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Tunable Energy Transfer from Dicyanoaurate(l) and Dicyanoargentate(l) Donor lons to
Terbium(lll) Acceptor lons in Pure Crystals
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A temperature-dependent photoluminescence study is reported for single crystals of M[Au(&id) M[Ag-
(CN)2]z (M = Th; Gd; Y). The results indicate that in both Th[Au(GlN)and Tb[Ag(CN}]3 exclusive excitation

of the donor leads to sensitized luminescence for the acceptor, characteristi€df theF; (J = 0—6) transition

of Tb(lll). However, the sensitized luminescence is much stronger in Tb[Ag{etan in Tb[Au(CN}]z due to

a larger spectral overlap between the [Ag(&N)emission and the Tb(lll) absorption. Upon increasing the
temperature, energy transfer is enhanced in Tbh[AgENyut inhibited in Tb[Au(CN)]s. In Tb[Ag(CN)]s, a
large spectral overlap exists between the [Ag(£€Nyonor emission and the Tb(lll) acceptor absorption at all
temperatures. The Th(lll) sensitized emission is strong at all temperatures and is enhanced upon a temperature
increase while the [Ag(CNJ] emission is quenched. An activation energy of 53.7 €if®=2.5 cn1?) has been
calculated for the energy transfer process in Th[Ag(&4N)n Tb[Au(CN),]s, the Tb(lll) sensitized luminescence
decreases upon increasing the temperature. The [Ay(CHission is strong and does not undergo a complete
quenching as the temperature increases toward room temperature. The [AJ(€MN)ssion undergoes a red
shift upon cooling, which leads to an increased spectral overlap witPCthe> “Fg absorption band of Tb(lll);
thus energy transfer imnedby controlling the temperature. The sensitized luminescence intensity of Th(lll) in
Tb[Au(CN),]3 is directly proportional to the numerical value of the donacceptor spectral overlap, in agreement
with the theory of radiationless energy transfer.

Introduction the molecular and electronic structures of these systems, or to
assess their potential use as solid-state photonic de\fidém

The area of energy transfer involving lanthanide ions has hf lid-stat terial taining lanthanide i
intrigued chemists, physicists, materials scientists, and biochem-S€arch for new solid-state materials containing lanthaniae 1ons

ists due to the large number of applications in their respective IS th_e gtpal ff Lnanly ggé/ancements in the laser and telecom-
disciplinest~* Lanthanide ions have been used to “probe” many munica 'or_] e_c nologies. o
structural and analytical problems such as the determination of ~Of Special importance has been the study of lanthanide ion

local symmetries in crystalline inorganic materi#satalysis®® complexes.of low-dimensional If_:lyered inorganic solids, due to
probing the structure of biological macromolectfemnd im- the interesting structural and optical properties of these systems.
munoassay using time-resolved luminescehte.inorganic Examples include the sensitized luminescence from lanthanide

systems, lanthanide ions have been used with pure or dopedOns N complexes of uranyl phosphates and tetracyanoplatinates-
solids of oxide&8and inorganic salfsin order to understand ~ (I)-*> Our group has been studying the structure and spectros-
copy of dicyano coordination compounds of Ag(l) and Ad¢)°

 Department of Chemistry. These compounds exhibit an unusual structure that consists of

¥ Present address: Department of Chemistry, Texas A&M University, [Ag(CN),~] or [Au(CN),] layers alternating with layers of the
College Station, TX 77843.
§ Department of Physics and Astronomy.
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M"" counterions (e.g., Tl Cst, C&", Ln®").1314The spectro- Table 1. Emission Bands of the Dicyanoargentates(l),
scopic properties of dicyanoaurate(l) and dicyanoargentate(l) Picyanoaurates(l), and Terbium (Iif)
compounds are largely determined by the extent of Au and [Ag(CN); 1band$  [Au(CN), ] band$ Th(lll) bands

Ag—Ag interactions>" the existence of which leads to large  ; en 1™ assigh. Ane™ nm _ assign. Ame™ nm  assign.
red shifts in the absorption and luminescence energies relative

. . . . 285-300 A 3006-315 | 491 D4 — "Fs
to the corresponding monomer band energies seen in dilute 395 337 g3 326-355 |l 543 5D, — Fs
solutions. 340-360 B2 376-395 I 584 Dy —7F4

Energy transfer from dicyanoaurates(l) and dicyanoargentates- 390-430  C 426-450 IV 620 "Dy 7Fs
(1), as donors, to lanthanide ion acceptors such as Et{Hhd 490-530 D ggg_gig \\2 gg’g 584: 7E2
Dy(Ill) ¢ has been studied in our group. More recently, the 677 Di—TF

application of high pressure at low temperature has been reported

to “tur.1.e" the energy transfer process .|n EU[AQ(QE?(,) The “n” and/or different geometry. Designations follow ref EBased on
tunability of energy transfer to lanthanide ions is an important ,qf 15p ¢ Assigned to *[Au(CN) 1, (n = 2) with different “n” and/or
aspect for the design of new solid-state systems for technologicaldifferent geometry. Designations follow ref 132Based on this work.
purposes. Therefore, it is desirable to come up with strategies

for the synthesis of new materials in which energy transfer is Experimental Section

tuned to enhance the sensitized luminescence of the lanthanide Crystals of M[AG(CN)]s (M = Tb: Gd) were prepared by slow

