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Intense visible upconversion luminescence is observed in“a-&mped low-phonon host material, £ZsCls,

with excitation in the near-infrared. The upconversion excitation wavelength, temperature, power, and time
dependence is studied using variable-temperature absorption and luminescence spectroscopies, and modeled using
a three-level set of coupled nonlinear rate equations. On the basis of analysis of these data, energy-transfer
upconversion is shown to be the dominant mechanism responsible for this phenomenon. The main properties of
this upconversion mechanism are correlated to properties of thedRectronic structure, in particular the large

energy gaps, the small excited-state distortions, and the lack of cross-relaxation pathways for radiationless decay.
These properties make this ion attractive for upconversion phosphor and laser materials applications, and two
potential upconversion laser schemes are proposed. The contributions of these same properties to the photoredox
chemistry of R&" and related #ions are discussed.

I. Introduction Scheme 1

upper

Materials displaying novel photophysical effects are currently excited state
receiving a tremendous amount of attention due to the antici- I
pated roles such systems will play in future generations of
photonic data communication, conversion, and storage devices. |
Among the photophysical processes considered promising in
this regard is that of luminescence upconversidmyhich is
attractive both as a means of generating higher-energy photons
from a low-energy photon source, and for the associated GSA GSA
nonlinear optical properties of such upconversion materials. The |
vast majority of luminescence upconversion materials investi- Vi
gated to date have involved rare earth ions such &5 &nd Upconversion by
Nd3+t.1.2 Such ions are ideal from the perspective of having Energy Transfer
multiple luminescent excited states, and luminescence upcon-
version materials based on rare earth ions currently find use,communicatett the observation of low-temperature lumines-
for example, as solid-state lasérémaging phosphorg,and cence upconversion in Re and M&*™-doped halide lattices,
guantum counters in IR photon detection devitBy.contrast, constituting a preliminary report of the first upconversion
relatively little attention has been given to the study of transition observed in the dclass of transition metals. Already, this
metals as upconversion ions, despite the advantages of increaseclatively small set of ions has revealed a rich variety of
oscillator strengths, broadband luminescence profiles, andphotophysical effects, including broadband upconversion lumi-
synthetic flexibility potentially offered by transition metals nescencé?two cases of photon avalancheé8and the recogni-
relative to rare earth ions. Transition-metal luminescence tion of important spin selection rule contributions that distinguish
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v
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upconversion has previously been reported for octahed#aFTi
Os*",78 and NF+ 910 jons, representing the2dd*, and ¢
electronic configurations, respectively, and very recently we
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the transition-metal upconversion processes from those of the
more commonly studied rare earth ioAsVe are now involved
in the systematic study of a variety of transition-metal doped
low-phonon host materials with the objective of observing and
describing new photophysical phenomena related to lumines-
cence upconversion in these materials. As chemists, we are also
fundamentally interested in the ability to control such processes
by chemical tuning, and to achieve this goal a deep understand-
ing of the physical processes behind these phenomena is
required.

The basic prerequisite for luminescence upconversion in any
material is the existence of two or more metastable excited
states, as illustrated in Scheme 1. The first excited state serves
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as an intermediate reservoir for the storage of one-photon

for higher-energy luminescence. The two most common mech- ] 1g 2g
anisms for the conversion of intermediate excited ions into upper
excited ions are those of excited-state absorption (ESA) and _ ,,.
energy-transfer upconversion (ETU), illustrated in Scheme 1.
In ESA, a singly-excited ion generated via ground-state absorp- )
tion (GSA) is excited to the upper state through absorption of T,
a second quantum of photon energy. ESA is therefore funda- 20
mentally a single-center process. In ETU, two singly-excited £
ions interact through a nonradiative energy-transfer process to .
generate one ion in the upper state and one in the ground state. A, Ty Absorption
This process is therefore fundamentally a multicenter phenom- % 2 4 6 8
enon. Do/B
In this paper, we present a detailed report of the luminescencefigure 1. Tanabe-Sugano energy level diagram showing the first few

upconversion in Re:CsZrCls. Much effort has already been excited states of the3cb(_)nf|gurat|on, the spirorbit splitting of the

. I . . doublets, and the experimental 10 K overview absorption spectrum of
given to describing the electronic structure of this ion based on Re:CsZrCls.
the high-resolution study of its absorption and luminescence
spectral2-19 Re*™ and its isoelectronic analogs Moand WA*
have also been recognized as attractive starting materials for(RCA C31034 or Hamamatsu 3310-01, Stanford Research 430 photon
multielectron photoredox chemistry due to their long-lived ¢ounting) or a Ge photodiode (ADCA403L, Stanford Research 830 lock-
excited states and to the accessibility of a series of higher in ampllflcatlon)_. Ré" excitation spectra were excited with a 100 W
oxidation states in these i0R%:23 Here, variable-temperature halogen lamp dispersed through a 3/4 m single monochromator (Spex

CW and d ic ab . d lumi . 1702), and the broadband upconversion luminescence was detected by
and dynamic absorption and luminescence Spec’[rOSCOp'ca PMT (RCA C31034). Typical powers in Reexcitation scans were

techniques are used to determine the upconversion mechanismy. 4, w/mme. Sample cooling was achieved using a quartz He flow
active in R&":CZrCls. A wide variety of thermal and temporal  type. Lifetime measurements used pulsed excitation from a Nd:YAG
spectroscopic data are simulated using an experimentally- (Quanta Ray DCR 3, 20 Hz, 1064 nm) or generated by an acoustooptic
parametrized kinetic model, and analysis of these parametersmodulator (Coherent 305, Stanford Research DS 345 function genera-
shows that the remarkable upconversion efficiency displayed tor). Signals were detected with the same photomultipliers and recorded
by this ion is attributable to properties inherent to its electronic Using a multichannel scaler (Stanford Research 430) or with a fast Ge
structure. On the basis of these results, two viable schemes fordetector (ADC403HS, is response) and recorded using an oscilloscope
upconversion lasing action are proposed. Finally, the role of (TEKIONX TDS 540A).

the Ré* electronic structure in its photoredox chemistry is  EXcitation in the power dependence measurements and room-
discussed temperature near-IR luminescence scans was obtained from a home-

built Nd:LiYF, laser (1047 nm), pumped by an A(Spectra Physics

2060-10 SA) pumped Ti:sapphire laser (Spectra Physics 3900 S) using

a neutral density filter wheel to attenuate the pump power. Lumines-
Re*-doped CsZrCls samples were synthesized at ca. 820from cence signals were passed_ through a 0.27 m monochromator (Spex

stoichiometric admixtures of CsCl, Zrgland CsReCh, and single ~ 270M) and detected by a Si/GalnAs detector (Spex DSS-SIGA020A,

crystals were grown from the melts by the Bridgeman technique. Al Stanford Research 510 lock-in amplifier).

samples and precursors were handled under inert nitrogen and helium .

atmospheres only. For both absorption and luminescence studies|ll. Results and Analysis

monolithic samples were sealed from the atmosphere under a partial A Ab ti d CW D ion Lumi
pressure of He, which serves as a heat transmitter. Absorption spectra_ sorption an ownconversion Luminescence.

