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“and a lower limit of 5 X 105 sec.”

ABSTRACT

Complexes of trivalent samérium, europium, terbium;
and dysprosium were prepared for investigations of the
1uminescencelptopetties of complexed rare earth ions.. Rare
earth chelates derived from benzoylacetone, dibenzoylmethane,
and acetylacetone; rare earth chlorides solvated with water

and deuterium oxide; and rare earth oxides dissolved in

sodium metaphosphate glasses were synthesized for these

‘studies.

Initial investigations were conducted on the p—dikc-
tone chelates dissolved in organic glasses at 779%. The
luminescence spectra of the samples, arising from excitation
by ultraviolet light, are reported, and groups of spectral
lines are given J-J assignments. The luminescence decays of
the rare earth ion emissions, arising from radiative_tfansi-
tions originating at the lowest resonance leﬁél of the ions,
were measured. ‘The decay curves were analyzed statistically,
1 s repbfted for the rate
constant associated wifh intramolecular energy transfer.
From a consideration of the rate‘of-energy transfer and the
magnitude of the moleculaf phosphorescence decay times of
of the chelates, it is concluded that inttamoleculaf energy

transfer cannot originate at the same level from which

phosphorescence occurs. Intramolecular energy transfer rate



Al

constants for transfer of energy to the ions from higher
levels of the triplet energy systems in these compounds are
discussed.

The visible absorption spectra of solutions of rare
earth chelates and rare garth‘chlorides are presented and
ahalyzed,' Rare earth ion radiative transition probabilities,
calculated from the weak ion absorption bands, are reported.
It is shown that the increased luminescence decay times of
‘the chelated rare earth ioms as compared to the solvated rare
earth ions must be due to a decrease in quenching of the ion
states, not to a decrease in the radiative transition proba-
bilitiés. |

The luminescence investigations were also carried out
on microcrystalline chelates, crystalline solvated chlorides,
ahdAmetaphOSphate glasses. The emission spectra arevpresented
and J-J assignments are made. Measurements of spectral lines
‘arising from vibronic coupling of chelated rare earth ions
are given. The luminescence decay curves of the complcxes.
are reporfed, and decay times calculated from the curves are
tabulated. For a few of the samples, the témpcrature de-
pendencies of the luminescences are also repofted. ‘,'

Quite significant differences were found in the lumi-
nescence intensities and decay times of rare earth ions in
different enviropments. Possible mechanisms for quenching
of rare earth ion states are presented, and it is concluded

that the variations of the luminescence properties of the

-==—==jons—are-due-to variations=in-vibronic- quenching-efficiency. - —-



' The nature of the vibronic quenching in each of the dif-

ferent rare earth complex systems is discussed.
Secondary environmental effects on the rare earth ion

luminescences are considered, and it is shown that factors

such as the nature of the solvent and the method of sample

preparation must be considered in any quantitative discussion
of the luminescence properties. The origins of the dis-
crepancies among the luminescence decay times reported by

other authors are also considered.
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1. Introduction

It has been known for some time that the near ultra-
violet, visible, and near infrared spectra of the trivalent
rare earth ions, lanthanum through lutetium, arise from "for-
bidden'" electronic transifions between states derived from 4f
electroﬁs. The absorption spectra of the complexed ions are
characterized by sharp lines possessing very small extinction
coefficients (1,2), while the emission spectra are charac-
térized by very sharp lines similar to those in the spectra
of the free ions. Due to shielding of the 4f electrons by
the outer 5s and Sp electrons qf the.ions, the wave lengths
of the lines in the absorption or emission spectra are not

very dependent upon the environments of the ions. The cen-

‘tral problems in the spectroscopy of the trivalent rare earth

ions have been to characterize the electronic states giving
riseAto the visible and near visible spectra ahd to delineate
the paths of energy m1grat1on within the rare earth complexes.
| The characterization of the 4f electronic states of
the rare earth ions has been conducted through a study of the
absorption and emission spectra of, for the most parf,‘crys-
talline inorganic salts §f the metals (3). As the sbectra of

the complexed ions are very similar to the atomic spectra of

the free ions, the electronic states of the complexed rare



2
earth ions have been classified accofding to the spin quantum
number, S, the orbital angular momentum quantum number, L,
and the total angulaf momentum quantum number, J, of the
parent atomic states. Weak interactions between the 4f elec-
trons and the surrounding ligands may partially or wholly re-
m6ve the electronic degeneracies of the‘parent atomic states
giving rise to crystal field multiplets. Whereas a transi-
tion between atomic J states of the free ion would give rise
to a single spectral line; transitions between the crystal
field multiplets lead to a group of spectral lines. 'Thg prob-
lems involved in the characterization of the crystal field
-multiplets, and the accomplishments that have Eeen made in
this field have been reviewed by McClure (3). Recent exten-
sive analyses of the crystal field structure of the spectra
of the rare earth ions have been reported by Dieke and co;
workersA(4,5,6,7.8.9).

Quantitative measﬁrements of energy migration in in-
organic salts were first reported by Rinck (10). Detailed
studies of the relative intensities of emission and the lumi-
nescence decay times were conducted'using crystals of europic
sulfate, Euy(S0O4)3-8H;0. It was found thaf although the 4fA
electrons of the europium ion were being excited directly by
the absorption of near ultraviolet light, the depopulation of
the excifed electronic states of the europium ion occurred
mainly through quenching processes. The data indicated that
over 95% of the electronic energy was being converted to vi-
brational motion of the surrounding lattice, and that less

than 5% of the energy was reappearing as radiation. Similar



3
results were obtained by Geisler and Hellwege'(llj in a study
of the emission of terbium bfomate. Tb(BrO3)5-9H,0. |

The energy migration mechanisms become even more com-
“plex in the @-diketone chelétes of the rére earth ions. It
"has been shown (12,13,14,15) that for these compléxes, the 4f
electrons are not excited directly by the absorptidn of the
ultraviolét’light, but rather that the surrounding'organic
ligands absorb the exciting radiation, and the energy is then
transferred to the 4f electrons of the rare earth‘ion. De-
tailed studies of the spectra of-the @-diketone chelates by
Crosby and coworkers (16,17,18,19,20,21) have established that
‘intramolecular energy transfer to the 4f electrons of tﬁe rare
earth ion occurs via the loﬁest triplet state of the organic
complex or via a nearby excited triplet.

Although the spectral measurements of the rare earth
chelates revealed the important role playea by the triplet
state in the intramolecular energy transfer process, it was
not known with certainty which of thé levels of the lowest
triplet system were involved in the energy transfer procéss.
Furthermore, the spectral measureﬁents gave no measure of the
'rate of intramolecular enéfgy transfer, and it was not known
if the energy transfet‘process controlled the rate of decay of
the rare earth ion luminescences. |

In an effort to obtain more detailed information about
energy migration processes in'ra}g earth complexes, an investi-
gation of the luminescence decay times and the luminescence

spectra of Complexed rare earth ions was undertaken. Complexes



selected for study were those.coMpéunds of trivalent samarium,
éuropium, terbium, and dysprosium which commonly give rise to
bright line emissibn characteristic of fhe rare earth ion.
Beta-diketone chelates, solvated chlorides, and oxides dis-
solved in sodium metaphosphate glasses were used in the inves-
tigations. |

The purposes of the investigations presented here are
as follows:

(a) to establish limits'on the rate of intramolecular energy
transfer in rare earth chelates and to determine whether
the transfer process controls the rate of decay-of ion
1uminescence, | |

(b) to obtain information about the nature of the excited
energy levels of the rare earth chelate from which in-
tramolecular energy transfer occurs,

(c) to determine whether the QUenching'processes, which
play such an important role in the depopulation of
excited electronic states of the solvated rare earth
salts, are also operative in other types of rare earth
complexes% and to obtain information about the nature

of the quenching processes.



2. Experimental Details

2.1. Preparation of Compounds

2.1.1. Chelates Derived from Benzoylacetone and Dibehzoyl-

methane

Rare earth trisbenzoylacetonate dihydrates.(MB3-2H20)
and rare earth trisdibenzoylmethiqes (MD3) were prepared in
the same manner as‘described by Whan and Crosby (20). The
rare earth oxides (99.9+% purity) were obtainéd from Réseatch
Chemicais, Inc. The dibenzoylmethane and benzoylacetone |
(both Eastman White Label grade) were not purified.before use.
In the case of the europium trisdibenzoylmethide, a portion
‘of the preparation was not subjecfed to the usual pto}onged
vacuum drying at elevated temperatures described’inireference'
20. Analysi§ of this compound revealed that the chelate con-

tained one extra mole of chelating agent (dibenzoylmethane)

per mole of chelate.
2.1.2. Chelates Derived from Acetylacetone

One gram of ;are‘earth oxideAwas convefted to .the
chioride by treatment’with a concentrated hydrochloric acid
solution. The exCeSs hydtogen chloride was removed_by gently
boiling away the excess liquid. Thé moist crystals of the

rare earth chloride were dissolved in 200 ml. of water, and

5
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4 ml. of redistilled acetylacetone were added to the solution.
Concentrated ammonium hydroxide was added to the mixture, drop
by drop with vigorous stirring, until precipitation of the
white microcrystalline chelate was complete.
o 0
I I

3NH,OH + M3* 4+ 3CH2-C-CH,-C-CH H50
4 3 2 3 20

3
/

,0=C

S \ +
M C-H + 3NH4 + 3H20'

\\ ” o

o0—C
L ]

Addition of excesé concentrated ammonium hydroxide was avoided.
The precipitated chelate was collected by vacuum fil-
tration on a medium, sintered-glass, filter funnel, washed
three times with distilled water, and air dried. Acetone was
added to dissolve the dried material while it was still on thé
filter funnel, and the solution wés drawn off under vacuum,
The chelate was then crystallized from the boiling acetone
solution and vacuum dried at room temperature for twelve to
sixteeq hours. Quantitative analyses of the compounds revealed
that the final product existed as the monohydrate. Attempts
t6 remove the extra mole of water from the product by vacuum
drying at elevated teﬁperatures were not successful. The melt-

ing points of the rare earth trisacetylacetonate monohydrates
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are reported in Table 2.1.2.1.
2.1.3. Solvated Rare Earth Chlorides

Hydrated rare earth chlorides were prepared by treating
the rare earth oxide with a concentrated hydrochloric acid
solution. The excess hydrogen chloride was removed by gently
boiling away the excess solvent until only moist crystals re-
mained. The material was dissolved in distilled water and the
solution was again evaporated down to moist crystals. The
crystalline chloride was then collected on a sintered-glass
filtér funnel and air dried.

Rare earth chlorides solvated with deuterium oxide were
obtained through the courtesy of Dr. Kathryn E. Lawson of
Sandia Corporation, Albuquerque, New Mexico. These compoﬁnds
were prepared in precisely the same manner as were the rare
earth chlorides solvated with water except thét deﬁterium
chloride in' deuterium oxide was used to convert the rare earth
oxide to the solvated chloride. During the preparation of
these compounds, the solutions were eyaporated to dryness in
‘a vacuum desiccator to prevent contamination of the materials
with water. The final products were also stored in a vacuum
desiccator. | |

No chemical analysé;'were performed on the crystalline
solvated rare earth chlorides, however, br. Lawson obtained
X-ray powder patterns of the chlorides prepared in the manner
just described. ‘The powder patterns of the'rare earth chlo-
rides of trivalent samar;um, europium, terbium, and dys-

proéium solvated with either water or deuterium oxide indicate
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TABLE 2.1.2.1.
MELTING POINTS OF .RARE EARTH

TRISACETYLACETONATE
MONOHYDRATES

o ——

Compound ' m. pf’ c
SmA3'“2°(a) | 136-139(b)
EuA3-Hp0 | 136-139
GdA-H50 o ' 142-145
ToA3-Hp0 | © 130-132
DyA3-H50 ' | ‘ B 137;13é‘

(a)Abbrev1at10ns used for organ1c groups here and

throughout the text are: C)
0 . 0
' | [ .
A = acetylacetonate ion, : : CH4;-C=CH-C-CH4
« o o ©
~ o | f
B = benzoylacetonate ion, CH;-C=CH-C
L iAl°
|
D = dibenzoylmethide ion, C=CH-C

0 0
. : : [ [
DH = dibenzoylmethane molecule, C—CH2-

(b)None of the compounds exhibited sharp meltlng points.
Decomposition occurred during melting,
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that the samples were all isostructural with crystalline

gadolinium trichloride hexahydrate (GdCl3-6H20).
2.1.4. Rare Earth Oxide-Sodium Metaphosphate Glasses

Rare earth oxide and sodium dihydrogenphosphate, .
NaH,PO4-H50 (Baker's Analyzed reagent, C. P. grade), were
weighed out directly into a porcelain cruciblé; The mixture
was heated gently with a Meeker burner until the evolution of
water had ceased. The'Opaque glassy residue was then fﬁsed by
vigorous heating with fhe burner. Heating was continued, with
occasional swirling of the melt, until all of the rare earth
oxide had been dissolved by,the'molten sodiumAmetaphosphate.
The melt was‘poured onfo a piecg of polished stainless steel
sheet and allowed to cool. Rare earth oxide-sodium metaphos-
- phate glasses containing 0.1, 1,0, 2.0, and 10.0% by weight
europium or terbium oxide, and glasses containing 2.0% by
weight dyspro;ium or samarium oxide were prepared in this
manner. The total weight of an individual sample was about
8 gm., and the resultant glass bead was two tolthfee cénti—
meters in diameter and about a half centimeter thick at the
center.

The dissolution of the fare earth oxide in the molten

sodium metaphosphate probably occurs according to the reaction
L ua |
M203 + 3NaH2PO4 H20-—->'2MPO4 + Na3PO4A+ 6H29.

The dissolution process is définitely not just a dispersion of
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the rare earth oxide in a sodium metaphosphate matrix since
theAglass samples were perfectly transparent, and if they did
possess color, it was the color characteristic of the inor-
~ganic salt of the particular rare earth ion, not the color of
the oxide of the rare earth ion.

Fof glasses containing 2% by weight or less of rare
earth oxide, thé samples possessed all the characteristics of
a true glass. The samples were perfectly tran§pafent, frac-
tured conchoidally, and revealed éurved strain patterns when
viewed through crossed polaroids. The giasses were slightly
hygroscopic, and they fractured when immersed in boiling
liquid nitrogen.

Samples containing 10% by weight rare earth oxide were
no longer transparent, but cﬁntained a dispersion of white
opaque solid. The glass beads fractured when cooled to room
temperature. This was not surprising, since stoichiometric
considerations indicate that they may coﬁtain as much as 80%
by weight rare earth phosphates, and such'large amounts of
.phosphate would not be completely dissolved in the remaining
sodium ﬁetaphosphate. | |

No chemical analyses were performed on>the metaphos-
phate glass samples. Per cent compositions were estimated
from the weights the rare earth oxide and sodium dihydrogen-

phosphate used in preparing the samples.

2.2. Quantitative Analyses of Rare Earth Chelates

A volumetric procedure for determining the rare earth
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metal content of  Q-diketone chelates of the trivalent rare
earths has been reported by Whan (20,22). An alternative
method of analysis by a combustion technique is described be-
low.- Although this method is neither more accurate nor faster
than the volumetric procedure, it can be a;compiished with
fewer laboratory manipulations of the sample.

About 100 mg. of rare earth chelate was weighed out in
a carefully dried and tared porcélgin combustion ctucibie.
Ignition of the sample was performed without a crucible cover.
The samples were first heated with a ver& low, Meeker-burner
flame. At no time was the temperature of the sample allowed
to rise so high that vigorous boiling-or splattering of the
liquid residue occurred. When the liquid residue had been re-’
ducéd to a black carbonaceous solid, the sample was treated
for one half to one hour longer with a very hot flame. All
analyses were run in triplicate.

Ignition of chelates of samarium, dysprosium, and
europium yielded the white sesquioxide (23), while the terbium
chelates yielded a black residue consisting of mixed oxides of
triValent and tetravalent terbium. According fo Cotton and
Wilkinson (24), terbium oxides formed by igﬁition'of terbium
compounds in‘air have variable compositions ranging from
TbOy 7, to TbO; gy with Tb01_75 being most common. Results
of ignition aﬁalyses of rare earth @;diketone chelatés are
listed in Table 2.2.1. Melting points were obtained on all
other rare earth chelates which were prepéred, although the
latter were not analyzed for rare earth metal content. The

melting points of these chelates agreed with those given by
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TABLE 2.2.1.

RESULTS OF IGNITION ANALYSES OF RARE EARTH CHELATES

Compound % Metal % Metal
‘ (found) - (theoretical)
EuD3(a) o ' 18.6 - - 18.5
EuD-DH  14.0 | 14.5
-SmA3~H20 ' 33.2 | ‘32.3
EuA3-Hp0 32.4 ) 32.5
GdA5-H50 | 33.4 o 33.2
TbA3fH20‘ 34.7(®) 1 33.6
DyA3:H,0 . 337 | 34.0

(a)See Table 2.1.2.1. for abbreviations.

(b)Ccalculated on the assumption that the empirical
formula for the terbium oxide was TbO, 75-
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Absorption spectra of solutions of rare earth compounds
were measured with a Cary Model 14 spectrophotometer. Cylin-
. drical quartz cells Qarying from. 1 cm. to 10 cm. in length
were used to contain the solutions. Reagent grade solvents
‘were used to prepare all solutions. In all instances, the
solutions were prepared immediately before the measurements
were made.
' Absorption strengths are reported in either units of
absorpance. A, or in terms of. the molar extinction coefficient,
€. The ﬁolar extinction coefficient used here is related to

the absorbance by the following form of the integrated Beer's

law:
A = log IQ = gcl | 2.3.1
1 O _ ‘ ] L .
I
where I, = intensity of incident radiation,
I = intensity of transmitted radiation,
c = concentration in moles per liter of
solution,

1 = length of cell in centimeters.

The spectrum of the strong ligand absorption bands of
the acetylacetonate complex was measured using an alcoholic
solution of GdA3-H,0 at a conéentration of 444 mg; per 50 ml,
of solvent. A 1 cm. cell was used to contain the solution.:
In order to measure the very weak ébéérbances of fhe chelated

rare earth ions, the compounds were dissolved in benzene,
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acetone, or alcohol at concentrations around 0.01 M, Optical
cells varying from 2.5 cm, to 10 cm. in length were used for
measuring the absorption spectra of these Solutions.

For the measurements of the weak rare earth ion transi-
tions of the chlorides, abéut two grams of the rare earth
oxide were c?tefully weighed out in a 250 ml. beaker and con-
verted to moist crystals of the rare earth chloride as de-
scribed in Section 2.1.3. The chloride crystals were then
.dissolved in water, and the solution transferred quantita-
tively to a 50 ml. volumetric flask and diluted to the mark.
The absorption spectra of the resultant solutions (~ 0.2 M
concentrations) were investigated using Quartz cells:va;ying
in length from 2.5 cm. to 10 cm.

Only the visible region of the absorption spectrum was
invesfigated for these studies because the strong ofganic
1igand absorption band completély masked out other weak rare
earth ion transitions which are reportéd by Halleck and
Hartinger (25) to lie in the near ultfaviolet region of the
spectrum. A typical absorption spectrum of a chelated rare
earth ion is shown in Fig. 2.3.1. The spectrum consists of
small sharp absorption'peaks ofAthe.ra;e earth ion superim-
posed on fhe long wave length tail of the iigand absorption
bénd. As only the rare earth ion absorption sérengths were de-
sired, the absorption curve of the(ligand was interpolated be-
neath the ion absorption peaks, and the absorbance due to the

ligand was subtracted from the total absorbance,
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Fig. 2.3.1.--Absorption spectrum of 0.0122 M EuD; in
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It is generally assumed (1)‘that the absorption strengths of
the rare earth ions follqw Beér’s law. It was not poséible to
check whether the absorbances of the chelated rare earth ions
also follow Beer's law since nearly saturated solutioﬁs had to
be used to detect the weak absorption peaks of the ions. Due
to the low intensities of the transitions observed and the meth-
od ‘used in élimination bf the absorbance of the-ligand; cal-
culated molar extiﬁction coefficients of the rare earth ion
absorption bands may be in error by as much as 10%. In some
instances, the absorption intensities were so weak (less than
0.01 absorbance uhits) or the interpolated base line so curved
that the calculated extinction coefficients may be in error by

as much as 25%.