!ons. The tert_)lum (l_”) lon is a good candidate as the acceptor evaporation at ambient temperature of solutions prepared by the addition
in new materials with tunable energy transfer because one of ot gtichiometric amounts of M(Ng to aqueous solutions of K[Ag-

the distinctive features of Th(lll) is the presence of absorption (cN),]. Crystals of M[AU(CNY]s (M = Tb; Y) were prepared in a
peaks over a very wide range of energy in the UV and visible similar manner from MGland K[Au(CN)] solutions. Photolumines-
regions (26x 10° to 42 x 10° cm™%; 20 x 10° to 21 x 10° cence spectra were recorded with a Model QuantaMaster-1046 fluo-
cm™Y). Sensitization of th€D, — “F; emission of Th(lll) can rescence spectrophotometer from Photon Technology International, PTI.
occur via energy transfer from strongly absorbing donors that The instrument is equipped with two excitation monochromators and
exhibit near-UV or blue-visible luminescence, due to the spectral & 7> W xenon lamp. The spectra were recorded for crystalline samples

- . . as a function of temperature between 10 K and room temperature.
overlap with the Th(lll) absorptioft: Dicyanoargentates() and Liquid helium was used as the coolant in a model LT-3-110 Heli-Tran

dicyanoaurates(l) are good candidates as donors for Tb(Ill) cryogenic liquid transfer system, equipped with a temperature controller,
because their luminescence energies occur over a wide rangérom Air Products. The excitation spectra were corrected for spectral
in the UV and visible regions. For example, our group has variations in the lamp intensity by dividing the raw data by the
recently reported that single crystals of KCI doped with excitation spectrum of the quantum counter rhodamingd € 635
[Ag(CN)2] exhibit tunable luminescence over the £6103 to nm). Lifetime measurements were performed using a Nanolase diode-
35 x 10 cm! range due to the formation of different pumped solid-state laser. The laser is frequency doubled twice to give

% _ . . . an output of 0.43 ns pulses at 266 nm with a repetition rate of 8.1
[Ag(CN)2"]n luminescent excimers and exciplexés. kHz. The detection system was composed of a McPherson model 2051

Inthe present investigation we report a temperature-dependeninonochromator with a Hamamatsu R1463 photomultiplier and a
photoluminescence study to characterize energy transfer in purePrinceton Applied Research model 115 wide-band preamplifier. The
crystals of Th[Ag(CN)]s and Tb[Au(CN}]s. The factors that  data were collected using a LeCroy 9310 400 MHz digital oscilloscope.
affect the energy transfer efficiency from [Ag(CN) and The decays were averaged over 500 sweeps on the oscilloscope and
[AU(CN),] to Th(lll) in these systems are discussed. analyzed using MATLAB version 5.

Results and Discussion

aBased on ref 172 Assigned to *[Ag(CN)]» (n = 2) with different

(13) (a) Omary, M. A.; Webb, T. R.; Assefa, Z.; Shankle, G. E.; Patterson,

H. H. Inorg. Chem.1998 37, 1380. (b) Range, K. J.; Kanel, S.; 1. Electronic Structures of the Cations and Anions.The
Zabel, M.Acta Crystallogr.1989 C45, 1419. (c) Zabel, M.; Kbnel, ; ; ;
S.; Range, K. JActa Crystallogr.1989 C45, 1619. (d) Hoard, J. L. energ%/ Ievel.s of di)ﬁyanogurats(l) ang dlcya_no_argentate(l) Sp?mﬁs
Z. Kristallogr. 1933 84, 231. Staritzky, EAnal. Chem.1956 28, are shown in Table 1, based on the emission energies of the
419. (e) Range, K. J.; Zabel, M.; Meyer, H.; FischerZHNaturforsch. [AU(CN), 7], and [Ag(CN) ], clusters reported elsewhelfel’

1985 40B, 618. () Hoskins, B. F.; Robson, R.; Scarlett, N. V. X. The luminescence bands of Tb(lll) obtained in this work are

Chem. Soc., Chem. Commur994 2025.

(14) (a) Rosenzweig, A.: Cramer, D. Acta Crystallogr.1959 12, 709. also included in Table 1 The lowest-energy excited states of
(b) Blom, N.; Ludi, A.; Birgi, H.-B.; Tichy, K. Acta Crystallogr.1984 the Gd(lll) and Y(IIl) cations used are32 x 10°cm™* (~310
C40, 1770. nm) and 43x 10% cm! (~230 nm), respectively, based on

(15) g’}?g fni‘é"r?;gt?oenh'oofrﬁr(yég; :ﬁ;d 3&%}—“"@@ irf’%“jﬁ%?{ v|-i|é H. published values of the atomic energy levels for these catfons.

Ground-State Aurophilic and Argentophilic Bonding. Am. Chem. The luminescence bands of the dicyanoaurate(l) and dicy-
Soc.,in press. (b) Rawashdeh-Omary, M. A. Ph.D. Thesis, Graduate anoargentate(l) ions have been characterized as due to the

School, University of Maine, 1999. (c) Nagle, J. K.; LaCasce, J. H., i i ;
3r Dolan, P. J. Jr.: Corson. M. R.: Assefa, Z.. Patterson, Haol. formation of the metatmetal bonded excimers and exciplexes

Cryst. Lig. Cryst.199q 181, 359. (d) Patterson, H. H.; Roper, G.; IM(CN)27]n (M = Au, Ag) with different numbers of
Biscoe, J.; Ludi, A.; Blom, NJ. Lumin.1984 31/32, 555. (e) Markert, neighboring ionsrf) and/or geometry?17 The luminescence
J. T.; Blom, N.; Roper, G.; Perregaux, A. D.; Nagasundaram, N.; pands characteristic of these excimers and exciplexes are

Corson, M. R.; Ludi, A.; Nagle, J. K.; Patterson, H. Ehem. Phys. ‘g - . .
Lett. 1985 118 258. (f) LaCasce, J. H., Jr.; Tumer, W. A.; Corson, distinguished by their broadness even at cryogenic temperatures,

M. R.; Dolan, P. J., Jr.; Nagle, J. IChem. Phys1987 118 289. their large Stokes shifts, and red shifts from the corresponding
(16) Omary, M. A.; Patterson, H. Hnorg. Chem.1998 37, 1060. monomer bands. The broadness and large Stokes shifts are due

&8 2;22% O Ay patterson Pl B ?anCEelmR. g{?}%%%?}ééq gﬁg& to the largely distorted excimer and exciplex excited states. The

1994 33, 2187.