were collected on a Cary 5e spectrometer using closed-cycle cryogenicS€Veral detailed reports of the low-temperaturé& Ribsorption

cooling (Air Products). Sample concentrations were determined on the and luminescence spectra have been previously publighé&d.
basis of published solutioa values at 300 K: Only the key properties of these spectra will be summarized

Downconversion luminescence spectra were excited with a He:Ne here, and new observations related to the photophysics of this
laser, a Kf laser, or a Nd:LiYElaser ¢ide infra). Sample luminescence  ion will instead be emphasized. Figure 1 shows an overview
was dispersed through a 3/4 m single monochromator (Spex 1702) or10 K absorption spectrum of 2.5% ReCsZrClg, and correlates
a 0.85 m double monochromator (Spex 1402), and detected by a PMTthe |owest-energy absorption features to the appropriate region
of a &® Tanabe-Sugano energy-level diagram. This absorption

splitting
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Il. Experimental Section
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Figure 2. Absorption and luminescence spectra (10 and 300 K) of g i
2.5% Ré":CsZrCls. Luminescence intensities are with direct excitation §
into absorption features of the same energy region, and have been= . w +
separately normalized. S S % ______
E L LT
in the dominance of vibronic origins and the lack of significant = (c) o
overtone intensities, reflecting undistorted nuclear geometries % 50 100 150 200 250 300
in all of these excited states. Substantial absorption intensity Temperature (K)
and bandshape changes are observed as the sample is warmetigure 3. Temperature dependence of (a) integrated absorption
from 10 to 300 K. intensities, (b) luminescence lifetimes, and (c) double-integrated

Figure 3a shows the temperature dependence of the integratedPconversion intensities in 2.5% ReCs,ZrCls (integrated monochro-
absorption intensities for the four multiplets shown in Figure matic excitation scans with broadband detection). The experimental

; e I -~ data points correspond to the following excited state®) [(s(°T1g),
2. These data reveal that all intensities increase with increasing ¢y 1y, 9, (O) Ts(EQ)/To(2T1g), (@) T1(?T ), (M) averagelT:4%Ey).
temperature, and that the temperature dependence is the samgrror bars in (c) are estimated from differences betwBg?T,) and
for each multiplet. The total integrated intensities of these TI'y(%Ey)/T's(>T19) Measurements. Fits (- - -) of the absorptiog (= 143
absorption features are approximately 3 times larger at room =+ 15 cnt?) and lifetime ¢ = 160+ 20 cnT?) data using eq 1 are
temperature than at 10 K. The dashed lines in Figure 3a showalso shown. Calculated upconversion temperature dependencies are

the best fits of these data by eq?1which describes this  included in (), neglecting (- - -) and including (----y&r, temperature
dependence as described in section 1l1.C.iii.

|(T) _ eff . . .
ﬁ =co kT, (1) to the lowest excited state is often extremely rapid. The total
o decay rate constarigecay Of any excited state is the sum of all

. _radiative (rad) and nonradiative (nr) decay contributions, and
temperature dependence as resulting from thermal populationyefines the observed lifetime of that Statg,eg as described

of ungerade excited vibrational levels of the ground electronic by eq 2. In the absence of cross-relaxation mechanikmis
state upon warming, leading to hot-band absorption intensity.

These fits yield a value afe = 143+ 15 cn1? for the effective _ _ 1

energy of the ungerade activating mode. This value is between kdecay_ Krad T Knr = Tobsa )
those of the first two intense vibronic origing = 138 cn1?! ) _ . _ )

andv, = 174 cnr, observed in low-temperature luminescence dominated by multiphonon relaxation processes, in which
spectra, respectively, and reflects thermal excitation of both of €xcitation energy is transformed to heat by excitation of lattice
these ungerade ground-state vibrations. As shown in Figure 2,phonons. In cases where excited-state nuclear distortions are

luminescence is also observed from both the low&ry/2E,, small, the weak-coupling energy-gap law of eq 3 is found to
and upper?T,g, excited-state multiplets, at both low and high
temperatures. The vibronic structure of these luminescence knp(0) =~ 8 exp[—p In(p/S) + p] 3)

transitions is analogous to that of the corresponding absorption

processes, and both luminescent transitions show substantiakffectively describe thel = 0 K multiphonon decay rate

vibronic hot-band intensity at elevated temperatures. constang827Here,p = AEg—o/vmax iS the energy gap between
The observation of two well-separated luminescent excited the luminescent state and the closest lower-energy state in units

states in RE is remarkable in that it represents a rare transition- of the largest vibrational quantum energymax (cm™3), the

metal exception to Kasha's rut, which recognizes that  prefactors contains the electronic part of the transition matrix

luminescence generally derives only from one excited state of element, an@&is the Huang-Rhys dimensionless excited-state

a given spin multiplicity, typically the lowest. This generaliza- distortion parameter in units of vibrational quanta of the

tion arises because nonradiative relaxation of upper excited stateslistorting nuclear coordinate. Equation 3 shows a strong inverse

(24) Ballhausen, C. Jntroduction to Ligand Field TheoryMcGraw Hill: (26) Englman, R.; Jortner, J. Mol. Phys.197Q 18, 145-164.
New York, 1962. (27) van Dijk, J. M. F.; Schuurmans, M. F. H. Chem. Phys1983 78,
(25) Kasha, MDiscuss. Faraday Sod.95Q 9, 14—19. 5317-5323.
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dependence dfmp on p. Additionally, for a given energy gap - ‘ (;) i —

p, the introduction of even small excited-state distortions, %

S, can rapidly enhance radiationless multiphonon relaxation T JE,

rates. Ly

2

The reduced energy gaps in ReC| determined from Figure
2, arepy ~ 22 andp; ~ 12 (Vmax = v1(aag) = 342 cnrl). The
excited-state distortion magnitudes are determined from overtone
intensities in thesy(ayg) core expansion mode to I89(I's(*T1g))
= 0.20 andS,(I'7(?T,g) = 0.11. These excited-state distortions
are 2 orders of magnitude smaller than the correspongding
values. ReGP~ therefore resembles rare earth ions, which
generally show small excited-state distortions, and for which
values ofp = 6 are typically observed to lead to negligible
radiationless relaxation rates. Although the threshold value for
p may be somewhat larger in transition metals than in rare earth
ions due to greater electretphonon coupling strengths and
vibrational anharmonicities, the Re&l energy gaps are large
enough that intense luminescence is observed from the electronic
states immediately above both gaps. The large energy gaps, low
phonon energies, and small excited-state distortions reflected
in the absorption and luminescence spectra of Figure 2 are
therefore essential to the existence of substantial upper-excited-
state lifetimes in this ion.