2.4. Measurements of Luminescence Spectra

2.4.1. Sample Preparation

For studying the luminescénce properties of micro-
crystalline solids, the samples were mounted between th vicor
glass plates.  The [ovllowing method was used in preparing the
mounted samples.' A thin gasket formed from dohble sided tape
(Technical Tape Corp;, Morris Heights, N.Y.,A53, N.Y.) was ’
placed around the perimeter of a 2 X 25 X 50 mm. vicor plate.
(See Fig. 2.4.1.1.) The rare earfh chelate powder or finely
ground rare earth chloride was spread evenly on the fate.of
the plate within the gasket. A second vicor plate was'then
pressed firmly down on the first plate. If sufficient pres-

sure was applied, an airtight seal was formed between the tape
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2 X25X50mm.
Corning vicor
cover plate

Double sided tape

Thin film of
powdered
sample

2 X25 X50mm.
Corning vicor -
base plate_

Fig. 2.4.1.1.--Preparation of microcrystalline' powder
samples for luminescence studies.
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and the glass plates. The rare earth complex between the
plates was pressed into a thin semitransparent layer when the
glass plates were sealed together. Because the doublesided
tape luminesces when exposed to ultraviolet light, the perimeter
of the mounted saﬁple was sprayed with flat black lacquer so
that none'éf the tape was exposed either to the exciting light
‘Ot to the instruments used to detect the sample luminescence.
The mounted samples could be imﬁersed directly into liquid
nitrogen for low temperature studies.

For the investigations of the luminescence properties
of the sodium metaphosphate glasses at room temperature, the
glass beads were suspended in the path of the exciting light.
For low temperature studies, tﬁé glass beads were immersed
directly into the liquid nitrogen. Even \though the glasses
cracked upon immersion, the luminescence of the samples could
still.be»readily recorded.

Rare earth chelates dissolved in rigid organic glasses
at low temperatures were prepared as follows. Approximately
one milligram ofithe chelate was accurately weighed and trans-
ferred to a 50 ml. volumetric flask. The sample was completely
washed into the fla;k and dissolved in the desired combina-
tions'of organic solvents. After complete solution éf the
chelate was obtained, the solution was diluted with the ap-
.propriate organic solveﬁt; to fhe 50 ml. mark and thoroughly
mixed. The solution was then transferred to a quartz sample
tube which had a 2 cm. o. d. X 15 cm. body topped with a 1 cm.
o. d. X 20 cm. neck. The top of the filled sample tube was

sealed off with a rubber serum cap. Luminescence measurements
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~were made within two hours of the time at which solutions
were prepared.

The following organic'solvent combinations, all of
which formed clear rigid glasses at low temperatures, were
selected for this work: |

(a) EMPA consisting of, by volume, two parts diethyl-

| ether, two parts 3Fmethy1pentane,'and one part
. absolute ethaqol,

(b) EMP consisting of, by volume, one part diethyl-

ether and one part 3-methylpentane,

(¢) MP--pure 3-methylpentane.

The ethanol (U. S. Industrial Co., absolute, reagent
quality) was distilled from magnesium ethoxide according to
the method given by Fieser (26) before use. The diethylether
(Mallinckrodt, anhydrous, analytical feagént grade) and the
3-methylpentane (Phillips Pure Grade, 99 mol % min.) were both
distilled from sodium metal ribbon within the same day that

the solvents were used for sample preparation.
2.4.2. Totai Luminescence Measurements

Total luminescence spectra were recorded by observing
the sample emission at right angles to the path of the excit-
ing light. A diagram of the experimental arrangement for meas-
uring the luminescence of samples at liquid nitrogen tempera-
tures is shown in Fig. 2.4.2.1. A General Electric,~1060 w,
pyrex jackéted,'water cdoled,'high pressure, AH-6 mercury arc

lamp was used as an ultraviolet light source for studying the
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Fig. 2.4.2.1.--Arrangement of the equipment used for
measuring total luminescence spectra of samples at 77°Kf

a. GE AH-6 or Osram 500W mercury arc lamp

b. 'quarté condensing lenses |

c. solution filter céll with quartz windows

d. Corning glass absorption filters |
e. quartz dewar

f. sample

g. spectrograph slit
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luminescence properties of all samples except the rare earth
trisacetylacetonates. Because the first strong absorption
“band of thé chelates derived from acetylacetone lies much
further down in tﬁe ultraviolet region of the spectrum (2900
R), an Osram, 500 W, quartz jacketed, air cooled, mercury arc
lamp was used for an excitation source.

Glass absorption filters and solution filters were se-
lected to absorb all light from the excitatidn source except
light lying in selected narrow regiohs of the ultraviolet
spectrum. (See Section 2.4;4. for details.) Quartz condens-
ing lenses were used to focus the filtered ultraviolet light
onvthe sample, For low température studies, the samples were
.placed.in a quartz dewar filled with liquid nitrogen. The
quartz dewar wés only partially silvered. An unsiivered band,
5 cm. wide, was used for irradiation and observation of the
sample. 'For'rodm temperature studies the dewar was removed,
and the sample was merely,suspendéd in theupath of the exciting
light. The dewar, light filters, and condensing lenses were
encased in a black lucite‘plastic box to prevent excess ex-

citing light from entering the spectrograph.
2.4.3. Time Resolved Luminescence Measurements

For certain of.the samples étudied, it was desired to
record only the spectra of the long-lived luminescence. A
modified Becquerel phosphoroscope'was used for this purpose.
A diagram showing the arf?ngemént of equipment used for m;;s¥

uring time resolved emission spectra of samples at low tempera-

tures is given in Fig. 2.4.3.1. A complete description of the
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Fig. 2.4.3.1.--Arrangement of the equipment used for
measuring long-lived luminescence spectra of samples at 770K.

a. phosphoroscope motor
b. motor shaft
c. phosphoroscope biades
d. high pressure hercury lamp
e. quartz condensing lenses
f. solution filter cell.with quartz windows
g. Cﬁrning glass absorption filters
h. quartz dewar |
i >samp1e

Je spectrograph slit
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construction and operation of the phosphoroscope is given by
Whan (22). The instrument was operated with a resolution

time of ~ 1074 sec.; that is, a time lapse of rle“4 sec. oc-
curred between the moment one blade cut off the éxciting

light from the sample and the other blade opened to allow
sample luminescence to reach the spectrograﬁh. The 1ight
sources, light filters, and dewars used for these measure;
ments were fhe same as those used for total luminescence meas-
urements.

The construction of the phosphoroscope was s&ch that
the sample emission which reached the spectrograph came from
the side of the sample opposite to the surface being irradi-
ated with the ultraviolet liéht. This presented no problems
with the organic and metaphosphate glasses since these samples
were perfectly transparent. Powder éamples proved to be a
problem because the layer of powder in the mounted sample was
nearly opaque. The long-lived emission spectra of these sam-.
ples were obtained by making the powder layer between the
‘vicor plates thin enough for the sample emission to pass
through the semitfansparent layer and be recorded through the

spectrograph.
2.4.4. Light Filter Combinations

The light from the mercury arc source was filtered so
that_light from only narrow regions of the ultraviolet spectrum
reached the sample. The light filter systems consisted of
combinations of Corning, two inch square, polished, ultraviolet

transmitting filters and aquéous solutions which were contadined
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.in a brass cell 5 cm. in diameter by 5 cm. long fitted with
quartz plates at the ends. For studying emissions of rare
. earth chelates, filter combinations were chosen such that only
ultraviolet light corresponding to the first strong absorption
band of the chelate reached the sample. For inorganic salts
or metapﬁosphate glasses, the filter combinations allowed ul-
traviolet light, corresponding to the near ultraviolet‘absorp-
tion bands of the ion, to reach the sample.

As the Corning ultraviolet transmitting filtefs also
transmit radiation in the red end of the spectrum beyohd
7000 R, it was necessary to use aqueoﬁs solutions of'inorgahic
salts to filter out‘theAred light fromAthe mercury arc. Filter
combinations were selected with the aid of theutransmissibn_
data on Corning glass filters presented by Corning Glass Works
(27), and transmission data on solution filters published by
Kasha (28). The light filter combinations selected for use
in this work are listed in Table 2.4.4.1, and their transmission

—
characteristics are given in Fig. 2.4.4.1.

2.4.5. Recordihg the Luminescence Spectra

All luminescence spectré were photographed ﬁsiﬁg a
Steinheil Universal GH prism spectrograph. With the exception
of one compound (GdA3~H20) all the spectfa were recorded with
the instrument set at f/8 optics with a dispersion of 17 R/mm.
at 5000 8. The instrument was ad justed so that the spectrum be-
tween 4500 and 7500 R was recorded on the photographic plate.

" For investigating the luminescence properties of the gadolinium

trisacetylacet6nate complex, the spectrograph was set at f/3.5
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~TABLE 2.4.4.1.

ULTRAVIOLET TRANSMITTING LIGHT FILTER COMBINATIONS

Class of Com- Wave Length of Filter Combina-
pounds Studied ' Light Desired, R ' tions Used

' o . ). (b)
MA 4 -H,0 ‘ 2900 Corning #7-54(3)N1504
MB,-2H,0 3200 Corning #7 0’

3 2 orning -54 + CuS 4
MCl., MPO 3600 Corning #7-60 + CuSO
MD 3 "4 _ 4

3 .

(a)Cornlng catalog number for two inch square, polished
_ glass filters.

. (b)AQerus solution of nickel sulfate (5 cm. path, 100
gm. of NiSO4-6H20 per liter of solution).

_ (C)Aqueous solution of cupric sulfate (5 cm. path, 100
gm. of CuSO4-5H,0 per liter of solution). ‘
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' Fig. 2.4.4.1.--Transmission characteristics of ultra-
-violet transmitting light filter combinations.

-———- NiSO, solution plus Corning #7-54 filter
' CuSO4 solution plus Corning #7-54 filter

----------- CuSO, solution plus Corning #7-60 filter
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optics with a dispersion of approximately 40 R/mm. at 5000 R.
In this case the instrument Qas adjusted so that the spectrum‘
between 3800 and 5600 R was recorded. A1l épectra were re-
corded on Kodak 103a-F Spectrographic;piates. Densitometer
traces of the spectra were obtained from the photographic
plates with a Jarrell-Ash automatic recording miérophotometer.
| For a study of the linelike emission spectrum charac-
teristic of a complexed rare earth ion, it was of interest to
know the detailed structure of both the strong lines and the
weak lines of the spectrum. .Because such information cannot’
be obtained from one exposure of the photographic plate, three
to five separate.exposures were made of the samplé emission
with the exposure times varyiﬁg<by a factor of four from one
exposure‘to the next. Superimposed on each'ekposure was the
calibration spectrum obtained from an argon gas discharge tube.
Details of the determination of the wave lengths of the sample
emissibn lines are given in Appendix 5.1. A typical photo-
graphic plate is shown in Fig. 2.4.5.1. As can be seen in.
the figure, the structure of the strongest lines is ciearly
discernible in the % min. exposure, while the structure of the
weak lines around 5300 R is discernible in the 60 min. ex-
posure. In Table 2.4.5.1. are listed some of the spectro-
graph slit widths and exposure times used for recording the

emission spectra of the complexed rare earth ions.

2.4.6. Stability of Rare Earth Chelates to Prolonged Ex-

posures to Ultraviolet Light
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Fig. 2.4.5.1. Positive reproduction of a photo-
graphic plate displaying the emission spectrum of EuD--DH
solid at 779K. (The spectra were obtained with a Steinheil
Universal GH spectrograph set at f/8 optics yielding a dis-
persion of 17 5/ mm at 5000 R. A 50 micron slit width was
used for recording the spectra on a Kodak 103a-F spectro-
graphic plate. Exposure times are indicated to the right
of each spectrum.)
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TABLE 2.4.5.1.

TYPICAL SPECTROGRAPH SLIT WIDTHS AND EXPOSURE TIMES

USED TO RECORD THE LUMINESCENCE SPECTRA
OF COMPLEXED RARE EARTH IONS

Compound

Minutes

Slit Width, Exposure Time,
Microns

SmB 5 -2H,0
EuB3+2H50

TbB3-2H30

DyB3+2Hp0 -

SmB 3 +2H,0
EuB3-2H50
TbB3 - 2H50

DyB3°2H50

SmC1l.-6H,0

3772
EuCls- 6H,0
TbC1y- 61150

DyCls-6H50

EuPO4
TbPOy

DyPO,

EMPA Glass at 779K

NaPO; glass at 2989

20

20

20
20
80
40
40

40

100

50
50

100

- 40

40
40

40

H

.

B B b

H

[

bi-

-

16,
16, 60

16, 60

60
60

60

60

60
60

60
60
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An experiment, designed to test the stability of rare
earth chelates in EMPA glasses at 77°X. was conducted in the
following manner. Two samples of EuD; in EMPA (<1 mg./50 ml.)
were prepared.and placed in quartz sample tubes. One of the
samples, immersed in liquid nitrogen, was continuously irra-
diated with filtered ultraviolet light for eigﬁt hours. The
light filters used were the same as those in Table 2.4.4.1.
selected for irradiation of'Mb3 complexes. The luminescence
spectrum of this sample was recorded at one hour intervals
using a 2 min. exposure with a 40 micron slit width. The
other s#mple was stored in liquid nitrogen and irradiated with
ultraviolet 1igh; only for the short intervals necessary to
record the emission spectrum, The emission spectrum of this
sample was recordéd once every two hours. The luminescence

specfra of both these samples were recorded on the same

.photographic plate.

A visﬁal inspection of thé spectra obtained from the
two EuD; samples indicated that there were no changes in the
line posifions or rélative intensities regardless of the
length of expoéure to the ultraviolet radiation. No other.
tests were made on the'stability of tﬁe chelates dissolved
in orgahic glasses. It was noticed, however, that in the case
of TbDj dissolved in an EMP glass a progressive and striking
change occurred in the color of the emitted light. Within
the first féwiminutes of exposufe to ultraviolet radiation,
the emission‘from the EMP glass turned from a weak, pale
yellow-green to a slightly stronger, deep green. The phe-

nomenon was confined to the small region of the rigid organic
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glass under irradiation. This change in emission character-
istics was attributed not to any large amounts of photodis-
sociation, but rather to a minor amount of photodissociation
of the sample which caused small shifts in the energies qf
nearly coincidental electronic states of this chelate. This
phenomenon will be discussed in more detail in Section

3.3.2.6.

2.4.7. Effects of Concentration on the Emission Spectra of

the Rare Earth Oxide-Sodium Metaphosphate Glasses

) deium me taphosphate glasseé containing 0.1, 1.0, and.
10% by weight europium oxidelor terbium oxide were prepared,
and the emission spectra of the glasses were takeﬁ'with the
samples 4t room temperature. The emission spectra of the 0.1 %
and 1.0 % oxide samples were identical, as far as structﬁre
and relative line inténsities, with the emission spectfa of
the glasses containing 2% oxide. The spectra of the glasses
containing 10% by weight rare earth oxide were almost the same
as the glasses 6f lower compositiéns except that very sharp -
but weak lines chafacteristic of rare earth ions in inorganic
crystals were superimposed upon the more diffuse line emission
characteristic of the rare earth ions in the metaphosphate
glasses at low concentratiqns. The sharp line emission prob-
ably arises from emission by the white, opéque, undissolved

rare earth phosphate embedded in the clear glass.

2.5. Measurement of the Decay of Rare Earth Ion Luminescence

2.5.1, The Apparatus
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The luminescence decays of the complexed raré earth
ions were measured by flashing the sample with a short-lived,
ultraviolet flash lamp, and by monitoring the luminescence
intensity with a photomultiplier. A block aiagram-of'the ap-
paratus constructed for this purpose 1is shown in Fig. 2.5.1.1.
Complete details describing the coﬁstruction and operation of
the apparatus are given in Appendix 5.2. An Edgertqn,4Germes-
hausen, and Grier FX-12 xenon lamp operating at one joule per
discharge (040§ﬂF at 5000 V) was used for ghe flash source.
Spontaneous discharge of the lamp was prevented by the use of
a triggered spark gap which consisted of essentially two steel
poles separated to such a distance that spontaneous-discharge’
aéross the poles occurred at voltages slightly higher than the
operating voltage of the lamp. Discharge of the storage ca-
pacitdrs across the spark gap and fhrough the flash lamp was
-accomplished by momentarily ionizing the air between the steel
poles with a spark from the thyratron spark source. With this
apparatus, a flash with a mean lifetime of two microseconds
could be obtained.

The sample emission was monitored with a RCA-2020
photomultiplier tube. (For studying the red emission of

- chelated Sm3+

a RCA-7102 photomultiplier was employed.) The
phbtotubes, operated at a total potential of 1080 volts with
an ~ 10 KLl anode fo ground load resistance, had a response
time of 1e$s than one microsecond. The photomultiplier sig-
nal was displayed on a Tektronix Model 535 oscilloscope on

which the horizontal sweep trigger was adjusted so that a sin-

gle sweep was initiated when the lamp was flashed. Time mark
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. : I : Phototube
Time Mark | . ‘ Power Supply
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Fi‘,.<2.5.l.l.--Biock diagram of the apparatus used to
' measure %uminescence decay times.-
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signals from a Tektronix Model 180 time mark generator were
used as a standard for measuring the horizontal time scale of
the oscilloscope. A Polaroid Land camera equipped with Polar-
oid 3000 speed film was employed to photograph the oscilloscope

traces.
2.5.2. Preparation of Samples

The same microcrystalline powder samples and meta-
phosphate glass samples used for studies of the emissioﬁ spec-
tra were élso employed when measuring the luminescence decays.
The rigid organic glaés samples were prepared in the same man-
ner as those used for the emission spectra studieé. 'FOt low
temperature investigations, the samples were immersed in liq-
uid nitrogeh in the same quartz dewar that was used when photo-

graphing the luminescence spectra.
2.5.3. Light Filter Combinations

The light from the flash lamp was fi;tered.thtough the
same light filter coﬁbinations used in the luminescence spec-
tra studies (See Table 2.4.4.1.). Two different methods were
used to filter the sample emission so that light from only a
selected narrow region of the spectrum reached the photomul-
tiplier. One method was to interposé Corning glass cut-off
filters, a solution filter, and an interference filter between
the sample and the photomultiplier. The solution filter
(f\JlO-3 M dibenzoylmethane in absoldte alcohol) and the cut- -

off filters absorbed all the ultravielet light from the flash

lamp, while various Balzar narrow band interference filters
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(~ 100 R half width) were used to pass light from narrow re-
gions of the visible spectrum. An iris diaphragm w2s em-
ployed to adjust the intensity of light falling on the photo-
multiplier.

The other method of filtering the sample emission was
to place a Bausch & Lomb Monochrdmator (250 mm. focal length,
66 R/mm. dispersion) between the sample and the detector.

The monochromator was adjusted so that only sample emission
from the desired region of thé visible spectrum reazched the
photomultiplier. The intensity of light falling on the photo-
multiplier was adjusted by opening or closing the slits of the
monochroma tor.

The regions of the visible spectrum selected, when
monitoring the luminescence decay of the samples, are indi-
cated on the illustrations of the emission spectra of each of
the samples. These spectra are presented in the Discussion

section (Section 3.).

