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Luminescence of Eu (fod); in a homologic series of simple alcohols
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We present measurements on the luminescence @Gbd@y dissolved in a series dideuterategl
alcohols and mixtures hereof, to test local-field corrections on spontaneous emission. The alcohols
used are CK(CH,),OH, with m ranging from 0 for methanol to 9 for 1-decanol. Accordingly, the
refractive index varies from 1.33 to 1.44. To test the influence of the intrinsic molecular vibrations
of the alcohols on the luminescence properties, also deuterated alcohols are ugeHgHOD,

with m=0,1,3. Although the chemically homologic series of alcohols was carefully selected, small
variations in the local environment of Bad); complex upon changing the hdsicoho), blur most

of the local-field effect on spontaneous emission. 2@00 American Institute of Physics.
[S0021-960600)03332-9

I. INTRODUCTION the same average polarizability density as the surrounding

i i i o dielectric. However, the dipoléasidethe cavity do not con-
In a dielectric material, the local electric field at the po- (ipute to the local field giving

sition of a constituting atom or molecule is different from the
macroscopic one, due to the influence of the surrounding r
atoms(molecules that form the dielectri¢. This well-known

difference between local and macroscopic field leads to SO\N Id like t hasize that the t del distinct
called local-field corrections, which apply to a wide variety € would fike to emphasize that the two models are distin

of physical quantities, like the refractive indé%the dipole— because_ the boundary condltlon§ of the_ cavity are different.
dipole coupling strength, and nonlinear optical The majorlt_y of the res_earchers in the fididavor the L_or-
susceptibilities:® Only quite recently it was realized that entz 'ngil'ﬂ'e"?' correction. On the oth_er hand, experimental
local-field corrections also apply to the spontaneous emissio sults |nd|c_ate that the gmpty—cawty modekhould be
rate of an atom or molecule embedded in a dielectric. employed. Obviously, there is a controversy to be resolved.

The modification of the radiative decay rate of a lumi- Recgntly, De \_/nes and _Lage.nd?JIpresented a fuII mk-
nescent center in a dielectric was originally predicted toe! 0SCOPIC ca!culatlgn of pomt.dlpolgs on a cubic Ia_ltt|ce,
follow:7 forming the dielectric, plus one impurity dipo{eepresenting
the radiating atory using a Green’s function formalism. For
I'r(n)=Tn. (1)  substitutional impurity dipoles, that is a medium dipole is
replaced by an impurity dipoléat a lattice positiopy the
empty-cavity resulfEq. (2)] was found to apply. For inter-

n2+2\2
R(n)=( 3 )Fon- 3

HereI'g(n) andI’, are the radiative decay rate in the dielec-

ric with refractive indexn and in v m, r ively. ~. . 4 . o ) :
tric with refractive indexn and acuum, respectively stitials, that is when the impurity dipole is placed in between

However, Eq.(1) arises from quantizing thenacroscopic . . . )
Maxwell's equations, neglecting the difference between Iocalamce sites and no medium dipoles are removed, the Lorentz
' ocal-field correctiorfEqg. (3)] determines the modification of

and macroscopic field. Theoretical studies have lead to thg ontaneous emission. A generalization 1o fluids was made
proposition of two limiting cases for the local-field correc- b A9

tion to spontaneous emission. Tamptycavity modef%in ?nd itwas CO; clude? that most often the sgt;stitutior?al resullt,
which the center is considered to be inside a real empt)zbat IS Eq'§(2,)13app les, In agreement V.V't expenmenta
spherical cavity in the dielectric, results in gervgﬂon &% Furthermore, an alternative, much simpler
derivation of the results of Ref. 9 has been fodndsing the
3n2 )2 macroscopic Onsager—Boher approach to model both sub-
0