Significantly, emission is observed only from the lowest 0 0.5 ' 1.0 1.5
energy spinor component of each excited-state multiplet in this time (msec)
host lattice. The largest energy gaps between the componentgigure 4. Luminescence dynamics of 2.5% Re&CsZrCls at 10 ()
of each multiplet arep = 3.7 in 2T19/2Eg andp =4.3in 2ng, and 300 K (----) for (a) the visible (632.8 nm excitation) and (b) near-

and these are evidently too small to prevent rapid relaxation to 'R (1064 nm excitation) downconversion processes, and for (c) the
visible upconversion process following a 10 ns (1064 nm) laser pulse.

the lO_V\_/eSt componeﬁf.The multltude_ of electronic an_d vibronic The respective excitation and emission processes are indicated sche-
transitions observed in the absorption spectrum (Figure 2) thusmatically.

serve the function of harvesting excitation energy and feeding

it to the lowest state of the multiplet, and the energy level state’s absorption intensity by assuming purely radiative decay
diagram of Ré&" is therefore effectively analogous to the three- processes: As shown in ed%the radiative decay rate constant
level systems shown in Scheme 1. The observation of lumi-

nescence from two different excited states satisfies the basic Ogr n[(n2 + 2)/3]2

prerequisite of luminescence upconversion suggested by this Kiad = fg_T (4)
scheme. Moreover, as seen in Figure 2, the energy of the &

intermediate statel'g(*T1g), 7695 cn1* origin) is vew nearly  of eq 2 is directly proportional to the oscillator strengthof
half that of the upper excited statés(°Tzg), 13885 cm* origin), the corresponding absorption transition. Heres a constant
indicating that good energetic cond_ltlons may exist for one Or equal to 1.5x 10* s/m?, g is the degeneracy of the indicated
both of the two-photon upconversion processes presented inggate j(m) is the wavelength of the relevant electronic transition,
Scheme 1. andn is the polarization-averaged index of refraction at this
B. Downconversion Luminescence Dynamic®arts a and  wavelength. Using eq 4 and the measured 10 K oscillator
b of Figure 4 show the luminescence decay dynamics of the strength off = 4.0 x 1079 for the lowest-energy's(*Azg) <
I's(?T1g and I'7(Tog) excited states at two temperatures, T'g(?Tig) electronic transition in Figure 2 yields a calculaied
following direct low-power laser excitation into each state. kuaq (10 K) = 476 s1, or a predicted radiative lifetime af;-
Under these conditions, the excited-state populations decay(10 K)eacd = 2.1 ms, in good agreement with the observed 10
monoexponentially, and are seen to decay on a shorter timeK lifetime of 71(10 K) = 2.0 ms. The increase in integrated
scale at 300 Ktpear-1r = 71 = 909uS, 7yis = 72 = 48 us) than absorption intensity by a factor of 3 observed in Figure 3a leads
at 10 K (1 = 1981us, 7, = 118us). Lifetime data measured  to a corresponding three-fold increaset@ {300 K)aca= 1428
between 10 and 300 K are plotted in Figure 3b, from which it S%, or 71(300 K)aca = 0.7 ms, consistent with the observed
is observed that the lifetimes of both luminescent excited statesvalue ofr1(300 K) = 0.9 ms. Additionally, fits of the variable-
decrease by ca. 60% between 10 and 300 K. Since the twotemperature lifetime data to the inverse of eq 1 yielg= 160
luminescence processes show nearly identical temperaturet 20 cnm? for the vibronic levels affecting visible and near-IR
dependence despite the fact that their energy gaps differ by caluminescence lifetimes, in agreement with the value obtained
50% (22 vs 12 quanta Ofma), We reach the important in Figure 3a e = 143+ 15 cn!)® and the lowest ungerade
conclusion that the observed lifetimes of both excited states are

entirely radiative even at room temperature. This conclusion is (29 L"gggzcmr}é_GNgw'Q‘S’rf'q%?%‘?ngs g%ewoscow’mb' M. D. Ed;

quantitatively supported by the observation that ¢ T1g) (30) The following values were used:= 4.0 x 1076, A = 1.299x 1076

lifetime data of Figure 3b can be accurately predicted from this m,n=1.5gg = 4, gex = 4.

(31) Note that erroneous application of this model to a system involving
significant nonradiative decay at high temperature would leagto

(28) Independent low-temperaturg(*Tg) luminescence has been observed values smaller than those obtained from the corresponding absorption
in Re*":CsZrBrs, wherep ~ 8.9 (refs 16 and 19). data.
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spectra rules out significant GSA/ESA contributions to the
upconversion luminescence intensities and indicates a dominant
GSA/ETU mechanism. This, combined with the conclusion of
W an effective three-level description of the “Reelectronic
structure (section 11I.A), allows the use of Scheme 2 to model
10000 9500 9000 8500 8000 7500 the observed photophysics.
Energy (cm’™) The dynamics associated with Scheme 2 can be described

Figure 5. Absorption and upconversion excitation spectra (10 and 300 DY the coupled nonlinear rate equations presented in eq 5, where
K) of 2.5% Ré*:CsZrCls in the 2T14%Eq4 region. The dashed line is

Absorption

the estimated’s(?T1g) — ?T2q ESA spectrum obtained by subtraction dNy/dt = —FN, + k;N; + kN, + W (N )2

of the I's(3T1g) origin energy (7695 cnt) from the GSA spectrum. 0 v 2a 72 ETUV L

Upconversion excitation spectra were obtained with broadband detection dN/dt = FNy — kN, + k,eN, — 2Wer (N )2 (5)
1 0 1N, 2b' N2 eTulNg

of the I'7(*T2g) — T's(*Azg) upconverted luminescence.
= —(k,, + + 2
vibrational energies observed in the absorption spectra of these AN/t (Foa F Rop)N,  Wer (N
states. Although the similar temperature dependence of the uppe
excited-stateI(7(?T»g)) lifetime in Figure 3b also confirms its
radiative origin, the value dfag {10 K) = 2137 s (712010
K) = 0.47 ms) calculated from its GSA intensity is 4 times
smaller than the observédecay £10 K) = 8432 s (75(10 K)

F is the ground-state absorption rate constant gd\;, and

N, correspond to the population densities (ionsjcafi the A,
2T14%Eq, and?T,g electronic levels, respectivelyery (cm? s72)

is the effective rate parameter governing energy-transfer up-
L A= S . conversion. Equation 5 assumes that all ions are effectively
- (_)'12 ms), |nd_|ca_1t|ng Cont”bt_’t'or_ls from additional m_ter- equivalent, and hence that the behavior of the ensemble of
excited-state radiative processegl¢ infra). In summary, this  4onant jons can be described by average kinetic parameters.
ana]y3|s demon§trates that the observeq Illfetlmes for both A¢ qescribed abovéy andkea+ kop are obtained experimentally
luminescent excited states are purely radiative, even at roomby measuring;; and 7. To deconvoluteks, and kap, e take
temperature, and the prl_nC|paI cause for the reduced l'fet'me_sadvantage of the fact that only radiative processes contribute
of bpth Iummt_ascen'g excited states at elevated temperatures I, the ohserved luminescence decay rates. With this knowledge,
the increase in oscillator strengttfs,and hence imadiative koais directly determined from eq 4 and the oscillator strength