(19) Assefa, Z.; Patterson, H. thorg. Chem 1994 33, 6195. (22) (a) Martin, W. C.; Zalubas, R.; Hagan, Atomic Energy Leels—
(20) Yersin, H.; Tfunbach, D.; Strasser, J.; Patterson, H. H.; Assefa, Z. The Rare Earth Elementdlat. Bur. Stand.: Washington, 1978. (b)
Inorg. Chem.1998 37, 3209. Chang, N. CJ. Appl. Phys1963 34, 3500. (c) Wickersheim, K. A.;

(21) Richardson, F. SChem. Re. 1982 82, 541. Lefever, R. A.J. Opt. Soc. Am1961, 51, 1147.
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Figure 1. Emission spectra of Gd[Ag(CM} as a function of 250 300 350 400 450
temperature using 260 nm excitation. Wavelength, nm

Figure 2. Spectral overlap between the [Ag(GN) donor emission
low energies are due to the oligomerization of [M(GN)ions in Th[Ag(CN),]s at 20 K and the Th(lll) excitation in Th&l The
as a result of excited-state MM bonding, which leads to a  excitation wavelengths used for the donor emission bands shown are
reduction in the value of the HOMELUMO gap from the value 245, 290, and 337 nm, respectively (left to right). The deramceptor
for the corresponding monomer. The assignment of the lumi- spectral overlap is shown in the region between the vertical dashed
nescence bands of dicyanoaurate(l) and dicyanoargentate(l) ioné'nes'
in Table 1 is based on many spectroscopic studies of these ion
in a variety of pure crystals, doped crystals, and solutién’s.
On the other hand, the narrow luminescence bands of the rare
earth ion Th(lll) are due to th#d, — “F; (J = 0—6) transitions
2. Energy Transfer between [Ag(CN)~] and Th(lll). The

ﬁower-energy [Ag(CN)~] bands. The change of the relative
intensity of the B1 and B2 [Ag(CN)] bands as a function of
temperature is due to energy transfer processes between the
[Ag(CN)21n clusters characteristic of these barfls.

The Tb[Ag(CN}]s compound displays a strong sensitized

luminescence properties of the [Ag(CN) donor ions are . :
represented by GA[Ag(CH}. The excitation spectra of a single  lUminescence for Th(lll) at all temperatures studied{260
K). All emission lines for theéD, — F; (J = 0—6) transition

crystal of Gd[Ag(CN3}]s show broad excitation bands in the )

250-330 nm range. Figure 1 shows the emission spectra as a°f TP(Il) have been observed. The data shown in Table 1 for
function of temperature using 260 nm excitation. Three emission € Tb(Il) emission bands are taken from the emission spectra
bands are evident in Figure 1 at ca. 310, 325, and 350 nm,©f TPIAG(CN)]s in the Tb(ll) emission region at 10 K and

respectively. The full-width at half-maximum (fwhm) is700 using 300 nm excitation. The energies and relative intensities
cm1 for the 310 nm band compared with a fwhm value of of the Th(lll) luminescence lines obtained are consistent with
~1300 cn1? for the 350 nm band. The bandwidth of the 310 the literature data® o

nm band is inconsistent with the emission bands of silver The efficiency of energy transfer is linearly dependent on
dicyanide species, which are broad due to excimer/exciplex the magnitude of the spectral overlap between the donor
formation!” Meanwhile, the energy level diagram of gadolin- €mission and the acceptor absorption. It has been established
ium(I11) indicates that the lowest excited state has an energy of that the energy transfer ratdp-a, is governed by the
~32.3 x 10° cm™1, which corresponds te:310 nm. Therefore, expressioff

we assign the 310 nm emission seen in Figure 1 t¢Rhe —

8Sy/z_transition in Gd(lll). This assignment is consistent with Po_a = F(R)f|o(‘7) ex(V) dv 1)

the literature?® The 325 and 350 nm emissions are due to bands

B1 and B2, respectively, of si.lver dicyanide §pecies (Table l.)' where the integral represents the spectral overlap between the
These bands have been assigned to two different geometricaly emissionip(v), and the acceptor absorptian,(v). The

I i i 17
'iomézls _Ofl th? trimer egmp(ljexl_ *[Ac‘jg_(c_lwgf' 1The ogwer d factor F(R) is dependent on the intermolecular distance between
[Ag(CN)2"] luminescence bands listed in Table 1 were observe the donor and acceptor centers and is governed by the relevant

in Gd[Ag(CN)]s by controlling the excitation wavelength. energy transfer mechanism such as thasts multipole