5 (2)  stitutional and interstitial impurities. Both a microscopic
2n+1 and macroscopté explanation for the experimentally ob-
Note that the local-field factor ifiz(n) appears squared, as served empty-cavity local field correctitrt® has been pre-
the spontaneous emission rate can be expressed in termsssinted, solving the theoretical part of the problem.
an expectation value of the product of two electric field ~ One the major difficulties encountered when trying to
operator$ In contrast, the Lorentz or virtual-cavity —measure local-field effects on spontaneous emission is found
modef®*! describes a cavity filled with a medium having in selecting the right combination of a luminescent center
and dielectric with varying refractive index. Rikken and
dAuthor to whom correspondence should be addressed. Present addregs:essene’Ir2 useq europmm_ c_omplgxes_ as the Iummesc_ent
Philips Research, 345 Scarborough Road, Briarcliff Manor, NY 10510.c€nter and various polar liquids with different refractive in-
Electronic mail: frank.schuurmans@philips.com dices as the dielectric. When we wanted to generalize their

FR(n):(
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results, we found that the choice of solvent is crucial. Thehave a high-electron densities close to the edges of the dye
optical properties of the # intra-shell transitions in molecule, making these wave functions very susceptible to
Eu*"-complexes can vary enormously by dissolving it in changes in the local environment. As a result, not only the
chemically different liquids, although seemingly the complextransition matrix elements change, but also the resonance
shields the rare earth ion from the environment. For examplerequencies and fluorescence quantum efficiency. So, what is
the emission spectra may change, indicative that the symmeaeeded is a luminescent center in which the electronic wave
try of the ligand field changes. Accordingly, the transition functions involved are well shielded from the surrounding.
dipole matrix elements, or equivalently, in Egs.(2) and Lanthanide, rare-earth, ions show luminescence frém 4
(3), change. Furthermore, the luminescence quantum effintra-shell transitions. These transitions are well shielded
ciency depends on the type of liquid. It was found that thefrom the environment by the outer core &nd 5 electrons.
luminescence lifetime of a particular complex could varyThis shielding can be even enhanced by complexation with
over nearly an order of magnitude by only dissolving it into encapsulating ligands of the rare-earth #rtence, rare-
chemically different liquids, without changing the refractive earth complexes are good candidates for the experiment.
index!® A change inT', and/or quantum efficiency with However, the luminescence quantum efficiency of lanthanide
varying refractive index may completely blur the observationcomplexes can be low, posing a real drawback. Nevertheless,
of local-field effects on spontaneous emission. Nevertheles&anthanides are still a far better choice than organic dyes, for
Rikken and Kessen& succeeded to confirm the empty- which chemical effects are nearly uncontrollable. Proper
cavity model[Eq. (2)]. More recently, we presented mea- complexation of a suitable rare earth ion, and careful selec-
surements on the radiative lifetime of aEtcomplex dis-  tion of the dielectric host, can result in a near ideal system.
solved in a CQ as a function of pressure. Then, the From all lanthanides, especially Euis famous for its
refractive index changes because the density of the moluminescence properties. For example, the red phosphor in
ecules in the dielectric changes. Tiype of molecule, CQ, fluorescent strip lamps is B0.*3° The main luminescence
remains the same for all refractive indices, improving ontransitions of E&" occur between théD,, state and théFj
previous experiment¥. Also these experiments confirm the levels (=0,1,...,6), of which the °D,—’F5 and °D,,
empty-cavity local field correctiofEq. (2)]. —'F¢ transitions are usually very weak. The main advan-
In this paper, we present measurements of the luminegage of using EtI" as an impurity dipole to test local-field
cence of a europium complex, &od);, dissolved in a care- effects on spontaneous emission is the nondegeneracy of the
fully selected, chemically homologic series of simple alco-°D, level. Consequently, the luminescence emission spectra
hols. The alcohols used are gl€H,),OH, with mranging are relatively uncomplicated and the luminescence decay rate
from O for methanol(MeOH) to 9 for 1-decanolDeOH). is equal for aII5D0—>7Fj transitions. Moreover, the energy
Accordingly, the refractive index varies from 1.33 to 1.44.gap of EG" is relatively large, so that nonradiative decay via
To test the influence of the intrinsic molecular vibrations of multi-phonon relaxation is slo#??As a result, the lumines-
the alcohols on the luminescence properties, also deuterategnce quantum efficiency of Bu-complexes dissolved in
alcohols are used: GfCH,),,OD, with m=0,1,3. Despite liquids can be close to 100%, provided suitable ligands and
our careful selection of the homologic series of alcoholssolvents are used.
local-field effects on spontaneous emission are nearly com-
pletely blurred, most likely due to subtle changes in the local  samples