decay rateskac . . ) _ of the T'g(*Azg — TI'7(°T2g) GSA transition. The difference
_ C. Upconversion Luminescence. |._Up_converS|on Excita- betweenkza and the observebba + ko, = 7,1 then provides
tion Wavelength Dependence and Kinetic ModelAs com- keo. This yields values ok.a= 2137 s* andka, = 6295 s at

municated recentli near-IR excitation of R& in CsZrClg 10 K. Sincekoaand the sutkes + koo = 751 both increase by
leads to visible upconversion luminescence. Figure 5 shows loW- t5tors of ca. 3 upon warming to 300 Kide supra, kx» must

and high-temperature excitation scans of this UpConversion 4s, haye 4 similar temperature dependeies the ratiokoy/
luminescence, in which the totéllg luminescence is monitored |, "is” essentially temperature independent). The ETU rate
?S a function Qf monochroma_\tlc excitation energy in The/ parametewery is determined experimentally from the short time
Eg energy region. Upconversion excitation scans closely follow region of the near-IR luminescence decay transients under high-

the near-IR absorption spectra from 10 to 300 K, and no g er conditions (see the Append®This analysis yields a
additional features are observed at any temperature or Waveaiue ofwery = 5.8 x 10716 cmB st at 300 K, or 1.9x 10-16

length. These excitation scans can be divided into two distinct .5 <1 4t 10 K. with estimated error bars of ca. 50%. These
regions: tzhe Iower-enzergyg( T1g) excited state and the higher- experimentally determined kinetic parameters for the processes
energyl's(*T1g) andI's(*Ey) excited states. Also shown in Figure  yopicieq in Scheme 2 are summarized in Table 1.

5 is the estimated's(*T1g) ESA spectrum obtained by shifting The parameters presented in Table 1 reveal an important
the GSA Sfe‘?”ufp bdyl;he ﬁnefrgy Or: iﬁg(;ﬂ_g) electr((j)_mc ongin q aspect of this upconversion mechanism, namely, that the rate
(7695hcrrr r)] Justifie | y the fact t f_att e_mtern&e late excite  constant for inter-excited-state luminescerigg,is significantly
state das the same electronic con |guratr|10n an hg?ometry as t§;rger than the rate constants for transitions to the ground state,
ground state. From Figure 5 it is seen that in the lower energy \ anqy,. This is attributable to two factors: First, the inter-
region the pfloton energzles may be S”T‘U'Fa”eous'yz'“ resonance&y ited-state transitions are spin-allowdtd— 2" transitions,

W'ﬂz] bothTs(*Azg) — I's(*Tag) GSA e>§0|tat|?n and’s(*T1g) — whereas those involving the ground state are spin-forbidHen
T's(*T2g) ESA excitation. Contributions rom a .GSA/ESA — 4T transitions (see Scheme 2). This factor is moderated by
upconversion mechanism are thergfore possible in this Energyine large spir-orbit coupling active in R¥, but nevertheless
range. By contrast, photons energetic enough to excite the higherg ;45 1o greater inter-excited-state oscillator strengths. Second,

energyl's(*Azg) — I'e(°T1g) andTs(*Eg) GSA transitions are iy, 5 ground-state degeneracy @{*A.y) = 4, and excited-
too energetic to lead to ESA, and GSA/ESA upconversion in

this region of the excitation scan is therefore not possible. The (32 jensen, T. Ph.D. Thesis, Institute of Laser Physics, University of
absence of new spectral features in both regions of the excitation Hamburg, 1996.
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Table 1. Kinetic Parameters Used in Eq 5 Determined for 2.5%"Res,ZrCls

rate constant (3)
transition label (Scheme 2, eq 5) 10K 300 K vav (cm™1)

Tg(*T1g) — T's(*Azg) ki 505 1101 7400
T7(%T2g) — T's(*Azg) Koa 2137 5243 13600
T7(?Tag) — 2T1y?Ey Kap 6295 15475 (6200, 4800)

power-independent ETU Parameter Wety (cmf) 1.9x 10716 5.8x 10716
ETU rate constant at ca. 75 mW/rai{1047 nm) BeTuNg 4630

This remarkable behavior can be understood by evaluation
of the role of the pump excitation rateNo, in the kinetic model
P described by eq 5. Quantitatively, the power dependence can
be simulated using the full eq 5 and the parameters in Table 1
by solving explicitly for the steady-state (CW excitation)

B populationsN; and N, at various pump ratesFNo. The
8 e calculated curves are included in Figure 6. Each shows a linear
’ asymptotic behavior at both low and high powers. Under steady-
state conditions, these two limiting regimes can be identified
with the relative magnitudes of the two competitive depletion
mechanisms affecting the intermediate level populati¥p,
08 12 1% 3 24 namely, those of downconversion luminescence (rate constant
log power (mW) k;) and ETU (rate constant&tyN;). In the low-power limit,
Figure 6. Pump-power dependence of the upconversion and down- the excitation density\s, is very small, and; > 2wgtyN;. In
conversion luminescence intensities in 2.5%‘RésZrCls at 300 K. this limit, the intermediate level population behaves essentially
Excitation is at 9551 cnt (1047 nm) intol'¢(*T1g). The dashed lines a5 jt would in the absence of upconversion, and the ions that
were calculated from eq 5 and the parameters in Table 1. participate in upconversion represent only a small perturbation.

The N; andN, power dependencies obtained from the steady-

state degeneracies gf(?T1g?Eq) = 10 andgx(?T2g = 6, the state solution of eq 5 in this limit are given in eqs 6a and 6b,
large disparity in state multiplicities weights Scheme 2 in favor respectively?? In the high-power limit the excitation density
of inter-excited-state transitions, as described by eq 4 (or an o
analogous equation for inter-excited-state processes). TogetherOW-POWer limit:

Upconversion

log intensity (rel)

Downconversion

04 0 0.4

the spin selection rule and degeneracy weighting provide a 1

significant bias to inter-excited-state transition rates, leading to N, ~ k_l(FNo) (6a)

an overall upper-excited-state decay ratiokgfk., ~ 3, and

allowing these rates to be competitive with those to the ground N WeTy 2

state despite the significant difference in #fecontribution to N, ~ klz(kz + kZb)( o) (6b)
a

these rate constants (eq 4). Similarly, the favorable oscillator

e een o o snere a5 very arge,and Benf, = ks In this i, ETU i tr
rate constants on oscillator strengthgidé infra). These principgl mecha_mism fo_r de_ple_ztic_)n .Of the_ intermediate-l_evel
important factors thus contribute to the upconversion perfor- population. Solving eq 5 in this limit yields different expressions

S . L : for th wer ndence of the two excited- lation
mance of this ion by capturing excitation energy in the cycle or the power dependence of the two excited-state populations,