Hovyever, bands B1 and B2 were th? sf[rongest. mechanisr# or the Dexter exchange mechanidhfigure 2
~ Figure 1 shows that the 310 nm emission of Gd(lll) de‘?reasesillustrates the large spectral overlap between the [Ag(CN)
in intensity as the temperature increases. In fact, this peak gonor emission and the Th(lll) acceptor absorption. The different

disappears completely &t> 100 K. Figure 1 shows that band [Ag(CN), ] emission bands were obtained using different
B1 becomes a less-defined shoulder as the temperature increases,

W.hICh makes band B2 the prominent [Ag(GN) emISSIQn at (24) Rawashdeh-Omary, M. A.; Omary, M. A.; Shankle, G. E.; Patterson,
high temperatures. The decrease of the overall luminescence™ * 'y 3 phys. Chem. R00Q 104 6143.

intensity of Gd[Ag(CN)]z as the temperature increases, as (25) Binzli, J.-C. G.; Choppin, G. R.anthanide Probes in LifeChemical
shown in Figure 1, is due to the nonradiative deexcitation and Earth Science£lsevier: Amsterdam, 1989.

. . 26) Reisfeld, RStruct. Bonding (Berlin}l976 30, 65.
processes to the ground state. An increase in temperature als 7) Wayne, R. PPrinciples and Applications of Photochemist@xford

leads to phonon-assisted relaxation processes between the energy = University Press: Oxford, 1988; Chapter 5.
levels of the luminescent species. This leads to a decrease in28) Cowan, D. O.; Drisko, R. LElements of Organic Photochemistry

A ; feci : Plenum Press: New York, 1976; Chapter 6.
the relative intensity of the Gd(lll) emission with respect to the (29) Adamson, A. W.: Fleischauer, P. Doncepts of Inorganic Photo-

chemistry Wiley-Interscience: New York, 1975; pp #27.

(23) (a) Pearson, A. D.; Peterson, G.Appl. Phys. Lett1964 5, 222. (b) (30) Faster, T.Fluoreszenz Organischer Verbindung®andenhoeck und
Reisfeld, R.; Greenberg, E.; Velapoldi, R.; Barnett)JBChem. Phys. Ruprecht: Gtingen, Germany, 1951.
1972 56, 1698. (31) Dexter, D. L.J. Chem. Phys1953 21, 836.
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Figure 3. Comparison of the corrected excitation spectra of the Th- P
(1) emission @em = 543 nm) in Tbh[Ag(CN)]; (bottom) and the
[Ag(CN)27] emission fem = 350 nm) in GA[Ag(CNJ]s (top) at 10 K.
excitation wavelengths (see Table 1 for the assignment). A /\ 10K . . |

L Y T T T T T T

strikingly large spectral overlap of the donor emission with the 320 360 400 440 480 520 560

acceptor absorption is quite evident in Figure 2. This spectral
overlap occurs over a rather broad spectral range due to the Wavelength, nm
several emission centers of the [Ag(GN)donor that coincide Figure 4. Emission spectra of Tb[Ag(CM)y as a function of
with the absorption bands of the acceptor. These emissiontemperature using 310 nm excitation.
centers are attributed to different excited-state oligomers (ex-
ciplexes) of *[Ag(CN)], species’ The spectra shown in
Figure 2 indicate a high value for the integral representing the
spectral overlap between the donor emissigyty), and the
acceptor absorptiora(¥), in eq 1.

In Figure 3, the excitation peak of Tb[Ag(CH) monitoring
the Tb(lll) emission is shown to have a shape and energy similar
to those of the excitation peak of GA[Ag(CGli§) monitoring the
[Ag(CN)2] emission. It is well-known that the increased
intensity of the excitation profile of the rare earth ion lumines-
cence in the region of the excitation peak of the donor is
indicative of energy transfer. This method has been used to
confirm the presence of energy transfer in many biochemi-
caP132-37 gand inorganic systeni§:3¢-40 The enhancement of
the excitation bands of the Th(lll) sensitized luminescence in ! . . . -
Tb[AG(CN)2]s can be realized by comparing the excitation Iummesc&ance is an |II.ustrat|on of efficient energy transfer from
spectra of Th[Ag(CNys in Figure 3 with the excitation spectrum [A(CN)2"] to Th(lll) in THIAG(CN)2]s.

of solid ThCk (Figure 2). It is clear that the Th(lll) emissionis T i9ure 4 shows that as the temperature is increased toward
enhanced in the region of the excitation spectrum that corre- "00M temperature, the Th(lll) acceptor emission is enhanced

dually while the [Ag(CN)'] emission becomes totally
sponds to the [Ag(CNJ] donor. gra
We have studied the temperature dependence of the Tb[Ag_quenched. The temperature dependence for the Tb[AGIEN)

(CN);]s luminescence using different excitation wavelengths. _emission show_n in Figure 4 is an i_ndication that energy trans_fer
Figure 4 shows the emission spectra versus temperature of Tb!S enha_ncgd V.V'th a temperature increase. Table 2 summarizes
[Ag(CN);]3 using 310 nm excitation. The enhancement of the the.emlssmn.lntensny data VErsus tgmpergture using 310 nm
acceptor emission concomitant with the quenching of the donor excitation. It is noted that the intensity ratio of the acceptor/

emission has been used as evidence for the presence of energ Qgﬁ;fi?ésﬁéosnﬁgcgeﬁfngéﬁ?;ﬁgﬁas %;ugcgggr:em&egﬁgs
transfer in many previous studiés:1®.21.41 Efficient energy Ml N : upon excriation wi

_ . h wavelengths in the range of the [Ag(CN) absorption. The
transfer from [Ag(CNy'] to Th(lll) in TbIAG(CN)z]s is observation of temperature-activated enhancement in the Thb-
(Il1) emission up to room temperature indicates that the energy