symmetry of luminescent europium center. )
The samples used are 1 mmol/l solutithsf Eu(fod),

(99%, Aldrict?® in different alcohols, in which the europium
Il. EXPERIMENT complex dissolved well. Hiod); is a B-diketone ligand
A. Choice of system Complex?® The alcohols were all obtained from Aldrich,

] with a minimum purity of 99%. In the experiments a homo-
In order to observe local-field effects on spontaneous,ogiC series of simple alcohols was used, that is

emission in full glory, the system under consideration Sho“'%H3(CH2)mOH, withm=0, . ..,9(but notm=6,8), as also
meet several criteria. First of all, local-field effects only yeouterated alcohols GKCH,),,OD, with m=0,1,3, and
modify theradiative decay rate, and hence the luminescencéyiytyres hereof. The refractive indices of the alcohols, and
quantum efficiency should preferably be high, that is close tGs mixtures, were determined with an Abbe-refractometer
a 100%, or otherwise accurately known. Secondly, changegay| zeiss. Furthermore, in order to minimize water con-
in refractive index of the surrounding dielectric should notigmination the deuterated samples were prepared in a nitro-

influence the _e_lectronic wave functions in\{ol\_/ed in the |Um"gen purged box and readily measured after preparation
nescent transition, so that the vacuum radiative decaylfate (within a half houy.

can be considered as a constant parameter, independent of
the refractive index. The combination of these selection cri-
teria excludes many types of systems. C. Setup

Standard fluorescing organic dye molecules can be im- The Eufod); complex was optically excited in the ab-
mediately discarded, as their optical properties are highlgorption band of the ligand at 354.7 nm, using the 20 Hz rep.
sensitive to changes in the chemical properties of theate pulses of a tripled Nd:YAG laséQuanta Ray, DCR
environment’ This is mainly due to the fact that the elec- 2A). The pulses duration was 10 ns, much shorter than the
tronic wave functions involved in the radiative transitionsluminescence lifetimes to be observed. The europium-
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FIG. 1. The luminescence spectrum of(féwl); in BUOH. The most intense FIG: 2. The®Do—'F; and®Do—F, line posi_tions (_)f E(fod)‘3 di_SS(_’IVEd
decay channel is theD,—F, transition, indicating that the £ ion is in different pure OH-alcohols, here labeled with their refractive indices. The

strongly perturbed by the fod-ligand field. Consequently, the radiative decaf nctional dependence of the line position on refractive index is remarkably
from the D, level is determined by electric dipole radie{tion imilar for both transitions. With respect to the luminescence properties of
0 .

Eu(fod); in alcohols, the homologic series GHCH,),,OH can be subdi-
vided into two groups, separated by BuOk<3). The error bars are of

. . . the order of the symbol size.
complex solutions were contained inxIl cm quartz cu-

vettes(Helma QS-series Upon optical excitation, the Bt

ions showed luminescence, which was dispersed by a Spex

1401 double spectrometéresolution 2 cm?) and detected dicates that, regarding the luminescence properties of
W|th a Hamamatsu R943-02 red_sensitive Single_photorEU(fod)3 in alCOhOIS, the Sel‘ieS of alCOhOlS can be SUbdiVided
counting tube. The luminescence decay rates were in th@t0 two groups. Those alcohols with a refractive index

millisecond range and recorded with a multichannel scalefower than BUOH have identical luminescence spectra, as
(EG&G-Ortec, T91% bin width 1 us, with a maximum also those with a higher refractive index. The apparent sub-
range of 16.4 ms (¥ bing. For recording luminescence division will be discussed in more detail later in this section.