: a2 . .
of excited states through enhancement of both ETU and inter- as shown in egs 6¢ and 8#**The upconversion luminescence
excited-state luminescence transitions relative to radiative pigh-power limit;

relaxation to the ground state. In the following sections, this

kinetic model will be used to describe the power, temperature, (Kop + Kop) vz
and time dependence of the upconversion luminescencetin Re N; ~ ﬂ(FNo) (6¢)
CsZrCle. Wery(2Koa + Kop)
ii. Upconversion Power DependenceFigure 6 plots the 1
¥ g ersion N, (FNy) (6d)

visible upconversion and near-IR downconversion luminescence
intensities versus 9551 crh(1047 nm) CW excitation powers

on a double-log scale. At low powers, the slope of this intensity, which is proportional tdl,, is therefore predicted to
upconversion power dependence is2 ddicating that the Re follow a quadratic dependence on pump rate in the low-power
upconversion luminescence intensity follows the quadratic limit, but to reduce to a linear dependence on pump rate in the
behavior anticipated for a two-photon process. At higher high-power limit. Similarly, the near-IR luminescence intensity,
excitation powers, however, deviation from this quadratic power which is proportional td\y, is predicted to be linearly dependent
dependence is observed as the slope decreases substantiallypon pump power in the low-power limit, and should show a
reaching a value of only 1.1 at the highest experimental power. square-root power dependence when the high-power limit is
Thus, at high excitation powers, this system shows a nearly reached. The intermediate regions of slege5 (upconversion)
linear power dependence for what is formally a two-photon
excitation process. The near-IR luminescence power dependencé33) Pollnau, M.; Gamelin, D. R.;lthi, S. R.; Guel, H. U.; Hehlen, M.

is almost constant in this same power range, diminishing from P., submitted for publication. . .

. o . (34) At extremely high pumping rates, ground-state population depletion
a_slope of 1.0 to a slope of 0.9 at high excitation powers in may become significant, and deviation from the high-power behavior
Figure 6. of egs 6¢ and 6d will occur.

~ Dot Koy
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and slope~0.75 (downconversion) correspond to powers at
which 2vgryN; andk; are competitive in magnitude.

From this analysis, the luminescence power dependence
shown in Figure 6 can be rationalized. The experimental change
from 2.0 to 1.1 observed in the upconversion power dependence
is described both qualitatively and quantitatively by eqs 5 and
6 as corresponding to a shift from the low- to the high-power
limit. From the power dependence simulations, a value of
2wetuN; &~ 4.2k; is estimated at the highest experimental power
used (ca. 75 mW/m#), which corresponds to an intermediate-

e A

Luminescence Intensity

level branching ratio ofjety = 0.4, wherenery is defined as 5%
in eq 7. Note that the maximum branching ratiojisy = 0.5 TS
=000 7500 7000 6500 8000
n = LUNl ) Energy (cm')
ETv 2WergN; + Ky Figure 7. Near-IR luminescence (300 K) with 9551 th{1047 nm)

near-IR excitation at the highest experimental power shown in Figure

. . - - it
due to the two-ion nature of the ETU process (Scheme 1). With & (62 75 mW/mr for 2.5% () and 5% (- - -) R&":CZrCls dopant
concentrations. The emission transition associated with each lumines-

a pump power.of ca. 75 mW/nthwe are thus Close.to this cence feature is indicated schematically. The Si detector response
theoretical maximum in 2.5% Re:&&Clg. In contrast with the terminates at ca. 5900 crh
upconversion power dependence, only a small reduction in slope
is observed between low and high powers in the near-IR at higher concentrations is also manifested in the dynamic
downconversion power dependence shown in Figure 6, indicat- behavior of this 5% sample, in which shorter intermediate-level
ing that a significant number of ions are found only in the lifetimes @1(5%)kf1(2.5%) ~ 0.62) and more rapid decay of
ground or first excited states. This behavior is attributed to the the upconversion transient curves are observed, while the upper
presence of inhomogeneous*Rexcitation densities under real  excited-state retains a lifetimex(5%)k2(2.5%)~ 0.96) (data
experimental conditions. Microscopically, this may derive from not shown) similar to that in the 2.5% sample. Since no cross
photophysical differences between spatially-isolated vs clusteredrelaxation pathways are available for concentration quenching
dopant ions, or between low- vs high-photon-density regions of either metastable excited state, the upconversion efficiency
in the real three-dimensional sample. Both scenarios would resultof more concentrated samples is expected to be limited only
in a range of microscopic upconversion rates, since both involve by possible impurity trapping effects.
a range of microscopic excitation densities. Such a range in iii. Upconversion Temperature DependenceIntegrated
microscopic upconversion rates would lead to the observation upconversion excitation intensities from the spectra in Figure
of different populations contributing to upconversion and 5 and additional data at other temperatures are plotted as a
downconversion luminescence signals under the high-powerfunction of temperature in Figure 3c. These data reflect the total
excitation conditions of Figure 6. Both scenarios also imply upconversion luminescence intensity observed under broadband
finite energy migration within the crystalThis general conclu- excitation conditions. Although the overall decrease in intensity
sion is confirmed by simultaneous analysis of the upconversion between low and high temperatures is similar to that of the
and downconversion luminescence dynamiddd infra).3° excited-state lifetimes shown in Figure 3b, the shape of the
The high-power 300 K near-IR luminescence spectra observedtemperature dependence is unusual in that it shows its most
with near-IR excitation (9551 cm (1047 nm), CW) shown in substantial change between 10 and 50 K, where no temperature
Figure 7 also probe the intermediate-level branching ratios underdependence is observed in the data of Figure 3a,b. To understand
steady-state conditions. As indicated in Figure 7, the near-IR the origin of this behavior, the predicted upconversion temper-
luminescence spectra in the region between 5500 and 8500 cm ature dependence is calculated by inclusion of temperature in
have both2T1g — 4Ayg and 2Ty — 2T19/2Eg luminescence the CW low-power relationship fd¥, (eq 6b). The termaery,
contributions. The relative intensities of these two luminescenceski, koa + ko, and ENg)? in eq 6b may each vary with
reflect the steady-state branching ratio of the intermediate level.temperature. The temperature dependencEN§)¢ is obtained
This is illustrated by comparison of the data obtained with 2.5% by integration of the squared absorption spectra irFihgE
and 5% dopant concentrations. The 2-fold increase in inter- energy region at a series of temperatures. Note that these
excited-state intensity relative to downconversion intensity on integratedsquaredabsorption intensities behave differently from
increasing the R& concentration from 2.5% to 5% indicates the integratedinear absorption intensities shown in Figure 3a
that this branching ratio is approximately twice as large in the since they are sensitive to temperature-dependent changes in
more concentrated sample. This increase reflects both thebandshape. Th&14?Eg absorption features are all observed to
increased excitation density;, due to the higher optical density  broaden between 10 and 50 K despite having constant integrated

of the higher concentration sample, as well as an increasgg areas. This broadening, and the resultant chang&nNRg)%, is
which depends heavily on interionic distancegl¢ infra) and responsible for the rapid decrease in integrated upconversion
hence is enhanced by higher doping levels. Both of these factorsintensities observed upon warming from 10 to 50 K. Note that
contribute to increasing the upconversion rate constaghN; the upconversion intensity temperature dependence observed

relative tok;, thereby increasingety. The increased importance  with monochromatic excitation will not necessarily show this

of upconversion in depletion of the intermediate-level population same behavior, but will increase or decrease with temperature
depending on the change in absorption cross section at the
(35) Modeling the difference between the observed and calculated down- specific excitation energy. Figure 3b provides the temperature

conversion data in Figure 6 as deriving from an entirely disjointed ; ; ;
Rett population (rather than a range as described above) allows a dependencies af andz,, from which the functiony(T) and

value of ca. 45+ 10% to be estimated for the population of excited  (Kea + kab)(T) are directly obtained. Thus, three of the four
ions that show a strictly linear downconversion power dependence. temperature-dependent terms in eq 6b are determined experi-
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mentally from absorption and downconversion luminescence ' " ' i
data. This allows for determination of the final temperature :
dependent functiowery(T) by comparison with the upconver-
sion data of Figure 3c. Two calculat® curves based on eq