Table 2. Emission Intensity Ratio of the Acceptor/Donor in
Tb[Ag(CN).]s as a Function of Temperatidre

T,K 10 37 56 83 100 165 202 240 268 294
I[Th3Y/I([Ag]) 2.13 3.44 6.48 12.0 17.3 41.6 68.8 100 175 244

aBased on the peak heights of the Tb(lll) emission band 481
nm and the major [Ag(CNJ] emission band at~330 nm.

expected, therefore, to result in a strong luminescence in the
Tb(ll) region concomitant with a quenching of the [Ag(CN)
luminescence. The emission spectra of Th[Ag(gNat 10 K
using different excitation wavelengths show that, overall, the
[Ag(CN)2~] emission is much weaker than the Tb(Ill) emission.
Dicyanoargentate(l) species are strong emitters at cryogenic
temperature$®1” The quenching of this otherwise strong

(32) Monasterio, O.; Acoria, M.; az, M. A.; Lagos, RArch. Biochem.

Biophys.1993 300, 582. transfer process competes favorably with the nonradiative decay
(33) Sherry, A. D.; Au-Young, S.; Cottam, G. Arch. Biochem. Biophys.  of the excitation energy of the donor. That is, the energy transfer
34) }:?J)galrﬁgnzﬁg Hess. G. P Eldefrawi. A T. Eldefrawi. M. E rate is greater th_an_the ra_te of the thermal nonra(_jiative _decay

Biochem. Biophys. Res. Commas76 68, 56. * 7 7 of the donor excitation to its ground state. Assuming a simple
(35) Luk, C. K.Biochemistry1971, 10, 2838. two-level system as the phenomenological model for energy
(36) zRighardson, C. E.; Behnke, W. Biochim. Biophys. Acta978 534 transfer from [Ag(CN)~] donors to the Th(lll) acceptor, it is
(37) R?néer, D. P.; Etheredge, J. L.; Dalrymple, B. L.; Niedbalski, J. S. possible to e\_/all'_'ate th_e energy transfer ratgs in Tb[Ag_ﬂf;}N)

Biochem. Biophys. Res. Commu©890Q 168 267. from the relative intensity of the acceptor emissighquantita-
(38) Blasse, G.; Bokkers, G.; Dirksen, G.; BrixnerJ.Solid State Chem.  tive analysis of the data has revealed an exponential increase
(39) 1cgh8§‘ngeo',\fcg’i Appl. Phys1963 34, 3500. of the energy }ransfgr rate as temperature increases. If the Tb-
(40) de Hair, J. T. WJ. Lumin. 1979 18/19, 797. (1) emission intensity is determined only by energy transfer,

(41) Horrocks, W. DeW., Jr.; Albin, MProg. Inorg. Chem1984 31, 1. the energy transfer rate can be obtained by an Arrhenius equation
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Table 3. Lifetimes for the Tb(lll) Emission at 491 nm as a

. 5.0
Function of Temperature for Tb[Ag(CH} and Tb[Au(CN})]s '§ 1
temp (K) lifetime {s) g 407
Tb[Ag(CN)2]s 80 320(20) £ .,
130 350(10) ]
200 380(10) Z
TO[AU(CN)]s 80 500(40) LRSS
170 370(20) =]
2 1.0 1
of the form & “
= 0.0 T 1 t t f T ¥
ker(T) = (Kept—w EXPES/RT) @) 250 300 350 400 450 500

Wavelength, nm

. : Figure 5. Comparison between the corrected excitation spectra of Th-
where ker is the energy transfer raté, is the energy of [AuCN);]5 at 10 K monitoring the Tb(lll) emissioMfax = 588 nm,

activation for the transfer process, aRds the gas constant.  pottom) and the [AUCN)] emiSSion fmax = 440 nm, top).
The value ofkgr at a given temperature is proportional to the
relative emission intensity of Th(lll) at that temperatulg,{
(). A plot of In I1,(T) vs 1T should give a straight line if
energy transfer is the only mechanism responsible for the Tb-
(1) intensity. An Arrhenius plot monitoring the 490 nm line
has given a reasonably good linear R & 0.989). The equation
of the straight line obtained (lhgonm= —77.249T + 14.213)
leads to an activation energy of 53.7 th(4-2.5 cnt?). Similar
calculations of the activation energy to rare-earth ions have been
reported for antiferromagnets of ¥n*? dicyanoaurates(i
and tetracyanoplatinates(ff).

The temperature dependence of energy transfer in Th[Ag-
(CN);]s can be explained in terms of an exciton model. The

Intensity, arbitrary units

equilibrium geometry of the excited state of the *[Ag(GN, 10K
donor species is markedly different from the corresponding 110 K
ground-state equilibrium geometry. This is true because of

exciplex formation in dicyanoargentate(l) species, which leads M

to large reductions in the equilibrium AgAg distances in the 200K
excited states relative to the ground states. As a result, the 285 K
excitation energy of the excited donor undergoes significant At
lattice relaxation before energy transfer takes place. This leads 350 400 450 500 550 600 650 700
to the localization of the resulting electronic states to a few Wavelength, nm

linear [Ag(CN)™] ions in a given layer, as opposed t0 the gigyre 6. Emission spectra of To[AUCM as a function of temper-
delocalization of the exciton over all the [Ag(CN] ions in ature using 350 nm excitation.

the layer. This process is reminiscent of the so-called “self-

trapping” process that has been well established in the intensity of the Tb(lll) emissions with increasing temperature.
tetracyanoplatinates(Iff=46 Due to the good match between As the donor emission was almost completely quenched at
the donor emission and the acceptor absorption (Figure 2), thetemperatures:80 K, it was not detectable for the purposes of
value of the activation barrier for the energy transfer in Th- lifetime measurements.

