of
Ag clusters in the relevant electronic states upon irradiation and temperature
variation of KaNa[Ag(CN)]s crystals.

(CN).]s crystals to excimeric *[Ag(CNy ], clusters withn
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that behave likewise.
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