2.5.4. Method of Recording and Measuring the Luminescence

Decays

The proper combinations of light filters were mounted
in the apparatus and the sample was centered in the sample
compartment so that msximum illumination by-the flash was ob-
tained. The intensity of sample emission rezching the photo~.
tube, fhe vertical sensitivity of the oscilloscope, and the
horizontal sweep speed of the oscilloscope were all adjusted

so that the initial rise, the peak intensity, and the first

two or three half-lives of the luminescence decay were displayed
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dn.the oscilloscope screen. This osciliographic trace plus
the base line trace and the-time mark signals were all re-
corded by the camera on the same photograph. A typical‘pho—
togréph is given in Fig. 2.5.4.1.

For certain samples the first six to nine half-lives
of the lgminescence decay were recorded by utilizing both time
bases of the %ektronix Model 535 oscilloscope. After ascer-
taining'the aéprbximate half life of the luminescence decay,
the time base '"B'" of the oscilloscope was adjusted so that ap-
éroximately ten half-lives were displayed on a single sweep.
Using timé base "A'" -in the Main Sweep Deléyed mode and making
proper adjustments of the vertical sensitivity of the pream-
plifier, tﬁe first three half-lives could be recorded on one
photograph, the second three on another,photograph; and so on,

until the desired number of half-lives had been recorded or un-

" til the infensity4of the sample emission became too weak to de-

tect on time base "A,

The relative intensity of sample luminescence was taken
as the vertical distance on the photograph between the lumi-
nescence decay curve and the base line. A pair of dividers
and a millimeter scale were used to make the measurements. The
data (using at least eight points from each photograph) were

plotted on semilogarithmic paper for interpretive purposes.

“The statistical methods used in determining the mean life

times from the decay curves are given in Appendix 5.3.
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INTENSITY

RELATIVE

Fig.. 2.5.4.1.--Luminescence decay of the 5400 & lines
5-H,0 in EMPA at 77%.

I l | 100 microsecond time mark signals

\Mhhhw, luminescence intensity

base line

of TbA

(The sample was excited with an Edgerton, Germesheusen,
and Grier FX-12 flash lamp operating at one joule per dis-
charge. The sample emission, filtered through a B & L
monochromator (250 mm. focal length) set at 5400 R with 2 mm.
slit widths, was getected with a RCA-2020 photomultiplier
operating at a 1080 V anode to cathode potential with a
10 KN 1load resistance. The photomultiplier signal was dis-
played on a Tektronix Model 535 oscilloscope employing a 50
millivolt per centimeter vertical sensitivity.)
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2.5.5. Effects of Concentration on the Luminescence Decays

of Rare Earth Oxide-Sodium Metaphosphate Glasses

Rare earth oxide-sodium metaphosphate glasses contain-
ing 0.1, 1.0, and 10% by weight europium oxide or terbium ox-
ide used for the emission spectra studies reported in Section
2.4.7. were also used to determine the concentration effect
on fhe luminescence decay times. The luminescence decay
curves of all of thé samples are shown in Fig. 5.5.1.3. and
Fig. 5.5.1.4. The luminescence decay times measured. from
these curves were comparéd with the luminescence decay times
of the glasses containing 2 % by weight rare earth oxide. In
the case of the terbium oxide glasses, the luminescencé'decay
times of the 0.1, 1.0,and 10% glasses were within 2 % of the
luminescence decay time‘of the terbium glass containing 2 % by
weight terbium oxide. In the case of the europium glasses,
the luminescence decay times of the 0.1 % and 1.0 % glasses 8
were within 2.% of the luminescence decay time of the samplel
containing 2 % by weight europium oxide. The lum;nescence’de-
cay time of the 10,% glass was significéntly shorter than those
of the glasses of lower composition;

Because the glasses confaining 10 % by weight rare earth
oxide were opaque, shattered easily, and appeared to contain
two different rare earth sbecies, they were discarded. Al-
though the luminescence properties of the glasses containing
0.1;.1.0,and 2.0 % by weigﬁt rare earth oxide appeared to be
identical, the glasses containing 2 % by weight rare earth

oxide were chosen for detailed luminescence studies because of
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the higher intensities of light emittea from these samples.



3. Discussion

3.1. Rate of Intramolecular Energy Transfer in Rare Earth

Chelates
3.1.1. Luminescence Properties of Rare Earth Chelates

‘The probable structure of the»chelates used in these
studies is shown in Pig. 3;1,1,;,, The octahedral or near octa-
hedral arrangement of oxygen atoms around the central metal
ion is exhibited by @-diketone chelates derived from acetyl-
acetone and substituted acetylacetones. Luminescence is ob-
served from these complekes when the compounds, dissolved to
" low concentrations in organic glasses at low temperature, are
irradiated with near ultfaviolet light corresponding to the
first strong.absorptiod band of the complexes.

The spectra consist of varying amounts of broad band
-molecular emission characteristic of the organic portion of
the ;ompiex aﬂd sharp line emission characteristic of the
chelatedArareAeérth ion. By means of careful measurements
of the molécular emissions plus observations upon the appear-
ance or nonappearance of the rare earth ion emission, Crosby,
Whan, and Alire (18) were able to detefﬁine the path of intra-
molecular energy transfer in rare earth chelates,

The energy trénsfer and lumihescence mechanisms are
indicated schematically in the energy level diagram shown in

40
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"Fig.- 3.1.1.1.--Probable structure of @-diketoné
chelates of trivalent rare earth ions.

For trisacetylacetonate chelates,,Rl = R3': CH3-,
-and R2 = H-

'For trisbenzoylacetonate chelates, R; = CH,-,

Ry = .H, and_R3 = .

For trisdibenzoylmethide chelates, R2 = H, Rl = R3 =

For tristribenioylacetonate chelates, Ry = Ry = Ry =

<}
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Fig. 3.1.1.2. Absorption by the comple# of the near ultra-
violet light excites‘the molecule to the first excited singlet
étate, Sl.' The molecule may either lose its electronic energy
gig tadiatiye combinations with the ground state (Sl—%>SO).
giving rise to molecular flubrescence, or it may undergo in-
tersystem crossing (S;—T;) to the less energetic triplet
state. Spin-forbidden radiative combinations of the triplet
state with the éround state’(Tj;4>Sb) result in long-lived
molecula;‘phosphorescence. The excited molecule may, on the
other hand, undergo a nonradiative transition from the triplet
state T; to the low-lying electronic levels of the chelated
rare earfh'ion; These latter electronic levels arise from in-
teractions among the 4f electrons of the trivalent rare earth
ion.

Linelike emission characteristic of the complexed rare
earth ion arises only when a resonapce.(emitting) level of the
ion (such as R; in the diagram) lies at an energy whiéh is
equivalént to or.less than the energy of the lowest triplet
level, Ti.~ This emission arises from 1ntramolecular energy
transfer from the triplet state (T;) to the resonance level (R,)
followed by radiative combinations of the resonance level with
the lower lying ion levels. The transfer of energy from the
first excitéd singlet state (S;) to some lower lying resonance
levels of the ion such as R; or R,, although energetiéally
possible, was not found to be operative in the populating of
the electronic states of the chelated rare earth ion.

During the investigations of the phosphorescence spec-

tra of the rare earth chelates, Whan (22) noticed that the rare
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earth ion emissions of the europium and terbium chelates could
be readily recorded with the phosphorescence spectrum of the .
complexes through a phosphoroscope, while the linelike emis-
sions characteristic of the samarium and dysprosium ions were
.never. recorded in the phqsphorescence_spectra, As the resolu-
tion time 6f the phosphoroscope was 100 microseconds, it was
concluded that the decay times of the samarium and dysprosiﬁm
ion emissions wefé much less than 100 microseconds, while the
decay times of the europium and te?bium ion emissions were
. greater than 100 microseconds. Because the spectroscopic in-
vestigations gave no quantitative measure of the rate of intra-
molecular enérgy transfer, it was not known whether these
variations in ion luminescence decay times were due to a slow,
variable, rate determining intramolecular energy transfer step
followed by very faét radiative decay of the ion, or a very
fast intramolecular energy transfer step followed by slow,
variable radiative decay-of the ion.

In brder to measure the rate of intramolecular energy
transfer in rare earth chelates, this study of thé luminescence
exhibited by the chelated rare earth ions was undertaken. The
experimental program consisted of detailed investigations of
both the lumineséence spectra and the luminescence decay times

of the complexed rare earth ions.

3.1.2. Emission Spectra of Chelated Rare Earth Ions in Or-

ganic Glasses - : ‘ .

Compounds selected for this study were chelates of tri-

-valent terbium, europium, samarium, and dysprosium derived
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from dibenzoylmethane, benzoylacetone, or<acefylacetone. These
chelates, with the exception of DyD3. yield linelike emission
characteristic of the complexed rare earth ion. Crosby, Whan,
and Alire (18) showed that except'for the DyD3 chelate, the
triplet levels of the benzoylacetonate and dibenzoylmethide
compléxes are of sufficient energy to populate the resonance
levels of the rare earth ions via intramolecular energy trans-
fer;

In order to be assured that the resonance levels of the
~rare earth ions in the acetylacetonate chelafes would also be
populated primarily through an intramolécular energy transfer
process, a measure of the single; state and triplet state ener-
gies of these complexes was needed. These data were obtained
from the absorbtioﬁ and emission spectra of the GdAéwHZO com-
plex. The spectra of this compound are shown in Fig. 3.1.2.1.
The complex exhibits a strong absorption maximum at approxi-

mately 35,000 cm.”1

cm.” . The first excited singlet state of the complex is there-

1

and negligible absorption below 30,000
fore placed somewhere 5etween 30,000 cm. ~ and 35,000 cm.‘y

No detectaﬁle differences could be found between the total
eﬁissionqspectrum and the phosphorescence spectrum of this com-,
pound. This indicﬁtes that the molecular emissién consists al-
most entirely of long-lived phosphorescence.- The position of
the first excited triplef state is taken as the enérgy of the
first detectable emission peék 6n the high energy side of the
phosphorescenﬁe band. This peak lies at apbroximately 25,100

cm.'l. The first excited triplet level of the acetylacetonate
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complexes is therefore placed at or slightly higher than an
energy of 25,100 Cm.'l--sufficiently energetic to populate,
via intramolecular energy transfer, the resonancé levels of

all four of the above mentidned rare earth ions;*

An energy level diagram of all the ﬁ—diketone chelate
systems studied is presented in Fig. 3.1.2.2. The positions
of the triplet levels of the complexes plus the energies of
the low-lying eiectronic sfates of the rare earth ions are
presented. The triplet levels of the.benzoylacetonate and
. dibenzoylmethide cheiates are taken from the paper by Crosby,
Whan, and Alire (18), while thé energies of the rare earth ion
states are those feportéd by Dieke (4) for the ions in the
érystalline anhydroﬁs chlorides. The rare earth ion levels
.are labeled according to the quantum number designations of
the parent atomic states.

Densitometer traces of the emission spectra observed
from the chélates in EMPA glasses at 77%K are presented in Fig.
3.1.2.3. and Fig. 3.1.2.4. From the linelike strﬁcture of the
emission, it is evident'that the spectra arise from radiative
transitions between electronic states derived from 4f electrons.
Line emission characferistic of the rare earth ion was also

observed in the emission spectra of the SmA,-H,0 and DyA;-H50

*Crosby, Whan, and Alire (18) showed that the lowest
triplet levels of different rare earth ions complexed with
the same ligand lie in approximately the same energy. The
energy of the triplet level of the gadolinium trisacetyl-
acetonate complex is thus taken as the energy of the lowest
triplet level of all the rare earth trisacetylacetonates.
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“Fig,y~3.1.2.3.--Emi$sion spectra of ﬁ-diketone
complexes of trivalent dysprosium, samarium, and terbium
in EMPA glasses at 779K.

transmission region of the filter system used

VL for decay measurements

|~ ! line group arising from indicated J-J transition

— ——-" possible J-J assignment

(X, followed by a given number, is the factor by which
the exposure time had to be multiplied in order to record the
‘'peaks shown in that spectral region. The time required to
photograph the most intense group of lines for a given com-
pound has been chosen as unity. Excitation source, intensity,
geometry, etc. were all held constant for a series of ex-
posures (displaced vertically) recorded on the same photo-
graphic plate for a particular compound with the exposures .
requiring progressively longer times. The final trace for a
complex is a composite made up of the densitometer traces
obtained from the series of exposures taken in the described
way. This allows one to obtain an estimate of the relative
line intensities for a given compound, although only a semi-
quantitative one. No intensity comparisons can be made
between different chelates from these traces.) '
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Fig. 3.1.2.4.--Emission spectra of @-diketone
chelates of trivalent europium in EMPA glasses at 779K.
(For definitions of symbols see Fig. 3.1.2.3.).
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compounds, but because the emissions were quite weak, these
two chelates were not investigated further.

Although transitions between electronic states of the
.free ion would give rise to isolated spectral lines, theAspec—
tra of the complexed rare earth ions are characterized by
groups of lines. vThe interactions between the 4f electrons
and the surrounding ligands partially or wholly remove the
electronic degeneracies of the electronic states of the free
ion and create a crystal field multiplet of states. It is the
radiative transitions between these various crystal field multi-
plets of the two combining states of the ion which give rise
to a grdup ofllines in the emission spectra of the rare earth

ions.

The emission spectra of the Tb3+, Sm3+, and Dy3+ ions
~arise erm radiative transitions originating at only one reso-
nance level yielding.a single progression of 1ine groups. Be-
cause of this relative simplicity of the spectra these grbups
of lines can be assigned to parti;ula} electronic transitions
" on the basié of energy differences only. Such J-J transitions
are indicated above the spectral lines in Fig. 3.1.2.3.

The emission spectra of the qhélated europium ion are
compIicated by the fact‘that the emission arises from two well
characterizéd resonance levels (SDO, SDl)? both of which are
populated via intramolecular energy transfer in the chelates.
Nevertheless, assignment of .the groups of lines to transitions
arising from unique resonance levels is possible by means of

the technique of recording the emission spectra through a
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Becquerel phosphoroscope. The transitions originating at the
5D1 state are so short-iived that the phosphoroscope effec-
.tively eliminates these emissions from the luminescence spec-
tra. Therefore, lines which appear in both the total emission
spectra and the time resolved emission spectra can be assigned

5

definitely to Do—e-7F transitions. As can be seen in Fig.

3.1.2.4., three groups of weak lines corresponding to transi-

+ . .
3 emission

tions originating at the 5Dl level appear in the Eu
spectra between 17,250 cm.~ ! and 19,000 cm._l. From the energy
level diagram of this ion, one would expect to find four ad-
ditional groups of lines originating at the 5D1 state at lower
-frequencies in the emission spectrum. The intensity changes
.in the region of 6700 R to 7000 R of the EuA5-H50 emission
spectra give only a hint of the existence of 5D1 transitions.
Other predicted transitions in the region of the spectrum be-
tween 5800 R and 7000 R are evidently so weak that they cannot

be detected by the difference between the total emission spec-

trum and the time resolved emission spectrum.

3.1.3. Luminescence Decay Times of Chelated Rare Earth Ions

in Organic Glasses

" The strong intensities plus the long lifetimes of the
rare earth ion emissions from the ﬁ-diketone chelates allowed
the luminescence decays of the ions to be readily recorded
with fhe apparatus described in Section 2.5. The emission
from the rare earth‘chelate was passed through light filter

combinations which allowed only ion emission corresponding to
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‘transitions originating at the lowest resonance level of the

ion to reach the photomultiplier tube. Because Tb3+, Sm3+,

+ . . . s . .
3* emissions all originate at unique resonance levels,

and Dy
all the lines in the spectra of each of these ions had the same
luminescence decay times. The strongest lines were selected
for observation.. The 1iqes in the Eu3+ emission spectra origi-
nating at the SDI resonance level were so weak and short-lived
that a direct measure of their decay could not be obtained

with the apparatus used in these studies. Measurements were
restricted to the strong 6100 R lines originating at the 5Do
resonance level. The regions of tﬁe rare earth ion emission
spectra passed by the 1ight filter combinations are indicated
by the crosshatched bars in Fig. 3.1.2.3. and Fig. 3.1.2.4.

The luminescence decay curves of the chelated rare earth
ions are shown in Appendix 5.5. The salient features of the
luminescence decays exhibited by the majority of samples are
exemplified by the decay curve shown in Fig. 3.1.3.1. vThe
luminescence intensities rose very rapidly, reached a maximum
at time ty, and decayed slowly, the semilogarithmic plot be-
coming linear at longer times.

For a few of the samples studied, the semilogarithmic
plots 6f relative luminescence intensity versus time did not
become linear at lbnger times, but curved away from the hori-
zontal'time axis. Such decay curves arise when the measured
‘intensities briginate from two different emitting species,
each decaying with a slightly different lifetime. The two

species could correspond to two 'different isomers of the rare
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‘earth cheléte, or even to two different chelate species formed
by the interaction of some of the chelate moleculeé with,trace
contaminants in the organic glasses. The mathematical anal-~
yses of these curved semilogarithmic deca?s are discussed in
Appendix 5.3.

The luminescence decay curves of the chelated rare
~earth ions are indicative of:a two step, first order, expo-
nential deﬁay mechanism shown schematically in Fig. 3.1.3.2.
.For this decay mechanism a nonradiative decay stép'with a rate
constant A, is followed by a radiative decay step with a
rate constant :AZ’_ The intensity of radiation, I, emitted
during the sécond~décay step as a function of time is given by

the equation

- At - Ast
I = (const.) —_Jii____ e L e ‘2

A2~ A1

The population of the emitting state is assumed to be zero at

3.1.3.1. .

zero time for the derivation of this equation (29). At the
time typ for which the curve reaches a maximum, the following

relationship holds:

A2 = A2= Avtg 3.1.3.2
A1 |

As can be deduced from equation 3.1.3.1., the rate’
constant Ag fqr the slower of the two steps may be obtained
by measuring the slope of the linear region of the plot of
InI versus t. A measuré of As and tp may then be used via
equatioﬂ 3.1.3.2. to calculate the rate constant Af for the

faster of the two steps. Because of the symmetry of the two
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Pig.--3.1.3.2.-—Schematic energy level diagram
showing a two step, first order, exponential decay mechanism.

"MV nonradiative decay

——> radiative decay
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equations with respect to Ai» and A5, one may assign A, to

Af and Az to ‘As-or vice versa. Additional experimental

information is necessary to make the correspondence unique.

- The méan lifetimes Tg and Tr (reciprocals of the rate
constants) of the long-lived state giving rise to the slow de-
cay step and the shoft-lived state giving rise to the fast de-
cay step respectively, as éalculated from the luminescence de-
cay curves of the rare earth chelates, are summarized in Table
~3.1.3.1. Included in this table are the data on the crystal-
line hydrated rare earth chlorides feported'by Dieke and Hall
(30). It should be pointed out that in the case of the rare
earth chlorides, the rare earth ion was excited directly by
absorption of the near ultravioiet light, while in the case of
the rare earth chelates, the ion was excited via intramolecular
energy transfer from the orgéﬁic ligand.

As can bevsegn'in Table 3.1.3.1., there is a rough cor-
respondence between the radiative lifetimes of the ions in the
inofgahic salts and 7 4, the lifetimes calculated for the slow
step of the luminescence decay of the chelated rare earth ion.
~The lifetime for the slow step is therefore assigned to the
second radiative step of the two step mechanism (7¢ = 1/')2),
while the lifetime of the fast step is assigned to the ini-

tial nonradiative decay step of the mechanism ( 7¢ = 1/ Al).

3.1.4. Determination. of the Lower Limit of the Rate of In-

tramolecular Energy Transfer in Rare Earth Chelates

Now that a unique correspondence has been made between

the two mean lifetimes calculated from the luminescence decay



TABLE 3.1.3.1.