spectra, the photomultiplier tub@MT) signal was fed into The Iumiflles_cer!ce decay of fod); in BUOH measured
the counting card of the computer, which simultaneouslyat 16360 cm™ is displayed in Fig. 3. The decay is single
controlled scanning of the spectrometer. exponential, as is the case for all alcohols and their mixtures,

indicating that the selected system is suitable for the experi-
IIl. RESULTS AND DISCUSSION ment.

The collection of luminescence lifetimes observed for

The luminescence spectrum of #d); in 1-butanol,  gyoq), in all different (deuteratep alcohols, and its mix-
C4HoOH (BUOH), is presented in Fig. 1. The spectrum con-yres is given in Fig. 4. The lifetimes observed for the OD-

sists of 5 major lines, which are identified as #—'F;  aiconols are around 85@s, much longer than-450 us
transitions of E&", with j= 0,...,4.Obviously, the lumi-  gecay times for OH-alcohols. From this difference, and using
nescence mainly decays via tHe,— ’F, transition, indicat-  the Horrocks Equatiof’, the number of O—HO-D) oscil-
ing that the fod-ligand field strongly perturbs the’Eion."® 31015 in the first coordination sphere is found to be 2.1
A direct consequence is that the luminescence is of electric. g 1 |y other words, 1 O molecule is binded to the &

: ,26 5 7 it H ) . : ..
dipole charactef>*° In general, a®Do—'F; transition is o in the complex, serving as an efficient quencher. Indeed,

(2] +1)-degenerate. This degeneracy can be removed by theis known that-diketone ligand complexes usually have
noncentrosymmetric ligand field of the complex. A clear ex-

ample of this lifted degeneracy RD,— 'F, transition of
Eu(fod)s, for which a (3 +1)=5 peak structure is observed.
Contrary, the’'D,— 'F transition is sharppfull width at half
maximum (FWHM) = 15 cm 1], representative for the lu-
minescence for a transition between two nondegenerate lev-
els.

The luminescence spectra of (ad); dissolved in dif-
ferent (deuteratepl alcohols look all very similar. The only
observable difference occurs in the wedR,—'F; and
°Do— 'F, transitions. The relative intensities of these tran-
sitions, as compared to the ot ,— F; transitions, and

counts

their line shapes are independent of the type of alcohol. 10" — T W S
However, as shown in Fig. 2, the line position does depend 0 T 2 3 4 5
on the type of alcohol, with a maximum frequency shift of time (ms)

~1¢ .5 7 5 7 ;
70 and 80 cm* for D_Q_> F3 and _D0_> Fa, r_espectlvely. FIG. 3. The luminescence decay of (fad), in BUOH measured at 16 360
Although these tra_msmo_ns only SIIghFIy Cont_”bUte tQ_the t_o' cm™*. From the single exponential decay a luminescence decay time of 429
tal luminescence intensity, the shift in the line positions in-+ 2 us is inferred.
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900—— T T T local structure. This change in structure of the complex leads
875} ] to a modification of the radiative and nonradiative decay,
I OD-alcohols 1 observable both in the luminescence spectra and decay mea-
™ 8sor ] surements. For smaller solvent molecules, the variations will
2 g5} 1 be larger, hence the spread in the luminescence lifetimes at
g F 7 low refractive indices € 1.40, see Fig. 4.
T Y7o ] The luminescence quantum efficiency in (Bd); is
= 450} OH-alcohols higher in OD-alcohols than in OH-alcohols, as readily de-
4051 i duced from the difference in lifetimes, see Fig. 4. The effi-
. A ciencies were independently determined by comparing to a
400 F— standard solution of 1 mmol/l ENOs); in CH;OD, which
1.00F - has a known resonant quantum efficiency of @:790128
o For this purpose, europium was resonantly excited irfbhe
£ 008l i level using the 465.7 nm line of an Argon las@pectra
o Physics, 165 in the case of the fod-complex by-passing
> excitation via the ligands. Comparing the absorption effi-
% 0.92f - ciencies of the different solutions, Ead); in alcohols and
2 ] Eu(NO3)5 in CH;0OD, and the spectrally integrated lumines-
0.8k 4 | cence intensities, gives the quantum efficiencies. For
' 4 Eu(fod); in OD-alcohols an efficiency of 0.820.09 is
192 154 185 198 140 142 144 found, and in OH-alcohols 0.430.07; similar high efficien-
refractive index cies have been reported previously for europium