6b are presented in Figure 3c. The first predicted curve (- - -),
assumes no temperature dependeneeaf (i.e., Wwetu(300 K)

= weTtu(10 K)). This calculation reproduces the correct overall
behavior of the experimental temperature dependence, but
underestimates the high-temperature intensity by a factor of ca.
3 relative to the low-temperature intensity. From this observa-
tion, we conclude thatvery must increase by a factor of
approximately 3 in this temperature range. The second predicted
curve (----) includes a hyperbolic cotangent function igsry-

(T) similar to those used to fit the absorption data of Figure 3a.
Although the exact functional form chosen is arbitrary, inclusion

30[(?1}()%%%

%%hm%

of a wety temperature dependence such tafy(300 K) ~ : . . . L2 _ ‘
3(weTu(10 K)) significantly improves agreement between the 0 05 1.0 15 0 05 1.0 LS
calculated and experimental temperature dependence over the time (msec) time (msec)

entire temperature range. Figure 8. Experimental @, O) and simulated- and ---) 10 and

The experimentally-determined temperature dependence of300 K luminescence dynamics, respectively, for the visible upconversion

: . _and near-IR downconversion luminescence transients in 2.5% Re
Wery concluded above can be compared to that estimated UsiNgo 7 “neasured after a 10 ns (1064 nm) laser pulse. Excitation and

eq 8, which describes the rate parameter for the energy"[ran*':’fe'iuminescence processes for each transient are indicated schematically.
Simulated curves were calculated from eq 5 and the parameters in Table

— 2 46 1. Simulated curves in panels a and b were calculated with a single
Wery res™ (CONSEANYN'RY) 5 T, f (V) Ga(v) v (8) Wery value (Table 1), and those in panels ¢ and d were calculated using

) o o a distribution ofwery values as described in section IlI.C.iv.
step in terms of the pairwise resonant dipetipole donor

acceptor (DA) interactions expected to dominate this protess. ) ) ) o

Ris the DA interionic separatiom, (cm™?) is the average energy 4c). This double-exponential dynamic behavior is a well-known
of the transitionn is the index of refraction at this energy, and ~ Signature for ETUY and reflects the ETU process in two ways.

fo, fa, go(v), andga(v) are the oscillator strengths and spectral First, the distinctly slow rise time indicates that upper-state
bandshape functions for the relevant electronic transitions, POpulation does not occur in the duration of the 10 ns excitation
respectively. The resonant spectral overlap integrals at 10 andPulse. Second, the decay is over an order of magnitude longer
300 K are determined by integrating the overlap between the than the natural decay of this state, indicating that the upper-
normalizedg(2T14) — I's(“Azg) luminescence and the estimated ~ State population is fed continuously by a long-lived intermediate
Ig(?T19) — T's(T2g) ESA spectra (Figure 5) scaled by their popu!anorj that is also decaying. The upconversion luminescence
oscillator strengths at that temperature. The prefactor does notfise time is therefore correlated with the lifetime of the probed
change appreciably with temperature and therefore cancels wherftate, while the decay is related to the lifetime of the feeder
a ratio is taken. This approach yields a rationgfry(300 K)/ state. The temperature dependence of the upconversion transient
Wetu(10 K) & 72, which is an order of magnitude larger than data follows the general trend expected on the basis of these
the value of 3 determined experimentally from the data in Figure Observations: Both the visible and near-IR luminescent pro-
3c. This discrepancy reflects contributions to the upconversion cesses become more rapid at higher temperatures due to their
intensity from additional mechanisms beyond the resonant increased ospillator strengths, and correspondingly shorter rise
dipole—dipole mechanism described by eq 8. For example, and decay times in the upconversion luminescence dynamics

additional low-temperature overlap between Fg€T1g) — I's- are observed (Fi_gu_re 4c). The upcor_lversion time dependence
(4A29) luminescence anBlg(2T1) — I'7(2T2g) ESA profiles could is therefore qualitatively understood in a straightforward way.
be attained with loss of only one or more quantagfx = 342 To extract more information from these transient curves, the

cm~Lin a phonon-assisted ETU process. While the general form luminescence dynamics are quantitatively simulated using the
of eq 8 is also applicable to phonon-assisted ETU, the inclusion three-level kinetic model depicted in Scheme 2 and described
of phonon-coupled transitions effectively broadens the donor by eq 5, and the experimental kinetic parameters given in Table
and acceptor spectral functions, and this leads to a smallerl. When short excitation pulses are used, the pulse deffires
temperature dependence than that of the purely resonant overlaf, after which the GSA pump rate constaRt,is zero. Only
described by eq 8. An alternative explanation might involve the pump photon density, which combines with the absorption
temperature-dependent migratory excitation loss to traps or othercross section to determinél; at t = 0, is not known
macroscopic phenomena that are experimentally difficult to experimentally. This parameter was adjusted to optimize simula-
characterize. tion of the low-temperature upconversion transient, and then
iv. Upconversion Time Dependencéhile the visible and fixed at this value for simulation of the remaining transients.
near-IR downconversion transients show single-exponential All other parameters required for the simulations of all four
decay curves at all temperatures (Figure 4a,b), the 9399 cm transient data sets are defined experimentally (Table 1). These
(1064 nm) excited upconversion transient shows an exponentialsimulations yield excellent reproductions of the upconversion
rise followed by an exponetial decay at all temperatures (Figure data at both high and low temperatures, as shown in Figure 8a,
reproducing the key features of the shortened rise and decay

(36) DiBartolo, B.Optical Interactions in SolidsViley: New York, 1968, times at elevated temperatures.
Chapter 18. Higher order electric-multipole or magnetic-dipole/
multipole contributions are neglected since the dipalgpole contri-
bution described by eq 8 is expected to dominate. (37) Buisson, R.; Vial, J. CJ. Phys. Lett1981, 42, L115-1118.
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Figure 10. Two potential R&" upconversion laser schemes proposed
on the basis of the spectroscopic results in this paper, and compared to
the well-known downconversion ruby laser mechanism.