MEAN LIFETIMES CALCULATED FROM. THE LUMINESCENCE DECAY
CURVhS OF CHELATED RARE EARTH IONS

) ) ] ) (a
Mean Lifetime in Microseconds

2H 0 in MD3 in “Hp0 in * MCl3-6H,0

Rare Earth Transition EMBA at 779K EMPA at 779K EMQA at 77%°K Solid at 77%
Ion Observed 7t TS 7t 75 Tt TS T
Tb3* S5p,—>TFs 2 630 2 464(P) 2 901 ag7(c)
Eu? Sog—>"F, 2 430 - 1 361 2 564 120¢¢)
3+ " 4p —>6 4 : - _Ce) (c)
Sm FS73™ O 3 14.1 2 20.1 ~10
3+ , 6 - i () (e (c)
Dy ; ? —=CH, ), 2 12.3 - - ~10

(a)probable error t 10 %.

(b)Semilogarithmic plot is initially curved; 7 calculated from the linear region:

of the curve at longer times.
(c)pieke and Hall (30).
(d)No Dy3+ emission observed from this chelate.

(e)Rare earth ton emission observed, but intensity of em1551on was too weak for
lifetime measurements.

09
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cur&es with the lifetimes of the two step, first order, ex-
ponéntial decay mechanism, this two step mechanism may be re-
lated to the possible paths of energy migration in rare earth
chelafes. These paths are indicated in the detailed energy
level diagram shown in Fig. 3.1.4.1. This diagram is essen-
tially the same as that shown in'Fig. 3.1.1.2. except that
vibrational levels have been added to the electronic levels
of the éomplex and known rate constants (éxptessed in re-
ciprocal seconds) afe indicated. if_the complex is raised to
an excited vibrational level of an excited electronic state,
it very rapidly loses its excess vibrational‘energy to the sur-
rounding lattice. The rate constant, Ky~ corresponding to
this loss of vibrational energy is believed to be on the or-
der of 1013 s';ec."1 (20,31). Once the complex reaches the
 zeroth vibrational level of the excited singlet state Sl’ it
may combine radiatively with the ground state yielding short-
lived (KffVIOB sec.”l) molecular fluorescence. Because in-
tersystem crossing (radiationless conversion fro@ S1 to Tl)
competes favorably with fluorescence for the depopulation of
the excited singlet state (18,22), the rate constant, KIS' as-
sociated with intersystem crossing must be on the order'of}
or greater than the rate constant agsociated with fluorescence.
For fhis reason, the magnitude of the intersystem crbssing
rate constant is placed at greater than or equal to 107 sec.-l.
Since'theAdecay of'fhe flash lamp is on the order of two micro-
seconds, the rate constant, Kp» associated with the pumping of

the singlet state is given a value of 5 X 10° sec.”l. The rate
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Fig. 3.1.4.1. --Enetgy level diagram showing p0551b1e
paths of energy migration in rare earth chelates.

(Rate constants are expressed in units of reciprocal
seconds.) . -

————» transitions via absorption of radiation
———> transitions via emission of radiation
MMV radiationless transitions

denotes resonance level of the rare earth ion
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_constanfkt is associated with intramolecular energy trans-
fer, and the rate constant K, is associated with the decay
of the resonance level of the rare earth ion. The rate con-'
stant, Kp, associated with the spin-forbidden radiative com-
binations between the zeroth vibrational level of the tripiet
state and the ground statg'is usually much less than\lO3
sec.” 1, ‘

The experimentally determined decay time 77 hasral—
ready been assigned to the radiative step of the two step
mechanish; It must, therefore, represent the mean lifetime
of the resonance level 6f thé rare earth ion. _The negative
- reciprocal of 7’g is thus equal to the rate constant K, of
Fig. 3.1.4.1.. The remaining lifetime, 77f, which is calcu-
'lated to be two microseconds for all the samples reported and
which is associated with the initial step of the two step mech;
anism, mﬁst be assigned to some preceding energy tran;fer step
in the chain of events leading to the population of the reso-
nance levei of the ion. There are three such éteps to be con-
sidered: (a) pﬁmping‘of the singlet state by the flash lamp,
(b) intersystem crossing, and (c) intramolecular energy
transfer from the triplet state of the complex t6 the reso-
nance level of the ion.

Because the rate constant of the intersystem crossing
stepvis greater than or equal to 107 sec.-l, thg mean life-
time'associated with this rate constant is less than or equal
to 0.1 microsecond. Intergystem crossing occurs much too fast
to account for the nonradiative‘energy-transfer process. For

all the compounds studied, A¢ (which is equal to l/7ﬂf) was
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fpund to be 5 X 105 sec.”l. This coincides with the rate con-
stant K; associated with the decay of the flash lamp. Step
(a), the rate of pumping of the singlet state, is the step’dé-
terming the rate of population of the resonance level of the
rare earth ion. This immediately implies that the transfer of
energy from the triplet system occurs at a rate faster than

the decay of the flash lamp; i.e. the rate constant, K,, as-

[y

sociated with intramolecular energy transfer in rare earth

chelates is greater than or equal to 5 X 107 sec.1, In

view of the long lifetimes associated with the resonance levels
of the chelated rare earth ions (the ¢ values of Table

3.1.3.1.), it may also be concluded that intramolecular energy

transfer in rare earth chelates occurs at a rate much too

fast to be controlling the rate of decay of the rare earth

ion resonance levels.

3.2. Nature of the Excited States from Which Intramolecular

. Energy Transfer Occurs -

3.2.1. Triplet State Energy Requirements for Intramolecular

Energy Transfer

From the data obfained by Whan (22), it was concluded
"that whenever the emitting triplet state of the chelate is be-
low_a resonance level of-a rare earth ion, no line emission is
observed in the emission spectra. Therefore, whan postulated
that a necessary éondition for intramolecular energy transfer
from the excited electronic states of the chelate molecule to

the electronic states of the chelated rare earth ion, resulting
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in line emission by the ion, is that the emitting triplet
state of the molecule must possess an energy which is greater -
4than or at least close to the energy of the resonance level |
of the ion. |

It is generally accepted (31) that the emitting level
of an electronic system of a given spin multiplicity is the
zeroth vibrational level of the lowest electronic state of
that multiplicity. It is for this reaéon that Crosby aﬁd co-
workers (18) have replaced the term "emitting level of the
triplet state' with "lowest triplet state of the complex.'
From a careful analysis of the spgctroscopic data, these work-
ers concluded that intramolecular energy transfer did not in-
volve the simple transfer from the zeroth vibrational level
of the triplet state to the ion resonance levei. This con-
clusion was based-principaliy on the observations that the pop-

+ . . .
3 and Tm3+ resonance levels via intramolecular

ulation of Dy
energy transfer from the triplet state of the tristribenzoyl-
methide chelates occurred even though a measure.of the phos-
phorescence band of the chelates placed the emitting level of
the triplet state below the resonance levels of the two ions.
Thus it was concluded that, while radiative depopulation of

the triplet state was assumed to originate at the zeroth vi-
brational level of the lowest triplet state, intramolecular
enefgy transfer could 6riginate from some slightly higher level
of the triplet system.

An estimate of just how much above the lowest triplef

level the transferring level may be can be obtained from the
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following data. DyD3 exhibits no line emission character-

3+ is placed

istic of dysprosium. The resonance level of Dy
at 20,958 cm. "L (32) while the triplet state of the complex
is placed at 20,520 cm."1 (18). Dysproéium tristribenzoyl-
methide, however, does exhibit emission characteristic‘of
dysprosium. Thg triplet state of this complex is placed at
20,833 cm. "t (18). These data.woﬁld indicate that transfer
from an upper level of a triplet system 430 qm.-l abové the
emitting level is improbable, but that transfer from an upper
level of the triplet system only 125 cm._l above the emitting
level is probéble, As the position of the emitting triplet

level can only be estimated to within ts50 cm.-l, and since the

3+ is derived from spec-

position of the resonance level of Dy
froscopic data on the hydrated chloride'crystéis, not too much
faith can be placed on the accuracy of the above calculations.
The question as to whether intramolecular energy trans-
fer does occur from some higher components of the triplet.stéte
or from the lowest triplet ievel may be resolved through con-
siderations of both thé lifetime of the emitting triplet state
and the rate .of intramolecul#r energy transfer. For, whichever
mechanism is proposed, it must bé compatible with the depopu-

lation rate of the triplet system by both phosphorescence and

intramolecular energy transfer processes.

3.2.2. Molecular Phosphorescence.DecayATimes of Rare Earth

Chelates

Lifetimes of the lowest excited triplet states of the
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rare earth compléxes weré determined by measuring the phos-
phorescence decay times of the complexes. (See Appehdix 5.4. .
for details.) An.attempt was made to measﬁre phosphorescence

L. 3+ 3+
decay ‘times of benzoylacetonate complexes of La~ , Lu” ,

Gd3+, Sm3+, Dy3+, Pt3+, Nd3*. Tm3+, Er3+, and Yb3+. With the
exception of the first three ions mentioned, the phosphores-
cences exhibited by the chelates dissolved in EMPA glasseé at
779K were too weak to obtain reliable phosphoregcence decay
measurements. The resulté on the lanthapium, lutetium, and
gadolinium complexes are summarized in Table 3.2.2.1. The data
are compared with those given by Yuster and Weissmanh‘(33) for
the phosphorescence decays of dibenzoylmethide complexes of the
same ions.

The phosphorescence decay times of the chelates of
La3* and Lu3* are a1most fifty times longer than the phbs%
phorescence decay times of thelGd3+ complexes. These differ-
ences cannot be attributed to variations in competing intra-
m§1ecu1ar énergy transfer processes because these three ions
have no low-lying 4f electronic states. The lanthanum ion pos-
sesses no 4f electrons, and the lutetium ion possesses a closed
shell of fourteen 4f electrons. The first excited electronic
state of the gadolinium ion, plaged at 32,000 cm. "L (34), 1is
much too high to be popuiatéd via intraﬁoleculap energy trans-
fer. Yuster and Weissman (33) attributed the short lifetime
of the gadolinium complexes to interactions between the highly
baramagnetig Ga3* ions and the electrons of the ligand. The

comclusion drawn by the authors was that the higher the para-
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TABLE 3.2.2.1.

~

PHOSPHORESCENCE DECAY TIMES OF © -DIKETONE COMPLEXES
OF LANTHANUM, LUTETIUM, AND GADOLINIUM DISSOLVED
IN EMPA GLASSES AT 779K

Decay Time, milliseconds

Rare Eafth Ion MB3?2H20 ' MD3(a)
La3* 70 ; 90
Ga3* | 2 X 2(i))
Lu?* 90 120

(2)p,ta reported by Yuster and Weissman (33).

(b)Complex was dissolved in an absolute ethanol glass
at 77°K.
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magnetism of the complexing ion, the greater is the proba-
bility_for radiative combinations between the first excited
triplet state and the singlet ground state. The postulated
increaée in radiative transition probability would result iﬁ
a decreased lifetime for the triplet state.

It should not be'conciuded that the phosphorescence
lifetimes exhibited by the gadolinium chelates represent the
shortest phosphorescence lifetimes possible for rare éarth
complexés. There are two other rare earth ions which have even

3+ and Dy3+,

more paramagnetic ground states (35). They are Ho
each possessing a paramégnefic moment of ~10.5 Bohr magnetons
as compared to the 8.0 Bohr magnetops Qf the ground state of
Gd3+. Since the phosphorescence lifetimes of the complexe;

decreased by a factor of ~/50 on changing the complexed ion

from diamagnetic La3* or Lu3* ions to the Gd3* ion possessing
a paramagnetic ground state of 8.0 Bohr magnetons, the phos-
photeséence lifetimes could probably be decreased by as much
as a factor of 100 by forming complexes with the more para-
magnetic Ho3+ or Dy3+ ions with ground states of 10.5 Bohr
magnetons; i.e., the phosphorescence lifetimes of the chelates
of Ho3* or Dys’ could be as small as one millisecond. .Thus,
if one accepts the reasoning of Yuster and Weissman, it can be
estimated that in the absehce of intramolecular energy trans-
fer, the triplet state lifetimes of rare earth trisbenzoylacet-
onate or trisdibenzoylmethide chelaies are greater than or
equal to one millisecond. |

| Measurements of phosphorescence decay times of such

chelates as SmB3-2H50, DyB3-2H20 or SmD,, in which intra-
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molecular energy transfer processes could possibly be compet-
ing with phosphorescénce for depopuiatidn of the triplet

\
state, could not be made due to the low intensities of the
phosphorescenceé. Estimates of the minimum phosphorescence
lifetimes of these chelates can be obtained from the spectro-
scopic data presented by Whan and Crosby (ZQ); These data
show that although the chelates EuDj, Smp3, SmB 3 -2H,0, |
DyB3-2H50, HoB3-2H20, and HoD3 all exhibit rare earth line
emission arising from intramolecular energy transfer in the
chelates, a weak phosphorescence band is recorded in the emis-
.sion spectrum of each of them. As the phosphoroscope resolu-
tion time was 100 microseconds, any\saﬁﬁle gmiSsion recorded
in the phosphorescence spectrum must have had a decay time of
-not less than twenty microsecondsov (It is assumed that the
intensity of sample emission beyond five mean lives of decay
is much foo weak to be recorded b& the spect:bgraph.)_ It is

concluded that the shortest possible lifetime of the triplet

state of a rare earth chelate, in which intramolecular energy
transfer could be vying with radiative decay for the depopula-

tion of the triplet level, is twenty microseconds.

3.2.3. Elimination of the Emitting Level of the Triplet State

as the Energy Transferring Level

Two possible paths for intramolecular energy transfer
from the triplet system of the complex to the 4f electronic
levels of the rare earth ion are shown in Fig. 3.2.3.1. As

indicated in the energy level diagrams, energy may be trans-
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Fig.'~3.2,3.1.--Possib1e paths for intramolecular
energy transfer in rare earth chelates. (For definitions of .
symbols see 3.1.4.1.) : '

AY transfer occurs from the lowest triplet level

B) transfer occurs from a vibrational (or electronic)
level above the lowest triplet level
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ferred to the resonance level and to the lower lying levels of
the ion. The rate constant Kg measure§ the rate of depopula-
tion of the triplet level 5y intramolecular energy transfer to
all possible rare earth ion states, not just the rate of de-
popdlation,to the resonance level of the ion only. On thé basis
of experimentally determined rate constants a choice may now be
made between the two proposed mechanisms of Fig. 3.2.3.1.

If the mechanism of-energy transfer shown in Fig. 3.2.-
3.1.A is .operative in rare earth chelates, then the lifetime of
the triplet state is a functionvof both the radiative transi-
tion constant, Kp» 'and the energy transfer constant, K¢. The
measured mean lifetime of the triplet state in this case is
given by the expression |

7= o L

>+ K . ~ 3.2.3.1.

The lifetime, 77, of the triplet state of chelates in which
energy transfer could be competing with radiative decay for

the depopulation of the triplet level‘wﬁs shown in the 1last
séction to be greater than or equal to twenty microseconds,
while the experimentally determined rate constant for energy
transfer is = 5 X 105 sec.”l. Substituting these values into
equation 3.2.3.1. and solving for Kp, the radiative decay con-
stanf of the triplgt state, a value of -4.5 X 105 sec."! ié ob-
tained. Th;s nuﬁber is an absurdity since it would predict a
spontaneous population of the triplet state from the ground
state. 'Thus experimental observations eliminate the pOSSibility'
that intramolecular energy transfer occurs from the emitting

level of the triplet state. Because the emitting level of the
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triplet system is believed to be the zéroth vibrational level

of the lowest triplet state, intramolecular energy transfer

in rare earth chelates must occur from some component of the

triplet system energetically higher than. the zeroth vibra-

tional level of the lowest triplet state of the complex. Such
a transfer process is shown in the energy level diagram of Fig.

3.2.3.1.B.

~3.2.4. Intramolecular Energy Transfer Rate Constants for

Transfer from Upper Levels of the Triplet State

If intramblecular energy transfer occurs from some
higher component 6f the triplet system, then thé,transfef mech-
anism must compete with whatever meéhanisms exist-for the in-
ternal conversion of these upper levels to the emitting level
of the triplet state. -Not only'must the energy transfer mech-
anism compete with the internal conversion mechanisms, but it
must compete efficiently, for Whan (22) has shown that when-
ever energy transfer does occur in the rare earth chelates,
only weakbphosphbrescence is observed in the emission spectra
of the complexes. | |

The energy transfer may occur from either an exéited
vibrational level of the lowest triplet state or‘possibly from
other nearby electronic components of the lowest triplet state
or from other nearby higher triplet levels. Internal conver-
sion between Qibrational states of_the same electronic level
or between electronic states of the same spin multiplicity is

believed to occur at a very fast rate corresponding to a first
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order rate constant of ~ 1013 sec.'l. This places the rate
constant for the competing transfer processes in the neighbor-

hood of 103 sec.”l. I is therefore concluded that not only

-

is the rate constant for intramolecular energy transfer defi-

nitely greater than or equal to 5 X 10° sec.'l, but that the
rate constant could be as high as 1013 sec. .

It should be emphasized at this point that the argu-
ments presented in these. last two sections are based entirely
on the assumption that weak phosphorescences observed in the
spectfa of those rare earth chelates which exhibit rafe earth
line emission arise from the same molecular'species in which
“intramolecular energy transfer to. the rare earth ion is oc-

. curring. It could be argued that these weak molecular emis-
sions arise frdm some dissociative product or trace contaminant
in which the molecular emission occurs completely independently
of the energy transfer process. An inspection of the emission
spectra presented by Whan and Crosby (20) reveals, however,
that the positions and structures of these weak bhosphores—

‘ ﬁences are the same or very similar to the strong phosphores-
cences exhibited by the gadolinium comple#es, thus supporting
the contention that they‘do indeed arise from the same species

in which intramolecular energy transfer processes are occurring.

3.3. Quenching of Electronic States g£ Complexed Rare Earth

Ions

- The arguments presented in the previous sections of
this discussion have been devoted entirely to the problem of

intramolecular transfer of electronic energy in rare earth
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chelates. Little emphasis was placed on the relative magni-
tudes of the lifetimes of the resonance levels of the ﬁhélated
rare earth ions other than that the lifetimes were of the same
order of magnitude as the decay times of the rare earth ions
in the hydrated inorganic chloride crystals. Attention willi
now be focused on the ﬁagnitudes of the decay times of the
rare earth ions.

The data presented in Table 3.1.3.1. indicate that the
measured lifetiﬁes 7”5 of the resonance levéls of the cheiated
rare éarth ions are in general longer than the lifetimes of
the ion in the hydrated chlorides, at least at 779%. 'It has
been demonstrated tﬁat the intramolecular energy tranﬁfet proc-
ess occurs at a rate much too fast to control thg rate of de-
cay of the resonance levels of the rare earth ion. Thus, the
increased lifetimes of the resonance levels of the chelated
rare earth ions must be due to a decrease in the probability
for depophlation of the electronic level.

- There are two general mechanisms available for the de-
population of an electronic state: (a) 1loss of electronic
energy giilthe emission of radiation and (b) ?adiationless
transitions (quenching of the electronic state) via the con-
version of electronic energy té vibrafional or translational
_ energy‘of the system. The data on the rare earth chelates dis-
solved in EMPA glasses at 779K were insufficient for determin-
ing which of these two mechanisms predominates during the
depopulation of the resonance levels of the ions. In order
to.détefmine the relative efficiency of'each of these mechan-

isms for the depopulation of the excited electronic states of
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complexed rare earth ions, a study of the absorption spectra,
emission spectra, and 1umiﬁéscence decay times of complexed
rare earth ions was unde;faken. These studies were conducted
on solvated rare earth chlorides, rare earth oxides dissolved
in metaphosphate glasses, gnd'microcrystalline F?-diketone

chelates.
3.3.1. The Existence of Quenching’

3.3.1.1. Relationship Between Absorption Strengths and

Luminescence Decay Times. -- The possible paths for the depopu-
lation of an excitéd electronic state of a complexed rare

earth ion are shéwn schematically in Fig. 3.3.1.1.1. The de-
population mechanisms involve‘both radiative combinatioﬁs be-
tween the resonance level, R, and loﬁer electronic states,

Li’ as well as the nonradiative‘combinations between.these
states. The probability constants for the.former transitions
are denoted by the Kri, while the brobability constants for

the latter transitions are Qenoted'by the in. The mean life-
timé} 7°, of the eIectrohic state is given by the reciprocal

of the sum of all the transition probabilities.