[Ag(CN),]s is expected to be small and energy transfer should ~ 3- Energy Transfer between [Au(CN}"] and Thb(ll). The
proceed even at low temperatures, as observed experimentallyluminescence properties of the [Au(GN) donor ions are

This explains the small value of 53.7 cin(+2.5 cntl) for represented by Y[Au(CN)s. Three emissions due to [Au(CN]

the activation energy of the transfer process. An increase in have been observed in Y[Au(CHj at 393, 450, and 490 nm.
temperature helps overcome the activation barrier and, conse-Several excitation peaks have been observed between 260 and

quently, increases the efficiency of energy transfer in Th[Ag- 450 nm. Excitation with different wavelengths has resulted in
(CN)2]a. similar emission spectra. Energy transfer from [Au(gNas

We have obtained lifetimes for the Th(lll) emission at 491 the donor to Tb(lll) as the acceptor has been studied. The
nm at several temperatures (Table 3). The acceptor lifetime occurrence of Th(lll) luminescence in To[Au(Cilyvia energy
increases from 320(20) to 380(10$ upon heating the sample transfer mechanism from the [Au(CN] donor is illustrated
from 80 to 200 K. This result is in agreement with the steady- in Figure 5. There is a strong resemblance between the excitation

state luminescence data, which show an increase in the relativespectra that monitor the Th(lll) luminescence and those that
monitor the [Au(CN)] luminescence, according to Figure 5.

(42) Kambli, U.; Gidel, H. U.Inorg. Chem.1984 23, 3479. This provides evidence for the presence of deremceptor
(43) Nagasundaram, N.; Roper, G.; Biscoe, J.; Chai, J. W.; Patterson, H. energy transfer, as discussed earlier in the Tb[Ag({z\tase.

H.; Blom, N.; Ludi, A. Inorg. Chem.1986 25, 2947. . -
(44) (a) Yersin, H.; Gliemann, GA\nn. N.Y. Acad. Sci978 313 539. (b) Figure 6 shows the emission spectra of Tb[Au(gias a

Gliemann, G.; Yersin, HStruct. Bondingl985 62, 87. function of temperature. The broad bands near 400 and 450
(45) E"osslﬂer, U.; Yersin, HPhys. Re. 1982 B26 3187 and references ~ nm and the weak shoulder near 500 nm are due to [AufdN)

therein. i i - I 1
(46) (2) Yersin, H.; von Ammon, W.: Stock, M.: Gliemann, &.Lumin. Iqmlnescence. The sharép bandi in the_low energy region in

1979 18/19, 774. (b) Yersin, H.; Stock, MJ. Chem. Phys1982 76, Figure 6 are due to theD, — ‘F; (J = 0-6) sensitized

2136. luminescence of Tb(lll). The temperature dependence of the
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& Figure 8. Comparison between the Th(lll) sensitized emission intensity

Figure 7. Spectrgl overlap between the [AuUGN) donor emi;siop in . in Th[AU(CN),Js (top) and the value of the doneacceptor spectral
Y[AUCN)2]5 at different temperatures and the Tb(lll) excitation in  gyerlap (bottom) as a function of temperature.
TbCls. The donoracceptor spectral overlap is shown in the region

between the vertical dashed lines. Because the [Au(CN)] emission in Tb[Au(CN)]s is strong

and does not undergo a complete quenching at all temperatures
studied, it was possible to determine the values of the spectral
overlap integral with the Tb(lll) absorption. A comparison
between Figures 6 and 7 indicates that the profile of the
[Au(CN),] emission versus temperature is similar in Tb[Au-

8 (CN).]s to that in Y[Au(CN)]s. Therefore, in the calculation

of the donor-acceptor spectral overlap it is reasonable to use
the emission spectra of Y[Au(CRH} to represent the donor
emission. The calculations have been carried out for the overlap
of the [AU(CN),~] donor emission with theéD, — 7Fg absorption
band of Th(lll) (as illustrated in Figure 7). In Figure 8, the

as the temperature increases. For example, the highest-energnumerical values of the doneacceptor speciral overlap are
. ' ¢hown and compared with the sensitized emission intensity of

band at~395 nm is virtually absent at 10 K but becomes the Tb(lll) versus temperature. The Tb(lll) sensitized emission

major band at 285 K. Energy transfer between *[Au(eh . Lo : . .
luminescent clusters is responsible for the changes in the relativeIntenSIty in To[AU(CN)]s varies with temperature in a manner

intensities of the luminescence bands characteristic of [Au(GN) \ée?/h?;m:i:/itgetgzt r?ifcg]ﬁljgg ggg:} oc:;eerlapl), avl\::k(lzig;ldmrgé?ctps '?E;"
in both Y[Au(CN)]s and Tb[Au(CN}]s. The increase of the : P q- P

relative intensities of the higher-energy bands with a temperature;r;is?t?fggye;z?gssiger: i:i':eens(irteg)rgszri]rtggtl herr?)mortﬁ:)rsgle t(-)rbt(hlg)
increase is an indication of “back-transfer” from low-energy y Y prop

levels to high-energy levels. Back-transfer is not unusual in gic;r':ic\)/ :2‘;}?;pto&;g:}%ﬁ;gﬂl?r%[ggfcgjan@m't{e?J tgfaﬂ?gra'
coordination compounds. For example, Kambli aridi€@inave 9y P

reported back-transfer in antiferromagnets of2Mf? The back- s, therefore, explained in terms of the doracceptor Spe.c”"’!'
transfer between *[Au(CN) ] species in Y[AU(CNJ]s and Th- overlap, as predicted by theory and as demonstrated in Figure