0

Figure 9. Summary of the upconversion mechanism irtRésZrCls. . ) o ) . o
The solid lines indicate the radiative processes of GSA and lumines- €xcited ions then combine in an ETU step in which one ion is

cence, and the dashed and wiggled lines indicate the nonradiativepromoted to a vibronically-excited level of tH&(?T,g) upper
processes of ETU and intramanifold multiphonon relaxation, respec- excited state, while the second relaxes to the ground state. The
tively. doubly-excited ion relaxes nonradiatively within the upper state,
) ) and redl'7(°T2g) — ['g(*Azg upconversion luminescence and

Importantly, the near-IR downconversion transients observed yarious near-IRT,, — 2T:142E, inter-excited-state luminescence
under the same conditions are not reproduced by the sameyansitions are observed. This mechanism is extremely efficient,
parameters that simulate the upconversion curves (Figure 8b).ang under moderate steady-state pumping conditions at reason-
Specifically, the calculated near-IR downconversion curves are ably low concentrations the main mechanism for depletion of
distinctly nonexponential, and decay much faster in the short the intermediate-level population is seen to be upconversion,
time range than is observed experimentally. This discrepancy not downconversion (B=ruN; ~ 4.2%,). Despite an extremely
is interpreted as reflecting a distribution of upconversion rate fayorable spectral overlap, no evidence for ESA is observed.
constants, @ruNy. This conclusion was also reached from  sijnce the oscillator strengths of some of these ESA transitions
analysis of the upconversion and near-IR power dependencemyst be fairly large on the basis of the observed radiative
data in Figure 6«ide suprg. As seen from eq &eru is heavily transition rates (Table 1) and the excellent GSA/ESA energy
dependent upon the interionic separation, R, between donor andnatch (Figure 5), the absence of ESA features in the upcon-
acceptor ions in a nonradiative energy-transfer process. Sinceyersjon excitation scans of Figure 5 reflects the efficiency of
a statistical distribution of dopant ions in this crystal leads to a the ETU process rather than the inefficiency of the ESA
range of interionic separations, eq 8 also implies a range Ofprocesses.
pairwisewery values. This was simulated numerically using a2~ The remarkable efficiency and high-temperature performance
shell model approach analogous to that described in detail in of Re#* as a luminescence upconversion ion is attributable to a
ref 38 for rare earth cross relaxation. Like above, the pump fey key aspects of its electronic structure: (a) The large reduced
photon density in eq 5 was adjusted to optimize simulation of energy gaps and small excited-state nuclear distortions lead to
the low-temperature upconversion transient curve, and then fixed|ong lifetimes for two excited states. The long lifetime of the
at this value for simulation of the remaining transients. As shown jntermediate state is particularly consequential, as it leads to a
in Figure 8c, the introduction of a range ity does not  pyjidup of the intermediate-level population density and allows
significantly alter the calculated upconversion luminescence gther dynamic processes beyond luminescence to occur on a
transients, since these are dominated by pairs with sRall  competitive time scale, specifically energy-transfer upconver-
values. It does, however, lead to a much improsiealltaneous  sjon. (b) The energetic conditions present for such a two-photon
reproduction of both the upconversion and near-IR downcon- process are ideal, with tHa,, manifold of states being almost
version data, as shown in Figure 8d. To summarize, these dataexacﬂy twice the energy of the lowest-enefdyy2E, excited-
and those in Figure 6 reveal that a sizable portion of the state sublevell's(2T1g). (c) The spin selection rules and state
downconversion luminescence observed in these samples derivegyytiplicities favor inter-excited-state transitions rather than
from ions that are not contributing significantly to the measured hose involving the ground state. (d) Doubly-excited Riens
upconversion luminescengeThis is rationalized by recognizing  quickly relax to an upper-excited-state level having no accessible
that. whgreas downconvgrsiqn Iqminescence equally. probe§ alloross relaxation pathway. The large energy gaps and lack of
excited ions, upconversion is biased toward detection of ion ¢ross relaxation combine to ensure efficient channeling of ETU

pairs with small interionic separation®, These observations  excitation into luminescent processes rather than nonradiative
thus emphasize the distinction between the multiple-center re|axation processes.

luminescence. manifold is akin to the contribution of the third level in a three-
level laser. A close electronic analog to“Rds the & Cr3+

IV. Discussion center at the heart of the ruby laser. In ruby3'Gons excited

A. Key Factors for Upconversion in Ré+:Cs,ZrCl ¢ and by pumping the spin-allowetll,g and“T14 absorption features
Possible Applications.Figure 9 summarizes the Reupcon- rapidly relax to the long-livedEy state, from which stimulated
version mechanism determined in this study. This process beginsemission is attainable. The analogy between the ruby down-
with the GSA excitation of two R ions into the?T:y%E, conversion lasing action and the upconversion luminescence

excited-state manifold by a low-energy light source. These two observed in RE:Cs,ZrClg is illustrated in Figure 10, showing
a possible three-level upconversion laser scheme involvifg. Re
(38) Vasquez, S. O.; Flint, C. @Chem. Phys. Lett1995 238 378-386. A second potential laser scheme is also indicated in Figure 10,
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involving a four-level inter-excited-state lasing process that excited state by caEy—o, as described by the RehtiVeller
would be tunable between ca. 4300 and 5400 (oa. 1.8- equation’’®44 Electronic excitation in these®dons thus con-
2.3um) on the basis of the vibronic width of these luminescence tributes an additional ca. 1 eV to driving an electron-transfer
features. Experiments to pursue the laser potential of this ion reaction, while their small nuclear distortions accompanying

in both energy regions are planned. excitation and oxidation minimize the nuclear reorganization
B. Relationship between Ré&' Electronic Structure and energy associated with this reaction. According to nonadiabatic
Photoredox Reactivity. Ré*t and its & electronic-structure  €lectron-transfer theor§?;*® small nuclear reorganization ener-
homologs, M&" and WA*, with octahedral halide(g, ReCk?"), gies allow electron--transfer reactions to proceed at lower driving
amine €.g, (tmtach)MoC}), and/or thiocyanatee(g, Mo- forces,AG°. These properties may therefore facilitate excited-