3.3.1.1.1.

1
7=
' j : K + K
i

An increase in the lifetime of the electronic state of an ion
due to a change of environment can be due to a decrease in the
total probability for radiative transitions, E:Kri, or a de-

crease in the total probabiiity for radiative transitions,
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Fig.-:.3.3.1.1.1.--Paths available for the depopulation
of an excited electronic state of a complexed rare earth ion.

——— radiative transitions

NMNIVA radiationless transitions
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E:in, or a combination of the two effects. There are no
simple methods available for the direct experimental determi-
nation of the total nonradiative transition probability; but
the magnitude of the radiative transition probability of one
particular transition can be calculated from the absorﬁtion
spectrum of the trénsition.

According to Barrow (36), the spontaneous radiative
transition probability, Ag_)h, for radiative ttansitions be-
tween an upper electronic staté g and a lower electronic state
h is related to the absorption strength of théAtransition by

the relationship:

5
8 o
Agyh = ﬂ(logo)d Zgh) (P )dv 3.3.1.1.2.

where'c is the speéd of light,
‘N is Avogadro's number,
2 gh is the frequency of the transition in wave numbers,
°<(i7) is the molar extinction coefficient of the tran-
sition at‘freqt.xency y 2 |
and integration is performed over the region of the
absorptidn spectrum attributable to the transition
g->h.
In the derivation of this equation, o (/) is defined by the
equation: |

= |
x(F) = J-In (I,/ 1) 3.3.1.1.3.

where - c, 1, 1,5, and I are the same quantities defined in Sec-

tion 2.3.

Substituting the molar extinction coefficient ot (¥ ) with the



- 80
molar extinction coefficient € (7 ) defined in Section 2.3.
(¢t (/) = 2.303 € (#)), replacing the Ag_yp with Kp,. and
introducing numerical values for the constants in equation

3.3.1.1.2. reduces the relatiodship to the following:

-9

Kp., = 2.88 X 10 (D)2 €T rap . 3.3.1.1.4.
1 1

The total radiative transition probability for the upper elec-

‘tronic state is given by the relationship:

)
2.88 X 10“’2(2/ j€(V)d7 i 3.3.1.1.5.

ith band

Ke

|

iThUs. variations of the lifetimes of eléctronic states
‘of the rare earth ions, which are due primarily to changes of
the radiativé transition probabilities, could be readily de-
tected through variations of the absorption strengths of the
complexed rare earth ion. Any increase of the radiative tran-
sition probability, Kp;, would be accompanied by an increase

in the integrated absorption strength j€(17)d17 .

3.3.1.2; Absbrg}jon-Streﬁgths of Complexed Rare Earth

Ions. - In order to determine whether the increases in the
decay times of the chelated rare earth ions over those of the
ions in the hydrated chlorides were due to a decrease in the
radiative transition probabilities, a study of the absorption
spectra of the very weak (4f)2s (4f)® electronic transitions

of the complexed rare earth ions was undertaken. The spectra
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were measured using concentrated solutions of rare earth
chelates or rare earthAchlorides in liquid solutions at room
temperature. Sdl&ents were selected so that the environment
of'thg ions in the solutions approximated the environment of
tbe rare earth ion in the glasses or crystals used for lumi-
nescence studies. Identical solvent systems could not be used
for the rare earth chelates, however, because the solubiiity
of the chelafes in EMPA was not high enough to detect the weak
transitions to be measured. Although the absorption speétra
of lafge, single, optically clear crystals of the hydrated rare
earth chlorides wouldvhaQe been most desirable, such crystals
were not available and solutions were used. It can be rea-
sonably assumed, however, that the immediate environment of the
ion in the concentrated aqueous solutions cannot be}too much
different from that of the ion in the crystalline matérial. The
visible absorption spectra of complexed Eu3+, Sm3+, and Dy3*
ions are presented in Fig. 3,3.1.2.1. through Fig. 3.3.1.2.5.

The absorption spectra presented in these figures arise
from transitions from the. ground electronic state of the ion
to upper electronic levels. Transitions are labeled according
fo the quantum number désignations of the parent atomic states
.of'the rare earth ion. Assignments are made on the basis of
energy differences determined from the energy level diagram of
Fig. 3.1.2.2. Absorption spectra of the ions in the near in-
frared -and infrared region of the spectrgp, which correspond
to transitibns between the ground state and low lying elec-

tronic states of the ion, are not shown. As the electronic
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Fig. 3.3.1.2.3.--The 7FO-—+>5DZ transition of

. the Eu3* ion in various environments at 25°C.

————— 0.21 M EuCl, in water. Measured extinction

' - coefficients for this solution have been multi-
plied by a factor of ten in order that. the
absorption curve be visible on the figure

0.01 M EuD,; in benzene
0.01 M EuB3-2H30 in acetone

———— - 0.01 M,EuA3°H20 in acetone
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Fig. 3.3.1.2.4.--Visible absorption spectrum of the
Sm3* ion in various environments at 25°C.

----- 0.24>M SmCl3 in water
™ 0.01 M SmDj3 in acetone
"""""" 0.01 M,SmB3-2H20 in acetone

— . e ——

resolution of SmD; spectrum into two J-J
transitions '

_| ~ ) probable J-J transitions
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‘Fig, '3.3.1.2.5.--Visib1e absorption. spectrum
of the Dy3f ion in various environments at 25°C.

————— '0.21 M DyCly in water
0.01 M DyB3'2Hp0 in acetone

————— 0.01 M DyA;*H,0 in acetone

2
M probable J-J transition
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states of theAion lying just above the ground state are too.
high in energy to be.thermally populated at room temperature,
absorption bands cofresponding to transitions bétween these
low lying sfates.and the upper resonance levels could not be
recorded. | |

Three distinct transitions are observed in the visible

absorption spectrum of the Eu3* ion. They are shown in the

first three figures. These transitions occur between the 7

Fo
ground state of the ion and the first three upper Sp states.

For'Sm3+

the absorption bands corresponding to the transitions
between the ground state (6H5/2) and the first two upper
states (4F5/2 and ?) are shown in Fig. 3.3.1.2.4. while the
transitions between the ground state and the first three upper

3+

levels of the Dy ion are shown in Fig. 3.3.1.2.5.

As can be seen in Fig. 3.3.1.2.1., the 7k »35p_ tran-

0 0
sition of EuCl3 appears a few hundred wave numbers to the low
frequency side of the same transition in the chelated Eu3* ion.

Because each of the electronic levéls involved in this transi-
tion is nondegenerate (J = O, for both states), only one eiec~
tronic band should be observed in absorption spectra for this
transition. The appearance of the EuCl; absorption band at
lower frequencies than the chelates must be attributed to a
significanf difference in the local environment of the europium
ion. Miller, Sayre, and Freed (37) report that for EuCl,; dis-
solved in a water-alcohol mixture{ a weak absorption band at
~17,000 em’ ! was readily discernible, while for EuCl3 dis-

solved in anhydrous methanol, two absorption bands were re-



91

corded, one at ~ 17,300 cm. - and the other at ~ 17,000 cm. L.
It would appear that in the case of EuCl3 in anhydrous meth-

+ . .
3 species were being formed,

anol, two entirely different Eu
~each giving rise to a separate 7FO—>5DO transition in the ab-
sorption spectrum. If this is tfue, the appearance of

7FO—¥5D0 absorption bands in different regions of the absorp-

tion spectrum of such dissimilar speciesfés chelated
3+ '

T

Eu3* and hydrated Eu is not surprising. fﬁe appearance of
additional “fine structure" in the absorption bands shown in
Fig. 3.3.1.2.1. is probably due to instrumental error. This
instrumental error arisés from the fact that the measured ab-
sorption intensities were about 0.0l absorbance units or less.
Such low absorption intensities are almost in the range of nor-
mai instrumental noiée. The possibility still exists, however,
that this fine structure could be attributed to vibrational
interactions. |

Transitions between the nondegenerate 7F0 and the three-
fold degenerate 5D1 state (degenerate in the free ion) shown in
Fig. 3.3.1.2.2. are characterized by three absorption peaks inv
the chelate spectra while only a sharpvpeak at ~19,000 c:m.'1
plus a hint of a band around 18,700 cm.~! are found in the
chloride absorption spectrum. The appearance of three absorp-
tion peaks in the chelated Eu3* ‘ion absorption spectra indi-
cates that the ligand fieiq of the @ -diketone chelates com-

pletely removes the electronic degeneracy of the 5

D1 state.
This latter result may be used to obtain information about

the symmetry of the ligand field perturbing the chelated Eu3*
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ion.

An ihspe;tion of the symmetry group correlation tables
presented by Prather (38)_iﬁdicates that the ligand field of
Eu3* chel#tes may belong to any one of a number of symmetry
point groups and still completely remove the threefold eiec;

5

tronic degeneracy of the °D, state. The range of choice may

1

.be narrowed, howéver,'by considering only point groups con-

sistent with the structural model illusttated in Fig. 3.1.1.1.
The ligand field may arise from an octahedral arrangement of

oxygen atoms about the Eu3*

ion and thus belong to the Oy
point group, or it may arise from a trigonally distorted
octahedral arrangement of oxygen atoms and belong to the D3
group, If solvent molecules (water of. hydration, etc.) are

located on the three fold axis of the system, the field may be

reduced to the Cs point group. An inspection of Prather's

tables indicates that ligand fields belonging to tﬁe C3 group
completely remove the electronic degenerécy of the 5Dl state;
while fields belonging to.the D3 group split the ' J = 1 level
into th states, and fields belonging to the Op group do not
split the J = 1 level. It is therefore concluded that the
ligand field perturbing the chelated europium ion belongs to
the C3 symmetry point group. This would mean that other atoms
besides the six oxygen atoms of the three ligands are con-
tributing to the ligand fieid.

The exact symmetry of thé ligand field perturbing the
hydrated rare earth ion in aqueous solutions cannot be deduced

from the absorption spectrum since little is known about the
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: ' 3+
arrangement of the water molecules about the Eu ion. Never-

7 5 .
PO—> D1 transi-

tion of hydrated Eu3* is characterized by two bands, the ligand

theless, it can be stated that, because the

field cannot possess octahedral symmetry. If the field did
possess such a high degree of symmetry, it would not split the
triply degenerate 5Dl state of the ion.

An analysis of.the.7Fo—}5D2 absorption bands shown in
Fig. 3.3.1.2.3. cannot be made due to poor resolution of the
peaks. Because thgre is so little known about the J quantum
numbers of the uppéf electronic levels of'the'Sm3+ and Dy3*
ions, information about the crystal field sﬁlitting of the
electronic states of these ions could not be obtained from the
abSorption.spéctra. Probable J-J assignments of absorption

bands are indicated in the figures.

3.3.1.3. Experimental Evidence for Quenching of the

Electronic States of Rare Earth lIons. -- A survey of the ab-

sorption spectra presented in the last section reveals that
the absorption strengths of the chelated rare earth ions are
inbgeneral muéh greater than the absorption strengths of the
rare earth ions in aqueous solution. The increased absorp-
tion strengths arise from a lowefing of the symmetry of the
electrostatic field surrounding the complexed rare earth ion.
Radiative‘transitions between the 4f electroni; states of the
rare earth ion involving the emission or absorption of elec-
tric dipole radiation are strictly forbidden when the ion 1is
in an electrostatic environment which possesses an inversion

center of symmetry. The electrostatic field due to the six
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water molecules surrounding the rare earth ioﬁ in aqueous solu-
tions possesses such a center of symmetry (37). The electro-
static field of the trigonally distorted-octahedral arrange-
ment of chelate oxygen atoms about the rare earth ion would
not possess this inversion center of symhetry. Transitions
involving strong electric dipole radiation would be allowed in
}his situation thus accodnting for the increased absorption
streﬁgths of the chelated rare earth ions.

Spontaneous radiatiQe,transition probabilities of the
transitions identified in the absorption spectra are listed in
Table 3.3.1.3.1. The transition probabilities were computed
according to equation 3.3.1.1.4 in which the frequency of the
strongest absorption peak of the transition was taken as the
average frequency of the transifion; With the excéption of
SmD5, the absorption bands belonging to different J-J transi-
tions were clearly séparated so that no difficulties were en-
countered in the.integration of the absorption strengths. In-
tegration of the molar extinction coefficients over a given
absorption band was done by the technique of ''counting squares."
In the case of SmD3, there is no distinct division in tﬁe ab-
sorption spectrum between tﬁe different J-J transitions. On
the other ‘hand, the absorpfibn spectra of SmCl3 and SmB3-2H,0
are clearly divided into two distinct tfansitions. By com-
.paring the spectrum of SmD3fwith the spectra of the latter
two complexes, the absorption band of ShD3 was resolved into
two bands--one corresponding to each of the J-J transitions

observed in the spectra of the other two samarium complexes.



TABLE 3.3.1.3.1.

RADIATIVE TRANSITION PROBABILITIES FOR ELECTRONIC
TRANSITIONS IN COMPEXED RARE EARTH IONS

Ion Transition{¢) Average Spontaneous Radiative Transition Probability
_Frequency of in units of sec.-l (2a)
Transiti?n, .
Eu3* (R)3Dg-»7F | 17,300 0.026 -~ - 0.042 0.090 0.12
0—>'Fo :
(R)S5p;>7py 18,800 0.016 2.0 3.2 4.0
S5py—=>7F 21,550 . 0.032 6.4 13 29
3+ 4 6 | | (b) 3
Sm (R)4Fg s, >%H; 1 18,000 - 0.23 -- 1.3 4.9
? —=O%H5 18,900 - 0.80. -- Ls 7.4
Dy>*  (R) ? —OH; 5/ 21,000 7. 14 ~0 --(b)
27 —OH;5 /5 22,100 | 38. . 69 85 --
222 8,55 23,400 17: 17 ~0 .-

$6

(a)Accuracy of results is about t 35 %.
(b)Absorption spectra of these compounds not taken.

(¢)(R) denotes transitions originating from a resonance level of the chelated rare
earth ion. ' ‘ o _
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Joos and Hellwege (39) report a value of 0.0276 sec.-1

for the radiative transition probability of the SDO—QZFO

3+

transition of Eu in the microcrystalline hydrated chloride.

The value of 0.0203>'sec."1 calculated here from the absorption
3+

spectrum of the Eu ion in an aqueous solution indicates that

for these two different physical systems there is little dif-
ference in the local environment of the EuS' ion. The data
presentéd in Table 3.3.1.3.1. also show that the probabilities
for radiative transitions in chelated rare ea?th ions ére,~in
general, equal to or greater than the probabilities for rédia-
tive transitions in hydrated'rare earth chlorides. It is rea-
sonable to assume that there is also a corresponding change in
the radiative transition probabilities for transitions between
the emitting level (R) and the electronic levels lying just
above the ground state of the ion--transitions which could not
Be seen in the absorption spectrum of the ion. In view of
these results, it can be Concluded that variations in the ra-
diative transition probabilities are not causing the observed
differences between the Aecay times of the hydrated rare earth
ions and thé chelated rare earth ions. If the depopulation

of the electronic states of the ion occurred only through emis-
sion of radiation, the data in Table 3.3.1.3.1. would indicate
that thé lifetimes of the chelated ions should be shorter:
than the lifetimes of the hydrated chlorides. The observed
increase in lifetimes going from the hydrated chloride environ-
ment to the chelate environment can only mean that radiative.

transitions play a minor role in the depopulation of the
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resohance levels of the hydrated ion while nonradiative quench-
ing processeé play a major role. The observed increases in
the lifetimes are controlled by changes of the nonradiative
transition probabilities.

From studies of the emission spectra and luminescence
decay times of hydrated europium and terbium salts, both Rinck
(10) and Geisler and Hellwege (11) have concluded that during -
the‘depopulation of the lowest resonance levels of these ions,
about 2 % of the decays occurred via radiative transitions
-while ~98% of the decafs occurred via radiationless processes.
These authors concluded that if decays of the resonance levels
of the Tb3* and Eu3* ion in the hydrated salts, Eu(SO4)3-8Hy0
and Tb(BrO3)3-9H50, were to occur via radiative processes
only, the lifetimes of the resonance levels would be as long
as fourteen milliseconds. The longest lifetime of any of the
cﬁelated rare earth ions (see Table 3.1.3.1.) is the 0.9 mil-
lisecond lifetime reported for the TbA3-H,;0O complex. This is
still short'of the fourteen millisecond limit indicating that,
even in the rare earth chelates, a considerable amount of
quenching of the resonance levels of the rare earth ions is
still occurrihg;

It is doubtful that the intrinsic radiative decay times
of the lowest resonance leQels'of the Sm3* and Dy3+ ions are
as high as ‘the fourteen millisecond limit computed for the
’Tb3* and Eu3* ions. Not only are the radiative transition

A 3+ 3+ jons (see Table

probabilities larger in the Sm°* and Dy

3.3.1.3.1.), but there are more possibilities for radiative
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combinations with lower lying electronic states. (Both Eud*

3+ possess seven electronic states below the lowest res-

and Tb
. . 3+ 3+

onance level while Dy and Sm possess ten and twelve re-
'spectively.) In spite of the increased probability for radia-
tive transitions in the Sm3+ and Dy3+ ions, it is doubtful
that the apbroximateiy ten micrpsecohd decay times of these
two ions cah be atfributed to radiative transitions alone.

- Quenching, in all probability, also plays a large role in

the decay of the resonance levels of the two ions.

3.3.2. Nature of the Quenching Process in Complexed Rare

Earth Ions

3.3.2.1. Possible Quenching Mechanisms. -- There are

two genefal mechanisms postulated for the conversion of elec-
tronic energy of an afom or molecule to kinetic energy of nu-
clear motion (30). The conversion may occur by random cqlii-
sions‘of the second kind, or it may occur throﬁgh vibrational—
electrbnic (vibronic) coupling of the atom or molecule to the
surrounding matrix. In the former process} é random collision
between an electronicly excited atom or molecule and another
molecule converts the electronic energy of the formér into
translational or vibrational energY.of'the collision partners.
Interactions need occur between the collision partners only
during the céllision.

Quenching of the electronic energy of §q ion through
vibronic coupling of the ion to the surrounding lattice arises

from the fact that the electrons of the ion interact electro-
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statically with the adjacent atoms or molecules. The sur-
rounding atoms and molecules are not static, but rather they
are moving according to the vibrational modes of the crystal.
The electrostatic interactions between the electrons of the
ion and the dynamic lattice couples the electronic energy of
the ion to vibrational motion of the iattice. In effect, vi-
brational energy}levels are supefimposed upon the pure elec-
" tronic levels of‘the ion. The spacing between levels 1is
dependeﬁt upon the frequéncy of the vibrational modes of the
surrounding lattice.