complexes?28 Within the error, the luminescence quantum
FIG. 4. Upper figure: The luminescence lifetimes of Bod); in normal efficiency isindependenbf the type of alcohol. The rela-
(triangles and deuteratedcircles alcohols. The solid symbols represent tively large error is due to small amount of absorption, which
measurements on pure alcohols, the open symbols on mixtures. The follow- e . ’
ing mixtures were used: MeOD—EtOD, MeOD—BuOD, EtOD—BuOD for IS hence difficult to determine accurately. Nevertheless, the
OD-alcohols, and MeOH-PrOH, EtOH-BuOH, and PrOH-OcOH for OH- measurements prove that the quantum efficiency of europium

alcohols. The solid lines serve to distinguish the different alcohol mixturescomplexes can be high, close to 1, if dissolved in suitable
Note that the lifetimes for OD-alcohols are in the 800—-369range, con- quuids

siderably longer than the lifetimes observed for OH-alcofé25—475us).
Lower figure:The luminescence lifetimes of the upper figure scaled with the
lifetimes of Eufod) in pure EtOH and EtOD for the OH- and OD-alcohols, |\v. CONCLUSIONS
respectively. For alcohols with refractive index lower than 1.40, the lumi-

nescence lifetime isot solely dependent on the refractive index: For dif- In conclusion, the change in luminescence lifetime of

ferent mixtures with the same refractive index, different lifetimes are found. ; ;
For alcohols with refractive index higher than 1.40, the lifetimes monoto-Eu(de)3 cannot be accounted for by ConSIde”ng Only a

nously decrease with increasing refractive index. The error bars are of thghange in refractive index for the lower alcohdtsfractive
order of the symbol size. index <1.40), even though the system was carefully se-
lected. Most likely, this is due to subtle changes in the sym-
metry of the europium complex when dissolving it in differ-
0 o 7 ent alcohols, affecting both the radiative and nonradiative
spheré, which is very difficult to rgmové. _ luminescence decay rates. Consequently, the remaining
Scaling the luminescence lifetimes of @d); in OH- 506 of refractive index variation is too smétefractive
and OD-alcohols with the observed decay times for EtOHqay- 1 40-1.44t0 discriminate between the different the-
and EtOD, respectively, results in an universal curve. Congetical models describing local-field effects on spontaneous
veniently, the scaled luminescence lifetimes for OH- a”demission(if one would, the empty-cavity model comes out

OD-alcohols can be discussed on the same footing. For abest, but not very convincingly This experiment indicates

cohols with refractive index lower than 1.40, the Iumin€s-yh1 most often the relatively small local-field correction to
cence lifetime strongly depends on the type of mixture, and ,ntaneous emission is blurred by other, more dominant
clear dependence on the refractive index is absent. For alcQstacts.

hols with a refractive index larger than 1.40, the lumines-

cence lifetimes all fall on a single line, representing the pos-

sible functional dependence on refractive index. This cleaf CKNOWLEDGMENTS
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