(NCS)?®") ligation, have received attention recently as attractive State electron-transfer reactivity at near-zero (or posithv@}
starting materials in photoinitiated multielectron redox reac- values, as was recently report€g:
tions29-23 This reactivity involves one-electron oxidation ofan ~ In summary, the large energy gaps and small excited-state
electronically-excited dion by a suitable electron acceptor nuclear distortions of Regl™ lead to the long lifetimes, purely
species, after which further redox transformations of the radiative decay rates, and upper excited-state emission in the
transition metal in its oxidized ground state become spontaneoussolid state, making upconversion luminescence both possible
The key step in accessing this interesting chemistry is the and efficient. These two properties also lead to substantial
excited-state electron-transfer reaction involving an excifed d Solution?T14?Ey excited-state lifetimes in this and related d
ion. Two related aspects of the electronic structure of thése d ions, a requirement for bimolecular excited-state reactivity. The
ions can be identified as having a large impact on their ability minimal nuclear reorganization that occurs upon oxidation of
to perform such reactions: (a) their large energy gaps and (b)these ions, attributable to the weak antibonding character of the
their small excited-state nuclear distortions. redox-active orbital, additionally contributes to the photoredox
In octahedral complexes of all three of these second- and rgactivity of thgge ions by aIIowipg c_alectron-tran.sfer reactions
third-row c ions, the lowest-lying excited state is always with sma}ller driving forces to bg Klnetlcally accessible. The same
approximately 800811000 cn! (ca. 1-1.4 eV) above the electron_lc structure characteristics of_these second-_ and third-
ground staté® The resulting reduced energy gaps are large since oW & ions that make them attractive photophysically are
these energies are 1-2 orders of magnitude larger than theirtherefore also responsible for their attractive photochemistry.
typical M_—L v_ibrationa_l energies. The small excited-state_z V. Conclusion
nuclear distortions derive from the nature of the electronic
promotions: In all three of these ions, the lowest excited states The two-photon luminescence upconversion observed in
involve intra-by spin-flip transitions, and therefore generate Re€*":CZrCls represents the first time such a phenomenon has
essentially no change in %L bonding or geometryAre (I's- been observed in addtransition-metal iod! This system
((T19) = +0.01 A from Figure 2, for examptd. The significantly expands the relatively short list of known transition-
combination of large energy gaps and small nuclear distortions metal upconversion promotefsi! both in number and in
in the lowest-energy excited staté$ {y2E,) of these ions allow accessibility of the phenomenon to potential ambient-temper-
them to still luminesce in solutions where additional high- ature materials applications. The extremely efficient*Re

frequency solvent modes may contributeK@.ay From the upconversion is largely attributable to inherent electronic-
publishedI's(?T1g) 300 K solution lifetime data of Re€l in structural properties of the Reion itself, including its large
CH3CN 2! k,, is seen to be 8250 times larger thiagy (Table energy gaps and undisplaced excited-state potential surfaces.

1), and still the excited-state species has a sufficient lifetime These same properties are influential in the photoredox chem-
(r1 = 80 ns) to be involved in bimolecular redox reactions, for istry of this and related ions. Since the relevant electronic states
which ca. 16-50 ns is typically require® Thus, the large  are ligand-field independent, Reupconversion is expected to
energy gap and small nuclear distortion provide a sufficient t?e generally adaptablg toa ngie variety of hqsts ar_ld cporc_jma—
excited-state lifetime to allow the observed photoredox chem- tion environments. This is an important consideration in view
istry. of possible functional application of this phenomenon in

These excited-state distortions are small because no chang@hotonics materials. Directly accessible applications include the
in M—L bonding accompanies the spin-flip excitations. Simi- US€ Of this ion as a red luminophore in upconversion-based
larly, one-electron oxidation of these ions involves removal of Maging or quantum-counting materials, or as an active ion for
a weakly-antibonding:{(d,) electron, again causing only a small generating red or near-I_R laser emission based on upconversion
change in bonding and, hence, in geométs a result, these ~ €xcitation. Further studies are underway to explore the photo-
transition-metal ions do not make any significant contribution Physics of this system, as well as those of other related
to the Franck-Condon properties of their photoredox transfor- ransition-metal ions.
mations, and the nuclear coordinates of their electron-transfer = Acknowledgment. We thank M. Pollnau and M. Wermuth
reactions are essentially only those inherent to the acceptorfor many valuable discussions. This research has been supported
species. The main perturbation upon excitation of these ions ispy the Swiss National Science Foundation.
the change in redox potential, which is more negative in the

Appendix: Experimental Determination of wety

(39) Lever, A. B. PInorganic Electronic Spectroscopgnd ed.; Elsevier: Near-IR luminescence decay data at short times after a pulse

Amsterdam, 1984. . -
(40) Determined fronS(asg = 0.20, v; = 342 cn, u = 35.45 gimol, can be used to determine the magnitudengfy.32 At short

and the modal descriptiod (A) = /6r (A).
(41) Winkler, J. R.; Gray, H. Blnorg. Chem 1985 24, 346—355. (43) Rhem, D.; Weller, Alsr. J. Chem.197Q 8, 259-271.
(42) Although no structural data for ReClare available, IR vibrational (44) Jones, W. E., Jr.; Fox, M. Al. Phys. Chem1994 98, 5095-5099.
data show only very small shifts (c&10 cnTt) upon oxidation, thus (45) Marcus, R. A.; Sutin, NBiochim. Biophys. Actd985 811, 265—

reflecting only small changes in bonding. See for example: Frais, P. 322.
W.; Lock, C. J. L.; Guest, AJ. Chem. Soc., Chem. Commu®7Q (46) Brunschwig, B. S.; Sutin, NNomments Inorg. Cher987, 6, 209—
1612-1613. 235.



5164 Inorganic Chemistry, Vol. 38, No. 22, 1999 Gamelin and Gdel

times after the pulse, eq 5 yields

Power (J/mm®) 5
dNO/dt = klNl + WETU(N1)2 8 % Power (J/mm?)
= 68
dN/dt = —k,N, — 2WETU(N1)2 (A1) g <
\é: ) o‘”"’
dN,/dt = Wery(Ny)? 2 o
= ..." 27
. . . . Z904 oo® *
DenotingN;(t = 0) = Ni(0), integration yields z ...--" renseree®™®
N, (t) = Ny(0) eXpEt/ ) L+ 2Wer Ny(O)[ry(1 — o e
exp-tT))l} (A2) e | .
% 1 2 3 4 5
Rearranging yields an expression having linear form with a slope (1-exp(-t/1)) (x10°%)
proportional towgry: Figure 11. Near-IR downconversion luminescence decay data (300
K) for 2.5% Ré&+:CsZrClg at different excitation powers, plotted as
(N1(0)/Ny(1)) exp(-tir)) — 1= described in the Appendix. Linear fits to the short-time region provide
2We N, (0)[7,(1 — exp(—t/r,))] (A3) numerical estimates ofw&ryN1(0), from which an averageery(300

K) = 5.8 x 1071 cm? s71 (£50%) is determined. Inset: Untransformed
near-IR decay data showing the variation in lifetime with excitation

Plotting the near-IR decay curve a¥;(0)/Ny(t)) exp(—t/t1) — power.

1 vs [r1i(1 — exp(—t/z1))] therefore leads to a linear slope of
2wetuN1(0) at short times after the pulse.

Data were collected at three powers for 2.5% ReZ@Sle.
Homogeneous photon densities were generated by passing a
unfocused 10 ns 9399 crh(1064 nm) pulse from a Nd:YAG

laser through a 110 micrometer diameter pinhole immediately cmé/s is determined. with error bars estimated to be ca. 50%

n ”_O”F of the sample to generate a homogeneous collimated on the basis of the range of measured values and estimated errors
excitation beam. Measured powers were converted to photon.

densities, and a polished sample with known optical density in absorbed powers.
and length was used, allowing the initial excitation density, 1C990556R

N1(0), to be determined at each excitation power. The trans-
formed data are shown in Figure 11, along with the linear least-
@quares best fit to the early time data for each experimental
curve. From these fits, an average valuevefy = 5.8 x 10716