: o L 8. Only a few reported examples have demonstrated this
Eﬁ:(fi)zizlgoacar;?; on-assisted process due tNDvibrations o vion experimentally by application of high pressi#,

. . ._whereas in Tb[Au(C here the tunability is achieved b
Figure 6 shows that the Tb(lll) luminescence decreases in temperature va[riatgor?.bh y y

intensity upon increasing the temperature. It is also noted in
Figure 6 that the [Au(CN)] luminescence is strong at all
temperatures. The efficiency of energy transfer in Th[Au(§4N)

is assessed by studying the spectral overlap of the donor
emission with the acceptor absorption (eq 1). Figure 7 illustrates
the spectral overlap between the [Au(GN)donor emission
and the Tb(lll) acceptor excitation as a function of temperature.
It is noted that the donor emission overlaps with only one
acceptor absorption line, thtb, — “Fs band at~490 nm.
Moreover, the overlapping donor emission comes only from
the shoulder near 500 nm. The doreicceptor spectral overlap
increases upon cooling because the [Au(€iNgmission shifts

in the direction of this low-energy shoulder. This explains why
energy transfer from [Au(CNYJ] to Th(lll) in Tb[AU(CN)z]s

is “tuned-in” by decreasing the temperature.

[Au(CN)2] luminescence in Tb[Au(CN)s; shows the same
trends as in Y[Au(CNjs. All [Au(CN),"] emission bands
undergo blue shifts with increasing temperature. This is a well-
known trend for the dicyanoaurates(l) and other layered
compounds. For example, the K[Au(CG\Juminescence blue
shifts by 1100 cm? upon increasing the temperature from 7
to 300 K23 The shift to lower luminescence energies of low-
dimensional layered compounds upon cooling is a result of the
thermal reduction of the metametal distance¥>17:44.47.48
Another observation in Figure 6 is the increase of the relative
intensities of the higher-energy luminescence bands of [Au{@N)

We can also demonstrate energy transfer in To[Au¢lN)
by investigating the luminescence decay characteristics of the
donor and acceptor. We show both the donor and acceptor decay
at 80 K in Figure 9. The acceptor decay is exponential, with a
lifetime of 500(40)us at 80 K. This lifetime decreases upon
heating to 370(20)s at 170 K (Table 3). This decrease in the
Tb(lll) lifetime with an increase in temperature is in agreement
with the steady-state luminescence data, which show a decreased
relative intensity for the Tb(lll) emissions upon increasing the
temperature. Figure 9 also shows that the donor decay is
nonexponential at the short time domain. It is well-known that
nonexponential donor decay indicates the presence of energy
transfer?® as it has been demonstrated in the literature for a
variety of donor-acceptor systents.

4. Mechanism of Energy Transfer.We propose that the
(47) Yersin, H. Riedl, Ulnorg. Chem 1995 34, 1642, mechanism of energy transfer in both Tb[Ag(QN)and Th-
(48) Connick, W. B.; Henling, L. M.; Marsh, R. E.; Gray, H. Biorg. [AU(CN)]s is the Dexter exchange mechanism. Such a mech-

Chem.1996 35, 6261. anism is followed in systems that have a short deramrceptor
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Figure 9. Log plot of the luminescence decay for the Th(lll) acceptor -
(top) (491 nm) and the donor (bottom) (450 nm) in Tbh[Au(GA At 8f T
80 K. Note the nonexponential character of the donor decay indicative
of energy transfer. -8.5
’ ) 002 0.03 0.04 005 0.06 0.07 0.08
separation. The Dexter exchange mechanism assumes the (t/x )3’
occurrence of a bimolecular encounter (collision) between the 0
donor and the acceptét-2%31.51Therefore, such a mechanism -6 . ! ! '
is dominant when the doneacceptor distance is short and when 65t ]
significant overlap exists between the molecular orbitals of the °
two species. On the other hand, thé&s$ter resonance mecha- s 4 L )
nism can occur over done®acceptor distances as long as50 by
100 A303L51The crystal structures of various Ln[M(CH) (M % 75} |
= Au, Ag) have been determined and show that Ln(lll) ions £
such as Th(lll) are directly bonded to the cyanide ligands of -8} 1
[M(CN)2™] with short Ln—N distances85? For example, a .
_ i i i 52a -8.5 A A L L
Th—N distance of 2.45 A is present in Tb[Au(CHb. 2 The 50 oos Py v ™ 14
crystal structure of Tb[Ag(CN)s has not been determined yet, (t/e )3
0

but the electronic factors that govern the-1\ interactions
are similar to those in the analogous gold compound. Further- Figure 10. Plots of In](t)] + t/zo vs ({/z0)** for s= 6, 8, and 10. The
more, it has been suggested that the LUMOs of dicyanoargen-'umi”escence decay is monitored for the donor emission (450 nm) in
tate(l) and dicyanoaurate(l) species have a mixed characterTPIAU(CN)]s at 80 K.

between the Ag (or Au) atom and the CNigand (mostly
cyanide characteff:175356 The electron densities of the
LUMOs extend beyond the nitrogen atoms of the cyanide
ligands®>56thus facilitating the overlap with the 4f orbitals of
the Tb(lll) ions. We conclude on the basis of this discussion
that the Dexter exchange mechanism is responsible for the t 3¢ (t\¥
energy transfer in Th[Ag(CNJ)s and Tb[Au(CN}]s. In a recent I(t) = 1(0) exp{— - - F(l - g) - (—) S] 2 Q)
study, Yersin et al. have suggested that energy transfer in Eu- o 0 \%o
[Au(CN);]z also follows the Dexter mechanisit.