The results of these vibronic interactions are twofold:
(a) electronic energy of the ion may be converted completely
to vibrational energy of the lattice (vibronic quenéhing), and
(b) /radiative combinations between electronic states accom-
panied by simultaneous transitions between vibrational states
of the iattice result in the appearance in the'spectra of vi-
brational satellites next to the spectral line corresponding
to the pure electronic transition. The vibrational satellites
may appear as distinct lines or they manylmanifest themselves.
as line broadening. |

Van Uitert (40,41.42,435 has observed a third type 6f
Aquenching which is depeﬁdent'upon the concentration of the
rare earth ion. From his studieS'Gf the‘luminescenceé of the
alkali tungstates or molybdates déped with Tb3+, Eu3+, Er3+,
or Dy3+ ions he reported that for high concentrations of the
rare earth ions in the crystalline materials the luminescence

intensity showed a marked decrease. The author considered the
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concentration quenching effect to arise from either rare
earth ion-rare earth ion interactions or changes of the crys-
tal structure of the.material. Either of these effects are
believed to ultimatelf increase the efficiency of vibronic
quenching of the rare earth ion states. Concentration quench-
ing thus appears to be, in some:respects, a more complicated

case of vibronic quenching.

3.3.2.2. Correlation Between the Quenching Efficiency

and the Electronic Structure of the Rare Earth Ions. -- When

reporting the 1umineécence decay times of the microcrystalline
rare earth #hlorides, Dieke and Hall (30) observed that the
rare earth ions possessing the longest decay times also pos-

" sessed the largest energy gap between the lowest resonance
level of the ion and the next lowest electronic state of the

- ion. In Table 3.3.2.2.1. this energy gap between electronic
states is'combared with bbfh Dieke and Hall's data on rare
earth chlorides and the data on rare earth chelates taken from
Table 3.1.3.1. The data reveal that this relationship between
the energf gap and the magnitude of the decay time of the rare
earth ion holds for the chelatedlrare earth ions as well as
for the solvated rare earth ions in the chloride salts. Since
efficient‘queﬁching of the ion levels is associated Qith a

short lifetime, it can be concluded that the most efficient

quenching is associated with those rare earth ions poSsessing

the smallest energy gap between the resonance level and the

next lower electronic state.

This last conclusion is almost a rewording of the



TABLE 3.3.2.2.1.

A COMPARISON OF THE LUMINESCENCE DECAY TIMES OF COMPLEXED

RARE EARTH IONS WITH THE ENERGY GAPS BETWEEN THE

LELECTRONIC STATES OF THE RARE EARTH IONS

e

I

————

s

Ion Energy Gap Between Mean Lifetime of Resonance Level in Microseconds
Resonance Level and - . : ;
Next Lower Electronic MClj3-6H30 (a) MB3-2H20 in MD3 in MA3-H5,0 in
Level in cm.~1 (a) sSo1id at 779K EMPA at 779K EMPA at 779K EMPA at 779%

Ga3* 32,100 7800 __(b) __(b) __(b)

T3+ 16,400 487 630 464 901

Eud* 12,200 120 430 361 564

sm3* 7,300 ~10 14.1 20.1 --Ce)

Dy3* 6,500 ~10 12.3 --(b) --(c)

(a)

Taken from data reported by Dieke and Hall (30).

(b)Rare earth ion emission not observed from these chelates.

(C)Rare earth ion emission.observed, but too weak to record.

10T
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general law governing collisions of the second kind (35), i.e.,
the quenching efficiency is greater the less the energy which
needs to be converted to kinetic energy of nuclear motion.
.This is not evidence, however, for discarding vibronic quench-
ing of the electronic states. Gouterman (44) has also predicted
that quenchiﬂg arising from vibronic coupling becomes forbidden
if there is too much electronic energy to be converted to vi-
brational energy of the lattice. Regardiess of the quenching
mechanism, it is apparent from the dafa of Table 3.3.2.2.1.,
that there is much less qugnching of the resonance level of
the Gd3* ion than of any other ion studied. 1In fact, the life-
time of the GdC13°6520 crystals at 77°K (30) is aimost the same
order of magnitude as the fourteen millisecond limit predicted

for the Eu3* and Tb3* ions in the absence of quenching.

3.3.2.3. Evidence for Vibronic Coupling as Derived

from the Emission Spectra of the Solid Rare Earth Complexes. --

The mechanism of quenching of electronic energyAfhrough vibron-~
ic interactions is sﬁown in Fig.‘3.3.2.3.1. This figure shows
.répresentative»potentiél energy éurves of the’electronic'con--
figurations associated with a resonance level, R, and some
lower level, L. Associated with each electronic state.are laf—
tice vibrgtional energy levels k. A rare earth ion excited to
the k' vibrationalblevel'of the exéitéd electronic state R wiil
rapidly lose ifs excess vibrationalienergy to the surrounding
lattice and fall to a lower vibrational level O' of the level

R. At this point the electronic energy of the state R may be

completely converted to vibrational energy resulting in the
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ENERGY

REPRESENTATIVE INTERNAL COORDINATE

Fig. 3.3.2.3.1.--Energy dissipation via internal
conversion, vibrational deactivation, and emission of radia-
tion. (R and L denote potential energy wells of the resonance
level and the lower ground state respectively of the complexed
rare earth ion. O and k designate vibrational levels of the
electronic system.)

———> radiative combinations

AV nonradiative combinations



104
"crossing'" of the system to the k' vibrational level of the
electronic state L. Rapid loss .of the excess vibrational
energy converts the system to some lower vibrational level O"
of_the electronic state L. On the other hand, the system in
the lower vibrationai state O' of the excited electronic state
R may lose its electronic energy via the emission of radia-
tion. Radiative combinations between the electronic state R
and the various vibration#l levels k" pf the lower electronic
stéte~give rise to vibrational satellites in the emission
spectra. This process is illustrated in detaii in Fig.
3.3.2.3.2. |
To determiné whether such vibronic coupling occurs in

rare eafth complexes, a detailgd study was made of visible
emission spectra of solid rare earth compounds. Rare earth
oxides dissolved in sodium metaphosphate glasses,.miérocrys-
talline rafe earth chlorides solvated either with wafet or
with deuterium oxide, and microcrystalline rare earth chelates‘
were used for the investigation. The emission spectra of
these complexes at 77°K are reported in Pig. 3.3.2.3.3.
through Fig. 3.3.2.3.7.

| Assignments of groups of lines. to transitions between
pérticular electronic states of the rare earth ion are in-
dicated in the figures. The‘éimplicity of the emission spec-
tra of complexes of Tb3+, Sm3+, and Dy3+ allows unambiguous

assignments to be made on the basis of energy differences

determined from the energy level diagram of Fig. 3.1.2.2.
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Fig. -3.3.2.3.2.--Schematic diagram illustrating the
origin of the vibrational satellites in the emission spectra
of complexed rare earth ions. (Upper part of diagram shows
a representative energy level diagram for the complexed rare
earth ions, while the lower portion represents the emission
spectrum which would arise from the indicated transitions.)
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Fig. 3.3.2.3.3.--Emission spectra of complexes of
samarium. (For definitions of symbols see Fig. 3.1.2.3.)
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3.3.2.3.4.--Emission spectra of complexes of
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Fig. 3.3.2.3.5.--Emission spectra of complexes of terbium
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Fig. 3.3.2.3.6.--Emission spectra of EuPO4 in NaPO,
glass at 77°K and microcrystalline EuB;-2H,0 and EuDj3 at
77°K. ' L , :
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Fig. 363 2.3.7. --Emlss1on"spectra of microcrystalline -
O at 77K and m1crocrysta111ne EuC13 6D20 and
Eucf %HZO at 298°K.
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The.assignments of lines in the ‘emission spectra of solvated
europihm éhlofi@e were taken from the work of DeShazer and
Dieke (8).

Analysis of the emission spectra of guropium chelates
was accomplished by compafing the total emission'spgctra and
the emission spectra recorded thréugh the phosbhorostope.
(This téchnique is described in Section 3.1.2.) The only
“lines in the emission spectra of europium chelates which could
“be assigned to 5D1 transitions were found in the blue end of
' tﬁe spectrum between 17,000 cm.”! and 19,000 cm.'?. While
four more groups of lines arising from 5D1 transitions are
predicted to lie in>the-red end of the spectrum, they were
e&idently so weak'that they could not4be deteéted by the above
imentioned-method.' 5D1 lines also appeared in the blue end of
the fota; emission spectrum of EuB3;2H20, but they werq\too
~weak to be readily recorded. |

With the exception.of one compound, (TbDj3), there were
no gross différences between the sbectra of microcrystalline |
‘rare earth chelates aﬁd the spectra of rare~¢arth chelates |
dissolved in EMPA glasses at 77°K (see Figs. 3.1.2.3. and
3.1.2.4.). While the line emission of the benzoylacetonate
complexes was sharper for the chelate in the EMPA glasses
than it.was from the microcrystalline material, the revérse
was found to be true for the dibenzoylmethide and acet&i;ce-
tonaté chelates. The ngarly complete absence of Tb3+ emis-
sion in the emission épectrum of the microcrystalline solid

was caused by a shift of the triplet level of the complex'on
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going from fhe EMPA glass to the microcrystalline solid. This
phenomenon is discussed more fully in the last section of the
Discussioﬁ.

The diffuse nature of the line emission of the rare
earth ions embedded in metaphosphate glasses was due to the
completely amorphous nature of the glasses. The lack of regu-
larity in the electrostatic gnvironments of the rare earth
ions ''smears’ the elecfronic energy levels of the ion. Radia-
tive transitions between such levels result in the observed
diffuse bands. The sharpness of the emission spectra of the
solvated chlorides and chelates is characteristic of emissions
from rare earth ions located in environménts~possessing uni -~
form symmetry.

Vibronic coup}ing is clearly visible in'the emission
spectra of the solid dibenzoylmethide and acetylacetonate com-
plexes. This cbuplingAmanifests itself in two ways: (a) the
appearance of more spectral lines in a given energy region
than are allowed for radiative combinations between pure eléc-
tronic states, and (b) the appearance of regular vibrational
prog;essions td fhe side of a sharp electronic transition.

In the eﬁission speétra of EuD3 and EuA5-H50, transitions
5

from the nondegenerative D0 state to the nondegenerate 7F0

level, the threefold degenerate TF level, and the fivefold

1
degenerate 7F2 state are all characterized by more spectral
lines than are possible for radiative combinations between
pure electronic. states. The excess lines must arise from

transitions between vibrational levels superimposed upon the
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electronic levels of the ion. While only one spectral line
is predicted for the 5D6—>7F0 transition of Eu3+, both
EuA3°H,0 and EuD3 bossess more than one line in the spectrum
corresponding to this transition. Details of the structure
of this transition are shown in Fig. 3.3.2.3.8.

In general, the emission spectra of the dibenzoyl-
methide or acetylacetonate chelates are much too'complex for -
a unique resolution‘of the épectra into pure electronic tran-
sitions plus vibrational progressions. For a few lines of the
TbA3+H50 and DyA3-Héd'emissions, howevef, this ideﬁtification
is possible. Details of fheSe emissions liﬁes are shown in
Figs. 3.3.2.3.9 and 3.3.2.3.10. Vibrational progressions are
found lying to the short wave length side of the 4856 R, 5425

+ N N . . . .
3 emission; while vibrational

R, and 5446 R lines of the Tb
progressioné are found lying to the short wave iength side of
the 5726 R line and to the long wave length sidé of the 5742
R 1ine of'the Dy3* emission. The wave lengths, frequencies,
‘and frequency differences of these lines afe summariéed in
Table 3.3.2.3.1. The'progtessions listed here, which vary in

1

frequency from 6 cm.”! to 50 cm." , are of the same order of

magnitude as the 19 cm.” !

progression found by Satten (45)
in the spectra of the hydrated salts of neodymium and the
40 cn.”! to 60 cm.”! found by Wﬁan (22) in the emission spec-
tfa'of the rare earth benzoylacetonate and dibenzoylmethide
chelates dissolved in EMPA glasses at 77°K.

No vibrational satellites are found in the eﬁfésion

spectra of inorganic salts of the rare earth ions. They are

detected, however, in the absorption spectra of very concen-
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TABLE 3.3.2.3.1.

LINE PROGRESSIONS IN THE EMISSION SPECTRA OF
MICROCRYSTALLINE RARE EARTH CHELATES AT 77°K

Compound Transition Wave Length, FrequeTcy, " Frequency

cm. Differences,
’ cm.‘1
EuA3-H,0 2Dy—>'Fg 5780 17,296
. ‘ 50
5797 . 17,246
o , 12
5801 17,234
EuD 5py—>7F 5800 17,237
3 0 0 . ’
: A 30
5810 17,207
Ha S 7 o
ToA3-HO 0, —>"Fg 4825 20,720 0
4832 20,690
30
4839 20,660
30
4846 20,630 4
13
4849 | 20,617
' 30
4856 20,587
TbA~-H,0 Sb,—»Thc - 5386 18,561
3°Hp 4 5 ’ 14
5396 18,527
31
5405 18,496
31
5414 _ 18,465
: 6
5416 18,459
28

5424 18,431
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TABLE 3.3.2.3.1. (Continued)

~Compound Transition Wave Length, Frequency, Frequency

cm.” - Differences,
cm.-1.
5432 18,404
, : : - 13
5436 18,391
- A 10.
© 5439 18,381
11
5442 18,370
. ' 13
5446 18,357
6 ' ﬂ
DyA3 HZO ? H13/2 5670 | 17,632 50
5686 17,582
' 25
5694 17,557 '
: ' 52
5711 17,505
I ‘ 46
5726 17,459
5742 17,411
24
5750 17,387
22

5757 17,365
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trated aqueous solutions and single crystals of the salts
(45,46). Regardless of whether the vibrational satellites

are detected in the emission spectra or the absorption spec-

tra of the ion, the appearance of the vibrational satellites

reveals the existence of vibronic coupling of the electronic

states of the 4f electrons of the rare earth ion to the vi-

brational modes of the surrounding atoms or molecules.

The vibrational modes involved in the coupling mech-
anism must undoubtedly involve motion of atoms or ions close
enough to the rare earth ion for significant electrostatic
interaction to take place. Whan (22) suggested that low fre-
quency rare earth ion-ketone oxygen vibrations are involved
in the quenching. 1In a discussion by Freed (46), however, it
is reported that fhe vibrational frequencies found in the ab-
sorption spectrum of 3Mg(NO3)2~2Nd(N03)3-24H20 were signifi-
cantly decreased when the water was réplaced with dedterium
oxide. It would appear that'in_solvated salts, at least, the
vibrational modes must involve motion of the entire water
molecule, not just the oxygen atoms alone. Not enough data
are presented here to identify the vibrational modes involved
in the coupling mechanism. Additional information can be ob-
tained, however, from tﬁe luminesqence decay data presented.

in the next two sections.

3.3.2.4. The Efficiency of Quenching as Derived from

Luminescence Decay Times of Solid Rare Earth Complexes. -- An

investigation of the luminescence decay times of solid rare

earth complexes was undertaken to determine the relationship
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between quenching efficiency and the nature of the complexing
species. The same compounds used in tﬁe spectroscopic studies
described in Section 3.3.2.3. were also used for the lumines-
cence decay time studies. Light filter combinations were se-
lected to pass sample emission éorresponding to the brightest
group of lines in the rare earth ion emission spectra which

origiﬁate from the lowest resonance level of the ion. 1In the

case of the solvated EuCl; salts, the light filter combination

5D1_state

as well as the light originating from the 5DO state. Because

light originating from the 5Dl state was so weak and short

lived, however, it did not interfere with decay time measure-
5

passed a small amount of light originating from the

ments of the iight originating from the D0 lgvel. Spectral
regions passed by the light filfets are indicated by cross-
hatched bars in Fig. 3.3.2.3.3. through Fig. 3.3.2.3.7.

Mean lifetimes of the lowest resonance .levels of the
solid rare earth compiexes are summarized in Table 3.3.2.4.1.
With the exception of the sodium metaphosphate glasses, all
the data in this table are reported for the complexes in the
microcrystalline solid state. Some additionél data on hy-
dréted inorganic salts reported by Dieke and Hall (30) are
also included in the table for purposes of comparison.

The rare‘ea;th combounds listed in this table are
grouped according fo the ligands believed to be'adjacent to
the rare earth ion. The inorganic salts afe classified ac-

cording to whether they are solvated with water or with deu-

terium oxide, for the water molecules are closer to the rare



TABLE 3.3.2.4.1. o
LUMINESCENCE DECAY TIMES OF SOLID RARE EARTH COMPLEXES AT 77°K

Mean Lifetime in Microseconds

éigzgd Compound B3t Eu?t sm3*t Dy3+
PO,  MPO,-NaPO; glass 3120 3090 (2200)“’_) (742 (P)
Io:c/ MA 5 -H50 760 385 --(d) __(d)
/ /\c-- MD4 (e 460 | _(a) | __(a)
o—c\/ MB - 2H,0 650¢¢) 466 --(d) _(d)
D,0 M¢13-6020 7210 276 (@ (D)
MC13- 6H50 483 122 ~r0¢2) ~10¢2)
H50 M(BrO3)4-9H,0 _—— 120€2) - . ~10¢2?)
M(CH,CH,S0,) -0H,0 430 ' I ——- ~o10¢?)

921

(2)pata reported by Dieke and Hall (30).

(b)Semilogarithmic plot is curved. Lifetime represents an average for the curve.
(C)Semiloga;ithmic plot is curved. Lifetime calculated from long-lived component.
(Dgp;

Emission too weak to record.

(e)No emission observed from this compound.
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earth ions than are the anions of the salts (47).

The data in Table 3.3.2.4.1. show the following regularities:

(1)

(2)

(3)

(4)

For a given ion, a regular decrease in the lumi-
nescence decay time is found in the series: phos-
phates, éhelates, DZO salts, HZO sélts.

For a given ligand class, a regular decrease in
the luminescence detay time is found in the
series of rare earth ions: Tb3+, Eu3*, Sm3+; Dy3+.
Little differences are found among the lumines-
cence.decay times of hydrated inorganic¢ salts of
a rare éarth ion when the salts différ oniy by
tﬁe anion.

Because quenching efficien;y is inversely pro-
portional_to the luminescence decay time, the
quenching efficiency is found to increase ac-
cording to fhe series of ligands: phqsphates._

chelates, D O salts.

AZO salts, H

2

The metaphosphate glasses, which exhibit the longest lumi-

nescence decay times, have lifetimes approaching the predicted

fourteen millisecond intrinsic radiative lifetime limit.

As was pointed out earlier, the efficiency of quenching

by collisions of the second kind is inversely proportional

to the amount of electronic energy to be dissipated. If the

quenching of a complexed rare earth ion were due primarily to

collisions of the second kind, then changes in the environ-

ment of the ion, which result in major changes in quenching

efficiency, must be accompanied by ma jor changes in the



128

electronic energy to be dissipated. Alfhough'environmental
changes of the complexed rare earth ion do result in signifi-
cént'cbanges in quenching efficiency, the emission spectra of
the rare'earth ion in the‘various environments indicate that,
while small shifts of tens of wave numbers occur in the posi-
tions of the electronic levels of the rare earth ion{ there .
are no major changes in the energies of the electronic levels.
‘Second order collisions, therefore, are not'the primary cause

of quenching of rare earth ion resonance levels. The primary

cause of quenching of rare earth ion resonance levels must be

vibronic interactions.

Although it is true that the efficiency of vibronic
quenching is very loQ for vibrational frequehcies which are
too iarge (44), it is also believed that for a given amount
of electrqnic energy the efficiency of vibronic quenching is
}propo;tional to the frequgncy of the lattice mode which dissi-
pates.the energy. The @arked increase: of the lifetimes of
the chlorides solvated with deuterium oxide over those of the
hydrated rare earth chlorides must be due to a decréase of
duenching efficien;y caused by a decrease in the lattice vi-
ﬁrational frequencies. If the vibrational modes do indeed in-
volve the entire water molecule, the required‘decrease inAthe
frequencies of lattice vibrations must be brought about by the
substitufion of the HyO molecules with the heavier D,0 mole-
cules.

If the lattice vibrations were to involve only the

vibrations of the adjacent oxygens, one would expect an increase
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in quenching on going from the solvated salts.to the chelates.
This increased éuenching efficiency would arise from the high-
er vibrational freguencies of the metal-oxygen coordinate-
covaient bond in the chelates as compared to the lower fre-
quenpies of the metal-oxygen coordinate bbnd in the solvated
rare'earth salfs. The data of Table 3.3.2.4.1. show that the
queﬁchingAefficiency of the chelates is less, not greater,
than the quenching efficiency in the solvated salt systems.
Thus lattiaavibrétions must involve more than just thé ke;
tonic oxygén of the chelates.

Although no Quaﬁtitative measureménts of relative lumi-
nescence intensity were made, it was observed that the inten-
sity of the ion emission roughly paralleled the magnitude of
the 1uminescence‘decay times. The metaphosphate glasses,
which exhibit quite long lifetimes, also exhibit quife bright
emissions, while the‘hydfated rare earth salts, which exhibit
short luminescence decay times, emit very weakly. For a given
type of rare earth complex, the long-lived emission of europi-
um or terbium was always brighter than the short-lived emis-
sion pf dySprosiuﬁ or samarium. In general, it was observed
fhat those physical o;'chemiCal changes of the rare earth ion
enQiroqment which caused a change in the decay time of the ion
luminescence also caused a corresponding change in the inten-
sity of ion emission.

This parallelism between luminescence decay time and
luminescence intensity is in perféct agreement with the idea

that quenching plays the major role determining the variations
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in the 1umihescence decay times. Any increase in quenching,
causing a decrease in luminescénce'decay times, must also
cause a decrease in emission intensity since more of the elec-
tronic energy is being converted to nuclear kinetic energy of
the lattice and less is being converted to electromagnetic

radiation.

3.3.2.5. Temperature Dependence of the Luminescence

Decay Times of Complexed Rare Earth Ions. ---The luminescence

decay times of a few of the solid rare earth ion complexes
were checked at:room temperaturé as well as at low tempera-
ture (7?°K). The luminescence decay times at these two tem-
peratures are compared in Table 3.3.2.5.1. The decay times
at 298°K could be obtained fﬁr only a few complexes as the
emission intensities of most of the complexes were too weak to
be recorded at this temperature. This was especially true for
the rare earth chelates. The data presented in Table 3.3.2.5.1.
indicate that, in general, the luminescence decay times of both
the metaphosphate glasses and the solvated inorganic'salts ex-
hibit no éignificant'température dependenciés.' The lumines-
-cence decay times of the chelate compouﬁds exhibited a sig-
nificant temperature dependence.

The chelates not only showed significant'decreases.in
" decay times when the temperature was raised from 77°K to
298°K, but they also exhibited significant decreases in lumi-
nescence intensities. The emissionsAof’TbB3°2H20;‘ |

——

TbAj-HZO, and BuA3-H20 became so weak that room temperature
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TABLE 3.3.2.5.1.

EFFECT OF TEMPERATURE ON THE LUMINESCENCE
DECAY. TIMES OF COMPLEXED RARE EARTH IONS

Ligand Compound Luminescence Decay Time,
Class - microseconds
77°K - 298%
TbPO4—NaPO3 glass 3120 3180
= EuPO,-NaPO,; glass 3090 2900
PO4- A * . *.
- SmPO,-NaPO; glass 2250 {234Q
DyPO,-NaPOy glass’ (742" 759
/ .
/ =C .
/ \ EuD, solid " 460 : - 80
’ C"" -4
\ 7/ EuB4-2H,0 solid 465 311
0—=C - , _
N\ :
D0 TbC14°6D,0 o 721 - 719
EuCl3-6H,0 ) 122 124
H,0 .
TbC14°6H,50 A 483 471

* .
Semilogarithmic plots are curved. Decay times re-
present an average over the entire curve.
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measurements of the luminesceﬁce decays could not be made.
A change in the structure of the emission spectra also ac-
companied the change of the luminesqence decay times. While
.the low temperature emission spectra of the microcrystalline
rare earth cﬁélates were quite sharp (especially from the
MD, and‘MA3~H20 coﬁplexes) the.room temperature emission speé-
tra were fuzzy and diffuse.

The extremely long, temperature independent, decay times
of the rare earth ions in metaphosphate glasses would indicate
'that, either a very small amount of temberature independent
quenching wﬁs occurring, of, more probably, so little quench-
ing was occurring that, even if it were dependent upon tem-
perature, it could not be readily detected through a measure-
ment of the luminescence decay times. The fairly long,
temperature dependent, decay times of the chelate systems
indicate fhat a signifiéant amount of quenching of the reso-
néncg levels of the ion pfobably gtill exists at 779K, and
that the mechanism is very temperature dependent. The quench-~
ing mechanism of the solvated salts appears to be not only
quite efficient, but also insensitive to temperﬁture changes
over the range from 77°K to 298°K.

The. existence of both temperature.dependent and temper-
ature independent vibronic quenching mechanisms may be related
to fhe frequency of the lattice vibrations through the re-
sults .of Gouterman's‘analysis of the radiationless transition
problem.(44),

- Gouterman predicted that quenching may occur spontane-

ously, or it may be induced through interactions between the
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ion and the enérgy density of the surrounding phonon field.

According to his analysis spontaneous transitions are tem-

peratdre independent, and induced transitions are temperature

dependent.

Through a comparison of the relative magnitudes

of the probabilify constants for the two radiationless tran-

sitions, Gouterman drew the following conclusions:

(1)

(2)

(3)

(a)

(5)

Radiationless fransitions via low frequency lat-
tice vibrations are fairly temperafure sensitive
as induced transitions predominaye.
Radiationless quenching via high frequency lat-
tice vibfations.are temperature insensitive since
spontaneous transitions predominate.

If the temperature of the system is raised high
enough, the temperature dependent, induced trén-
sitions would eventually overwhelm the tempera-
ture independent, spontaneous transitions.
Radiationless transifion.éonstants (induced or
Sponténeous) are proportional to the cube of the

lattice freguency.

‘Radiationless transitions are forbidden for lat-

tice frequencies above an upper limit related to

the Debye temperature of the solid.

Using the above conclusions as a basis for the analysis of

the 1uminescenée decay times of rare earth complexes, the fol-

lowing conclusions may be drawn about vibronic quenching of

resonance levels of complexed rare earth ions:

(1)

For rare earth ions in metaphosphate glasses, no .
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vibronic quenching occurs. Vibratiohal fre-
quencies of the rigid glass lattice are higher
than the upper limit allowed for radiationless
transitions.

(2) Vibtonic quenching of the rare earth-ions in the
solvated iﬁorganic salts i;rmmt efficient due to
the high frequency of the lattice vibrations in-
volved. Because the frequencies involved are
large, temperature independent, spontaneous tran-
sitions.predominate. Temperature dependent, in-
duced fransitions would become effective at tem-
peratures above 298°K.‘ Since the lattice vi-
Erations involve the entire solvent molecule
(H,0 or D,0), the quenchihg is more efficient
in salts solvated with H,0 due to the higher fre-

" quency of lattice vibrations.

(3) Vibronic quenéhing of chelated rare earth ions
is moderatelfvefficient. Lattice frequencies in-
volved are lower than those involved in the quench-

- ing of the ions in the solvated salts. Due to the
lower frequencies involved, the radiationless
transition probabilities are smaller than those
of the hydrated.rare earth ion, and the tempera-
ture dependenf, induced transitions pfedominate.

Gouterman's approach is not the oﬁly theoretical treat-

ment of radiationless transitions to have appeared in the
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literature recently. Morevrigorous quantum mechanical de-<
Velopments of‘the problem have been presented by Robinson and
Frosch (48,49), Orbach (50,51), and Mattuck and Strandberg
(52). Gouterman's analysis of radiationless transitions was
chosen for the above discussion because of the simplicity of
tﬁe treatment and the close analogy of his development to -
that of tﬁe probiem of radiative transitions in atomic systems
presented in standard texts (36,53). 1In spite of the fact'
tﬁat this analysis of radiationless transitions is.based on
‘a rather simple semiclassicai model, the theory does yield

a quife satisfactory qualitative explanation of the lifetime
data on complexed rare earth ions presented in the last two

sections.

3.3.2.6. Secondary Environmental Effects on the Rare

Earth Ion Luminescences. -- In order to detefmine the sensi-

tivity of the rare earth ion luminescenceé to secondary en-
vironmental effects such as the physical state of the complexes
or the nature of the solvents in which the complexes are dis-
solved, the luminescence decay times of europium and terbium
chelates were measured when the compounds weré dissolved both
in ether-3-methylpentane (EMP) and in 3-methylpentane (MP)
glasses at 77°K. Light filter combinations were chosen so

that only light corréspdnding to the 5D0~é7F2 transitions of
Eu3.+ at approximately 6150 & or the 504->7F5 transitions of
Tb3* around 5400 R was monitored by fhe pliotomultiplier tube

of the lifetime apparatus. For these two ions luminescence
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decay times of the chelates dissolved in the various organic
'glasses are reviewed in Table 3.3.2.6.1. (lifetime data for
the chelates in EMPA glasses or in the microcrystalﬁine,solid
state are included for comparative purposes).

No regular variations of the ion decay times with
changes in solvent or physical state ire apparent for the
chelates in the various environments, but the differences ob-
served are significant; It is because of such seemingly un-
predictable,tbut significant, variations in luminescence decéy
times with changés in physical state, solvent, etc. that no |
comparisons have been made between tﬁe experimental data ap-
pearing in this thesis éﬁd the luminescence decay.times of
rare earth chelates published recently by other authors (54,
55,56,57). The majority of the decay times reported to date
are for the chelates in entirely different environments than
tﬁose reported here.

The lumihescence decay times of microcrystalline Eubér
were studied by Rieke and Allison (55) and Nardi and Yatsiv
(54). These authors report that they found no temperature
dependency for the europium ion luminescence arising from the
5D0 resonance level. The data for this same system, reported
in Table 3.3.2.5.1., show a striking temperature dependency.
Nardi and Natsiv feport in the experimental section of their
paper that, when preparing the europium trisdibépzoylmethide
chelate, the final product was not suﬁjected to the prolonged
vacuum drying at 1259 - 150°C that Whan and Crosby (20) have

shown is necessary for the removal of an extra mole of che-
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LUMINESCENCE DECAY TIMES OF RARE EARTH CHELATES-
AT 77°K IN DIPFFERENT ENVIRONMENTS

Chelate Luminescence Decéy_Time, microseconds
microcryg—‘ EMPA glass EMP glass = MP glass )
talline
solid
EuB5-2H,0 435 430 @so () 360
EuD, 460 361 63 () 354
EuA 3 -H,0 385 564 NG - (@
TbB3'2HZO. 650 630 754 769
TbD4 4___(31) 464(b) (36O>(C) _ (\3)
TbA 5 *H,0 760 903 -- (@) - (&

(a)No rare earth ion emission observed from these

samples.

(b)Semilogarithmic plot of decay is curved, decay time
is calculated from the linear region of the plot.

(C)Semilogarithmic plot is curved. Decay time repre-

sents an average over the entire curve.

(d)Decay times of these systems were not investigated.
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lating agent from the product. In 6rder to determine whether
the above mentioned discrepancies could be due to an extra
mole of chelating‘ageqt in the material used by the other
authors for their luminescence studies, the luminescence prop-
erties of both europium frisdibenzoylmethide (EuD3)'and euro;
pium trisdibenzoylmethide solvated with one extra mole of
dibenzoylmethane (EuD3-DH) were extensively studied.

The luminescencé decay times of both EuD; and EuD3-DH
in EMPA glasses and the microﬁrystalline state plus the cor-
.responding data given by the other authors are presented in
Table 3.3.2.6.2. As suspected, the luminescence decay times

‘of the Eud*

ion in solid.EuD3'DH exhibited no temperature
dependence, while the decay times of the EuDj chelate were
very temperature sensitive. The significanf differences in
the temperature dependencies of the two compounds were also
reflected in significant structural changes of the emission
spectra of the two complexes in the microcrystalline state at
779K (see Fig. 3.3.2.6.1.) and in the absorption spectra of
the compounds dissolved in benzene (Fig. 3.3.2.6.3.); It is
clear that the luminescence data reported by Nardi and Yatsiv
as well as Rieke and Allison were obtained from the EudB-DH
complex, not from the simpler EuD3 compound.

Differences in the luminescence properties of the EuDj
and EuD3-DH chelates disappear completély when the compoundé
are dissolved in hydroxyiic solvents. Not only are the lumi-
nescence decay times of the two compounds the same when di#-

solved in EMPA glasses (see Table 3.3.2.6.2.), but the emission
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TABLE 3.3.2.6.2.

LUMINESCENCE DECAY TIMES OF EUROPIUM
- TRISDIBENZOYLMETHIDE CHELATES

Compiex . Decay time, microseconds

77°K 298°K
EuD; in EMPA | | 360 -
EuD3-DH in EMPA o 370 o
Microcrystalline EuD, ' | 460 {80) *t 30"
Microcrystalline EuD3-DH 4 (440>* <420>* . e
'MlcrOCtysta111né EuD 500 500

(reported by Nard1 and
Yatsiv (54))

M1crocrysta111ne EuD3 ' 522 529
(reported by R1eke
and Allison (55))

* ., . . . : .
Semilogarithmic plot of decay is curved. Decay time
represents average over entire curve.

**Probably EuD_°DH (see text, Section 3.3.2.6.).

3
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Fig. 3.3.2.6.1. --Emission spectra of microcr¥stailine
EuD.-DH and EuD_ at 77° K. (Only the strong 5DO—> F ‘
trags.itions are“shown.)
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spectrum of the spectrum.of the EuD3°DH complex in an EMPA
glass at 77°K is precisely the same as the emission spectrum
of EQD3 in an EMPA glass at 77°K shown in Fig. 3.1.2;1.
Furthermore, when both ;helateS‘arg dissolved in'absolute
ethanol, no differénces could be detected in the structure
of the absorption spectrum attributable to the Eu3* ion. These
absorptibn spectra are shown in Fig. 3.3.2.6.3. Removal of
the dibéhzoylmethane molecule (bH) from the vicinity of the

Eu3*

ion by the hydroxylic solvent adeqhately explains why
differences in the luminescence properties of fhe EQD3 and
‘BuD3-DH complexgs disappear completely when the chelates are
'digsolved in hydroxylic media.

A final example of the effect of the environment'upoﬁ
tﬁe luminescenqe properfies of chelate systems is found in
the case of the TbD3 chelate. While this chelate exhibits
stfong luminescence characteristic of fhe terbium iqn when
dissolved in EMPA glasses at 779K, it exhibits only weak ion
:emission in EMP glasses and practically no ion emission in '
the MP glass and‘in the microcrystalline solid state.

3* jon (see Fig. 3.1.2.2.)

The resonance level of the Tb
is almost coincident with the triplet level of the TbD3 com-
plex. Studies of rare earth chelates in EMPA glasses (21)
reveal that. the hydfoxyiic solvent raises the energy of the
triplet level of the cﬁmplex. This slight shift in triplet
state energy of the TbD3 compound by the alcohol in fhe EMPA

- is apparently all that is needed to .raise the'triplet state

of the chelate above the resonance level of the Tb3+ ion. In.
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non-hydroxylié solvents and in the microcrystalline solid
state, the triplet level is too low to efficiently populate

3 ion by intramolecular energy

the resonance level of the Ibf
transfer; thus no ion lumingscence is'ob§erved.

The data presentéd in this sectiqn of the Discussion
are too sparse to clarify the effects of solvent or physical
state upon the luminescence properties of the rare earth
complexes. The data are presented in order to show the pos-
sible origins Qf discrepancies in the luminescence decay timés‘
reported by various authors. The dat# indicate that,.due to
the sensitivity of the faré éarth ion to secondary environ-
menfal'effects, such factors as method of preparation‘ phys-
ical and{chgmical nature of fhe solvént, and the purity of

the compound must be carefully considered in an analysis of

the luminescence characteristics of complexed rare earth ions.



4. Suggestions for Puture Work

Careful measurements of the temperature dependency
ofi the luminescences of complexed rare earth ions are needed.
This data would yield uéeful information about the nature of
the quenching mechanisms of rare earth comple#es. The lumi-
nescence decay time, 77, and the relative intensity of emis-
sion, e', are related to the transition probabilities by
the equations
1
; .KQ‘T)

7

Ky + Kq

(O = _ lKr 4.2,

K K K’ (T
c? a + q(T)

Where K, is the spontaneous radiative transition
probability, |
Kd is the sﬁontaneous radiationless transition
probability, and
Ké(T) is the induced, tempefature.dependgnt,
| radiationle;s.transition probability.
A plot of 1/7° or 1/0 versus temperature, T, would yield
the mathematical form of the temperature dependent, radia-

tionless transition probability. PFrom the mathematical re-

lationship, the frequency of the lattice vibrations could
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possibly be computed from the following relationship predicted
by Gouterman (44):

fw/kT,_ 1) . . 4.3.

Ke(T) oC (e
where w is the frequency of the lattice vibration,

4 is Planck's constant divided by 2 777, and

k is Boltzmann's constant.

Studies of the lﬁminescence properties of chelated
rare earth ions have always been hampered by the very poor
‘crystallization,properties‘of the chelate compounds which have
prevented the formation of large, optically clear, sing;e
.crystals. The acetylacetonate chelates prepared for this
study appear promising for the preparation of such crystals.
Although'attempts to grow crystals by vacuum sublimation
failed, such techniques as doping colorless aluminum or yt-
trium trisacetylacetonate crystals (which readily crystallize
from acetone solutions) with the rare earth trisacetylaceto-
nates might yield the desired large, single crystals suitable
for the luminescence studies.

It would also be of interest to determine the lumi-
nescence decay times of rare earth ions éembedded in such
rigid lattices that very little quenching of the electronic
states of the ion could occur. The luminescence decay times
of the ions in the metaphosphate glasses are still less than
the fourteen millisecond upper limit predicted for some of
the rare earth.ions. Such systems. as theAanhydrous rare

earth chlorides, in which nearly all the rare earth ions
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exhibit luminescence (4), migﬁt yield rare earth ion lumi-
nescence.decay times longer than the Fhree millisecond decay
times of the sodium_metaphosbhate glasses. Of special in-
terest would be the decay time of the Gd3* ion in the anhy-.
'drOus chloride. The decay time of this ion in such a rigid
lattice might be equal to or even greater than the fourteen
millisecond upper limit.

Laser action has been reported for the emission of
numerous rare earth ions (57-70). With the exception of one
ion (Eu3*), the 1aserlacti§n hés beeh confined to emission
in the near infrared or inffared region of the spectrum.
Laser action of europium ion at A~ 6100 R from tﬁe’europium
benzoylacetonate chelate has been reported by Lempicke and
Samelson (57). The rare earth oxide-sodium metaphosphate
glasses appear to be excellent candidates for exhibiting laser
action in the visible region of the specfrum. Not only do -
these glasses exhibit the desirable p;operties of bright,
iong-lived, visible emission (iﬁdicating'very efficient pop-
ulatibn inversion of the upper resonance levels), but ‘the
glasses'aiso exhibit such desirable properties as chemical
and mechanical stability, opticél clarity, and ease of prep-

aration.



- 5. Appendix

5.1. Wave Length Calibration for Measurement of Emission

Sgectra’

The emission from a low pressure argon discharge tube,
oberated at ~ 2500 V, was recorded with the Steinheil spec-
trograph, and a densitometer trace of the photographic plate
was made with the Jarrell%Ash miérophotbmeter. The wave

lengths of the argon lines were assigned using'the argon

eﬁission wave length table in the Handbookvgi'Chemistry and
Physics (71). The distances oﬁ the densitometer trace from
an arbitrary sfarting point to each of the argonvlines of
known wave length weré measured. A calibration curve was con-
structed from these data in which the wave lehgth in R of
the afgon line was plotted against distance in inches of the
densitometer trace.