We have used time-resolved measurements to rule out several
mechanisms of energy transfer that occur via a multipolar
interaction. Energy transfer via a multipolar interaction can be
described by the equatith

wherertg is the intrinsic lifetime of the donoc is the acceptor
(49) Inokuti, M.; Hirayama, FJ. Chem. Phys1965 43, 1978. concentration,co is a parameter called the critical transfer
(50) For recent examples, see: (a) Hayakawa, T.; Kamata, N.; Yamada, concentration, and = 6, 8, or 10 for dipole-dipole, dipole-

K. J. Lumin.1996 68, 179. (b) von Arx, M. E.; Burattini, E.; Hauser, quadrupo]e, or quadrupo{-&"‘uadrupme interactions, respec-

A.; van Pieterson, L.; Pellaux, R.; Decurtins, 5.Phys. Chem. A : : - BOC
2000 104, 883. (c) Yamase, T.: Naruke, H. Phys. Chem. B999 tively. After some manipulatioP¢ plots of InfI(t)] + t/zo Vs

103 8850. (t/70)%s should give a straight line if the transfer mechanism
(51) Watts, R. K. InOptical Properties of lons in Solid®iBartolo, B., occurs via a multipolar interaction. None of these plots wgith
Ed.; Plenum Press: New York, 1975; p 307. =6, 8, and 10 has resulted in a straight line for the donor decay

(52) (a) Stier, A. M. M.S. Thesis, University of Regensburg, 1996. (b) . . . .
Assefa, Z.; Staples, R. D.; Fackler, J. P., Jr.; Patterson, H. H.: Shankle, IN TB[AU(CN)]3 (Figure 10), suggesting a mechanism other

G. Acta Crystallogr.1995 C51, 2527. _ than multipolar interaction (in agreement with our conclusion
(83) %’5’2%’92"'3’33 Patterson, H. H.; Shankle, Kol. Cryst. Lig. Cryst. above that the mechanism is the Dexter exchange mechanism).
(54) Assefa, Z DéStefano, F.; Garepapaghi, M. A.; LaCasce, J. H., Jr.; :

Ouellete, S.; Corson, M. R.; Nagle, J. K.; Patterson, Hnidrg. Chem. Concluding Remarks

1991, 30, 2868. This study has identified interesting trends for energy transfer

55) Sano, M.; Adachi, H.; Yamatera, Bull. Chem. Soc. Jpri982 55, . . .
(59) 1022. pri9s2 processes in pure crystals of Th(lll) with dicyanoaurates(l) and

(56) Interrante, L. V.; Messmer, R. Ehem. Phys. Lettl974 26, 225. dicyanoargentates(l). The efficiency of energy transfer in these
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systems is strongly dependent on the extent of the spectral
overlap between the donor emission and the acceptor absorption,
and also on temperature. Our data indicate that energy transfer
is present in both Tbh[Ag(CN)s and Tb[Au(CN}]s, resulting

in Th(lll) sensitized luminescence in both compounds. The data
further indicate that energy transfer is more efficient in Th[Ag-
(CN)zJz than in Tb[Au(CN)]s. In fact, this difference is
recognized visibly by the eye as the Tb[Ag(GN)crystal
displays a strong green luminescence characteristic of the Tb-
(I sensitized emission, while the Tb[Au(C}N} crystal
displays a blue luminescence characteristic of the [Au¢CN)
emission. Figure 11 summarizes the difference between these
two compounds in terms of an energy level model. The model
depicts the energy levels of the donors and the acceptor based
on the experimental data for the donor emissions and the

Rawashdeh-Omary et al.
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acceptor absorption (Figures 2 and 7). The matching betweenFigure 11. Energy transfer pathways from [AgCN} and [AUCN)"]

the [Ag(CN) ] emission levels and the Th(lll) absorption levels
is unmistakable (Figure 11). This excellent match occurs
between many donetacceptor level pairs, resulting in a rather
efficient energy transfer in Tb[Ag(CM). On the other hand,
there is a match between only one donacceptor level pair

in Tb[Au(CN),]s, resulting in a less efficient energy transfer.

to Tb(Ill). The donor and acceptor energy levels are taken from the
experimental data in Figures 2 and 7. The width of a given donor
emission level is based on the fwhm value, and the darkness represents
the band intensity. Solid and dashed arrows represent radiative and
nonradiative pathways, respectively.

overlap, such as Tb[Au(CM), energy transfer is “tuned off”

In systems where a strong don@cceptor spectral overlap
exists at all temperatures, such as Tbh[Ag(&d)Jncreasing the
temperature leads to a more efficient energy transfer. The reaso

is that energy transfer in the systems studied is a radiationless

process that occurs by the Dexter exchange mechanism
Consequently, the efficiency of this nonradiative (thermal)

by increasing the temperature. The reason is that the donor
emission that overlaps with the acceptor absorption shifts to
r]higher energies upon a temperature increase, causing a decrease
in the spectral overlap with the acceptor absorption.

. Acknowledgmentis made to the donors of the Petroleum

Research Fund, administered by the American Chemical Society,

process is enhanced by a temperature increase. On the othefor the support of this research.

hand, in systems that exhibit weaker donacceptor spectral

1C990510Y