Once the sample emission had been photographed with
the specfrograph.'the argon emission spectrum was supefimposed
6vér,avna;fow fegion of the samplé emission spectrum. Densi-
tometer traces were made of fheAsémple émission alone énd
then of the sampleAemission plus the argon line emission. The
positions of the argon lines in the latter densitometer trace
were detefmined-by comparing the two traces. The distances

from at least two different argon lines to the sample peak or
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line were measured, and the wave length of the

determined from the calibration curve of wave

distance. FPor spectrograph settings yielding
17 R/mm. on the photographic plate at 5000 R,
ror in determining the wave lengths of sample

about %t 2 R.

sdmple emission
length versus

a dispersion of
the éve;age er-

emission was



5.2. Construction and Calibration of the Apparatus used to

Measure the Luminescence Decay Times

A block diagram of the apparatus used to measure lumi-
nescence decay'times has already been given in Fig. 2.5.1.1.
A detailed description of each of the components in this dia-

gram is given below.
5.2.1. Spark Source

The circuitry of this unit is given in Fig. 5.2.1.1.
The unit, thch delivers a twenty kilovolt pulse to.the trig-
gered spark gap, is activated by an input pulse of A~ 40 V.
The one second pulse from the time mark generator was usualiy
used_for this purpose. RG 58/U coaxial cable was employed for

both the input and output leads.
5.2.2. Flash Lamp Power Supply

A schematic diagram of this unit is given in Pig. 5.2.2.1.
The componénts of the power supply were mounted in a lucite
chassis made Qf'%é thick material. Heavy duty, RG 8/U coaxial
cable connected this unit with the'triggefed spark gap. The

"power supply delivers fiom 50 to 10,000 volts DC.
'5.2.3. Triggered Spark Gap

The circuitry of this portion of the apparatus is given
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C ~ pilot lamp
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0-10 KVDC ‘ : . '
-at Ima 110 VAC
+ : |
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.spark gap -

Fig. 5.2.2.1.--Flash lamp power supply circuit. -
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in Fig.'5.2.3.1.':Details on the construction of the spark gap
are given in Fig. 5.2.3.2. All éomponents were mounted in a .
lucite chassis, and heavy duty RG 8/U coaxial cabie connected
the leads to the flash lamp. When operating this unit, the
metal poles of the spark gap were adjusted so that a spontane-
ous discharge occurred at. approximately 400 volts above the
. desired operating poteﬁtial of the lamp. The unit was then
run at the desired operating voltage at which no spontaneous
discharge of the lamp'occurréd. When the Spérk source de-
livered a high voltage pulse to the spark gap, a spark jumped
from the end of the wire inside the metal toroid to the foroid
itéeif. This spark ionized the air within the gap and allowed
the air gap.to discharge the capacitors through the flash lamp. .
The lifetime of the 1amp operated in this fashiqn was on the
order of two to three microseconds. The lamp intensity as a :

function of time is shown in Fig. 5.2.3.3.
5.2.4. Photomultiplier Tube Power Supply

A ﬁank of heavy duty 90 volt storage batteries (RCA
#VS-OSS) was uéed for the photomultiplier power supply. The.
batteries were connected to the photomultiplier via a fourteen
strand'shielded cable. A Cénnon, 15 pin. connector was used
to connect the cables to the photomultiplier.

This type of power supply was preferred over the more
common commercial, électronicly regulated power supplies'because
it was found to be highly stable (within % 0.01 %) ahd unaf -

fected by the'high intensity electromagnetic fields generated
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during the discharge of the flash lamp.
5.2.5. Photomultiplier Tubes and Photomultiplier Tube Housing

Either of two end-on, ten-stage amplification ﬁhoto-
multiplier tubes was used to detéct the intensity of sample
emission. For sample emissibn in the‘visible region of the
spectrum, a RCA-2020 phofomultiplier with a S-11 response was
used.‘ For sample emission in the deep red end of the visible
spectrum, a RCA-?IOZ tube was employed. The wiring diagrams
for the photomﬁltiplier tubes are givén in PRigs. 5.2.5;1,.and
5.2.5.2. Each battery in these circuit diagrams represents
one of the 90 V storage batteries of the power supply. The
photomultipliers were operated at a 1080 volf cathode to anode
potential. |

Ten different, one half watt, 5 %, carbon resistors,
ranging from 2 K2 to 1.2 M2 , were emplo§ed for the anode to
ground load fesistance. For load resistances up to 30 K (2 ,
the response time of the detector circuit was found to be less
" than one microsecond. At 100 Kji or larger load resistances,
the response fime of the detector circuit dropped to more than
fifty microseconds. The photomultiplier tubes were usually
operated at a 10 K1 load resistanceA.VBoth phofodetectors
were shielded with a Nicoloi #80802B magnetic shieéld which
was connected to the cathode at -1080 volts.

The signal to ground reéistances, photomultipliet.
diheptal base, and insulated shield were all mounted within a

tubular brass housing which was grounded at + 1080 volts. The
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housing was mounted directly against the sample cell for di-
- rect observations of luminescence decays, or it was mounted
.against'tﬁe exit slit of the monochromator for observations of

more selected regions of the sample emission spectrum.
5.2.6. FPFlash Lamp, Sample Cell, amd Light Filters

 The relative positions of the flash lamp, sample cell,
and light filters are shown schematically in Fig. 5.2.6.1.
AAil the units shown . in this figure, with the exception of the
monoéhromatqr and the photomultiplier tube, were mounted in a
black light-tight box théh was so baffled that only the prop-
erly filtered éxcitation light reached the sample or subse-
quently, only filtered eﬁitted light reached the detéctor. The
reflector behind the flash lamp was coated with magnesium oxide
for maximum reflection of ultraviolet light. | |

Descriptidns of the remaining components of the appara-
tus such as the tiﬁe mark generator, oscilloscope, and camera

are found in Section 2.5.1.
5.2.7. Calibration of the Apparatus

Thefe are no primary standards available for calibration
of the apparatus used to measure the luminescence decay times.
Three Eriteria'must be mef'by the apparatus, however, if it is
to accurately measure luminescence decay times. They are:

(1) the horizontai sweep speed of the apparatus must

be accurately calibrated against a time standard,
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(2) the response time of the photomultiplier must be
sufficiently fast so that the photomultiplier cam
follow all the light intensity variations of in-
terest, and

(3) the nature of the responsé of the apparatus to

variations of light intenSitf must be known. (In
this instance, the relationship must be linear be-
cause of the assumption that vertical distances

on the photographs are proportional to rélative
light intensity.)

The first criterion was met by relying not on the rated
sweép speeds’of the oscilloscope, but rather by relying on the
c?librated time marks signals from the Tektronix Mode1.180 time
mark generator. These-time mark signals,‘appearing on'eaéh
photograph of the oscilloscope traces, were in turn referenced
to the one megacycle standard crystal oscillator of the time
mark genérator. F;eqﬁent checks of the instrument were made to
make sure that the instrument remained calibrated against the
crystal oscillator.

The response time of the photomultiplier (cfiterion 2),
‘was checked by obserying, witﬁ the oscilloscope, the photo-
multiplier response to a chopped DC liéht pulse. The chopped
light source was obtained by observing the light from a neon
pilot lamp.through the slots of the whirling Becquerel phos-
phoroécope.v The response time of the phototube, operating at
a 10KQ) load resistance, was found t§ be less than one micro-

Secoﬁd—-certainly much faster than was needed to respond to
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the two to fifteen microsecond rise times and the 10 to 10°
microsecond decay times encountered in the luminescence decay
" studies. |
The response of the apparatus to light intensity‘(cri-.
~terion 3) was checked by measuring'the response‘of the appara-
tus to a point source of light.situated at various distanees
from the detector. By measﬁring-the distance between the light
source‘and the'phofomﬁltiplier tube, the relative intensity of
light falling on the tube could be computed from the inverse
squareilaw. fbe response of the instrument was found to be
linear with light intensity over a region of intensity cor-
responding to one to one hundred microamperes of photomulti-
plier output. |

A final check on the apparatus was performed by deter-
mining how well the data obtained with this instrument agreed
with data published previously.l In Table 5.2.7.1., the life-
times of a few compounds calculated from luminescence decay
curves obtained with the apparatus are compafed.with the cor-
responding lifetimes published in the literature. (Section
5.4. gives the experimental details for the determination of
phosphorescence decay times of organic compounds.) As can be
seen in.the table, the differences between the heasured and
eublished results are.within experimental error except for the
lifetime of 0(-chloronaphfhalene. The shorter measured life-
time of this latter compound could be due to impurities, eince
stock‘chemieals wefe used without further pu?ification for

these experiments.

,,,,,,
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TABLE 5.2.7.1. -

COMPARISON BETWEEN MEASURED AND PUBLISHED LUMINESCENCE
DECAY TIMES OF A FEW COMPOUNDS AT 770K

Compound .~ Measured Decay  Published Decay
Times, msec.

Times, msec.

acetophenone in EMPA ' 8.0 ¢t

o¢ -bromonaphthalene ip EMPA 17 p
o ~chloronaphthalene in EMPA 21 +
@-bromonaphthalene in EMPA 21 L
naphthalene in EMPA 2710 i
phenanthrene in EMPA - - . 3350 *
EuCl3-6H,0 crystals , 0.122 ¢
TbC13-6H20 crystals : 0.483 t

0.5
1
1.
1

135

170

0,005

0.02s5

18
iq
21

2600

3300

0.120

0.487

a4

P T O T

(2 4

2(a)
2
4

!

200

200
0.006'??

0.024

(a)Data on aromatic compounds taken from McClure (72).

(P)pata on rare earth chlorides taken from Dieke and

Hall (30).



5.3. Mathematical Analyses of Luminescence Decay Curves

Four general types of luminescence decay curves en-
countered in this work are shown in Fig. 5.3.1.

For a simplé firét order exponential decay, the inten-
sity of emission, I, as a function ofbtime, t, is given by the

relationship -

I = Ie /7 R 5.3.1.

where I is the initial intensity of radiation and 77 is the
mean lifetime of the decaying species. The slope, b, of the

linear semilogarithmic plot of I versus t is equal to the

b = -1/ : ' i 5.3.2.

negative reciprocal of the mean lifetime 7, i.e.,

This kind of experimental curve is displayed in Fig. 5.3.1.A.
Fig. 5.3.1.B represents the decay curve for a two sfep,
first order, expénéntial decay. The analysis of this type of
decay curve'is.discussed in detail in Section 3.1.3.
The decay curves representative of two independently
decaying species are shown in Fig. 5.3.1.C. and Fig. 5.3.1.D.

The general equation for this kind of decay is given by

1 = Ige‘?/ﬁ+ Ige-f//’/z‘ - 5.3.3.

where 7’1 and qu are the mean lifetimes of the two decaying
'species, and I? and IS are the initial intensities of the two
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components. |

In Fig. 5.3.1. C., the shorter-lived component and the
longe;-liVed component have radically different lifetimes.
In this case the lifetime of the longer-lived component can
be.calculated from the slope of the linear region of the curve.
The-lifétime of the shorter—iived component can be calculated
by standard techniques (29). For luminescence decay cﬁrves of
the kind représented by Fig; 5.3.1.D, there are no simpie tech-
niques available for determining the lifetimes of each of the
decaying speéies. The lifetimes of each of the species are
different, but they are of the same order of magnitude. When
experimental data on éhelates yielded such a plot, the curved
line of the semilogafithmic plot was treated as a straight
line. The negative ;eciprocél of the slope of the "straighf"
line, which was determined by statistical methods, was taken
as the mean lifetime of bofh the decaying species. Lifetimes
calculated from such curves are sub ject to considerable error.

The siope of the line, b,.and the standard deviation of
the slope, Sy were calculated from experiméntal data by the
statistical least squares methods.* While the slope and the
standard deQiation,were taken as the quantities

b - sy (b (b + Sps | 5.3.4.

the mean lifetimes and their statistical limits were taken

*The method used is described in detéil in the text
on statistical methods of analysis by Snedecor (73).
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as the quantity

‘ 1 1 ,
-5 = <-1/b<- T 5 B 5.3.5.

The experimental unée;tainty of the data encountered
in determining the mean lifetimes from the slope of the linear
region of a single luminescence decay durye lead, in general
to a randém error of less than % 2 % in the value of the mean
lifetime. L1fet1mes from lumlnescence decay curves typified
by Fig. 5.3;1.D lead, in general, to'an uncertalnty as high as
* 10 %. | |

Repeated investigations of the luminescence decay times
of d1fferent samples of the same rare earth compound revealed
that the experlmental errors included other systematlc errors
and were thus larger than those listed above. The method of
prepération, dryness of solvents, and purity of reagents were
all fbund to affgct the luminescence decay times to a slight
degree. The decay timesAéf,the g-wﬁketonebchelates wefe the
most susceptiﬁle_to these effects. When these effects were
taken into acéount in the experimental errors, the accuracy
of the measurements was about * 10% for the lifetimes of rare
earth chelétes and about t 5% for the luminescence decay times

of the inorganic complexes.



5.4. Decay-of Molecular Phosbhorescences of Rare Earth Che-

lates and Organic Cpmpounds

A sefigs of gxperimentsAwas performed to measure the
decaonf molecular phosphorescences of both organic compounds
and rare earth chelates. The investigafions of the moleculér
phosphprescence of the organic compounds were undertaken in
order to determine the accuracy of the lifetime apparatus (See
Appendix 5.2.7.). A study of the decays of molecular phés-
phorescence of rare earth chelates-Was undertaken as part of
the program concerned with determining the rate of intramolec-
ular energy transfer in rare earth chelétes. |

The decay of phosphorescence emission was determined
with the lifetime abparatus described in Section 2.5. and Ap-
pendix 5.2. The samples, dissolved in EMPA ‘glasses at 77°K,
were irradiated with near ultraviolet light filteréd through
Corning ultraviolet transmittiﬁg filters selected to pass
light corresponding to the first strong absorption band of
the compound. Corning glass cut-off filters, placed between
the sample and the photomuitiplier; were selected to pass ohly
emission éorresponding to the long-lived phosphorescence of
the sample.

Organic compounds selected for study were those com-
pounds listed by MéClure (72) which possessed strong (singlet-

singlet) absorption bands in the near ultraviolet region of the
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spectrum around 3600 R and intense phosphorescence (triplet-
singlet) emission bands between 4500 R and 6500 R. The excit-
ing light from the flash lamp was filtered through three Corn-
ing #7-54 ultraviolet transmission filters and a saturated
aqueous solution of copper sulfate in a 1 cm. long cell. The
sample emission was filtered through two Corning #3389 cut-off
_filters. The phosphorescence decay curves of these compounds
-are presented in Figs. 5.4.1., 5.4.2.; and 5.4.3.

The semilogarithmic plots of most of the decay curves
presented here are definitely nonlinear. They are character-
istic of first order expdnentialvdeCays from two or more in-
dependently decaying species. Although phosphorestence decay
times computed from these cufves (see Table 5.2.7.1.) agreed
surprisingly well with the data reported by McClure (72), the
nonlinearity of the decay from supposedly pure organic com-
pounds was singularly distressing.

That the nonlineérity of the decay curves is due to in-
strumentation is ruled out by the quite linear phosphorescence
decay of diaéetyl'(a result which is in agreement with the
work presented by Biackstrom (74). In order to determine whether
the nonlinearity was due to concentration effects, measurements
were made of the phosphorescence decay of freshly vacuum dis-
tilled acetophenone dissolved in EMPA glasses at 77°K. Sample
concentrations ranged from 5 X 1073 to 10™% molar. The decay
curves of these s§1utions were allialiké and identical with the
nonlinear curve shown in Fig. 5.4.3.

A possible explanation for the nonlinearity of the decéy
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curves could be the formation of different organic épecies
through association with trace contaminants--éach specie pos-
séésing a slightly different decay time. The concentration
-of the contaminants.need not be very high since the concentra-
tions of'the organic compounds used in these studies were be-
tween 10™9 to 10~-3 molar. One such contaminant which could
very well be causing the trouble is dissolved oxygen gas. Oxy-
gen gas dissolved in solutions of organic compounds has been
sthn to increase the absorption strengths of thé singlet~trip-
let band (75). An increased singlet-triplet absorption coef-~
ficient would imply that those compounds associated with oxygen
gas have shorter phosphorescencg decay times. - No further work
was done with the organic compounds.

Chelatés of trivalent lanthanum, gadolinium, and luteti-~
um derived from benzoylacetone were selected for the phoéphor-
escence decay studies. Light filter combinations used to
' filter.the'exciting lighf from the flaSh lamp were the same as
those listed in Table 2.4.4.1. The sample emissioh was filtered
through twé Corning #3385 cut-off filters. Only the greenv
phosphorescence emission of the chelate reached the photomul-
tiplier tube. The luminescence decay curves obtained from
these chelates are presented in Figs; 5.4.4. and 5.4.5. (The
phosphorescence'decéy times calculated from these curves are
summarized in Table 3.2.2.1.)

The nonlinearity of the Semilogarithmic plots of the
‘luminescence decays was, as in the case of the organic com-

pounds, an unsuspected result. No mention of this phenomenon
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Fig. - 5.4.4.--Phosphorescence decay of gadolinium
trisbenzoylacetonate dihydrate in an EMPA glass at 77°K.
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was made by previous researchers (33,72){ ‘The ekistence of
twb‘or more emitting épecies of rare earth chelates in EMPA
glasses is not too surprising in view of the dissociation of
the chelates found‘to'océur in these systemé. As discussed in
Section.3.3.2.6., the formation of ciear EMPA glasses of rare
‘ea;th chelates is accompanied by the formation of charged che-
late species. -Each of these species could very well have sig-
nificantly different phosphqrescence'deéay times.

Aftempts tb measure the phosphoreécencé decay. times of
benzoyiacetonate-chelates of other rare earth ions were un-
successful because the phosphorescence.emissionSAfrommthe com-
pléxes were much too weak to be recordéd by‘the appafatus.

Due to the complexity of the phosphorescence decay curves ana
tﬁe‘low intensity of the phogphotescehces~emitted‘by the major-
ity of the chelates, this phase of the in§estigation was

discontinued.



5.5. Semilogarithmic Plots of Rare Earth Ion Luminescence
Decays

5.5.1. Sodium Metaphosphate Glasses
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Fig.--5.5.1.1.--Luminescence decays of sodium meta-
phosphate glasses at 779K containing 2 % by weight rare
earth oxides.

——0O— Terbium oxide
—&~—— Europium oxide
—{}— Samarium oxide

—O— Dysprosium oxide
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Flg- -5.5.1.2. —-Lumlnescence decays of sod1um meta-
phosphate glasses at 2989K containing 2 % by weight rare.
earth oxides.

—O—— Terbium oxide
—&A—— Europium oxide
—— Samariuﬁ oxide
—O—— Dysprosium oxide
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: Fig. - 5.5.1.3.--Luminescence decays of sodium meta-
phosphate glasses at 2989K containing 0.1, 1.0, and 10 % by
weight europium oxide.
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Fig.--5.5.1.4.--Luminescence decays of sodium meta-
phosphate glasses at 298°K containing 0.1, 1.0, and 10 % by
. weight terbium oxide.

—0O—— 0.1 % terbium oxide
—&A— 1.0 % terbium oxide -

—{}— 10 % terbium oxide
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5.5.2. Betadiketone Chelates
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Fig. 5.5.2.3.--Luminescence decay of europium tris-
dibengoylmethide solvated with one mole of dibenzoylmethane
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Fig. 5.5.3.1.--Luminescence decays of microcrystalline
solvated europium chlorides.

—O®— EuCl3-6D,0 at 779K
—&— EuCl3-6H,0 at 779K
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