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The crystal structure and the luminescent properties of
TIZn(PO,), are studied with respect to TI* stereochemistry. In
this polyphosphate the TI* ions are located in tunnels created by
the zinc polyphosphate network [Zn(PO;);]. Actually the thal-
lium atoms are found in a disymmetric configuration and bond
calculation allows the determination of the coordination number
by oxygen: 6. Nevertheless a large TI-O distance induces a low
stereochemical activity of the 6s®> lone pair. The luminescent
properties are analyzed in the context of Fukuda’s model. Ther-
mal variations of excitation and emission spectra can be ex-
plained by the small influence of the electron—lattice interaction
in agreement with the thallium environment. © 2000 Academic Press

Key Words: T1Zn polyphosphate structure; TI* stereoactivity;
TI* luminescence; lone pair effect.

I. INTRODUCTION

Electronic ion polarizability of ns? ions such as Te*™,
Pb2*, Bi**, TI1', etc, is attributed to the Lewis ns* free
doublet which can generate structural and various specific
physical properties. In the case of TlI™ a review of the
structural studies demonstrates the high anisotropic ar-
rangement of anions around the T1" ion. The localization of
the lone pair was first determined by Verbaere et al. (1) by
computing the electric field around the TI(I) nucleus. Such
electronic configuration induces high linear and nonlinear
optical indices as a consequence of the hyperpolarizability
of the thallium oxygen entities. For example, the rich thal-
lium glasses of the TeO,-Tl,O system exhibit the highest
optical nonlinear index reported presently for oxide glasses
(2). Furthermore TI;PO, was investigated as an optical
second harmonic generator (3).

In a parallel way, the luminescent properties T1" ions in
insulators have been the subject of several publications. In
the studied materials, the TI1* ions are introduced as an
impurity, e.g., in alkali halides (4) and in alkali-earth
phosphates (5). The intense ultraviolet emission of f-
Ca3(PO,),:Tl1* was used in fluorescent lamps.
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The interpretation of the luminescent spectra assumes the
localization of the optical center in the cationic sites irre-
spective of the actual local structure at the T1* site since the
thallium concentration is very small. The TI* emission
bands labeled Ay (high energy) and Ax (low energy) were
explained by a partial splitting of the emitting level by the
Jahn-Teller effect(4).

The present paper describes in detail the structure and the
preliminary investigation of the luminescent properties of
TIZn(POs);. This thallium phosphate, previously reported
by Averbuch-Pouchot (6), was selected as a model system in
which the luminescent centers can be considered isolated
since the thallium ions are 5.14 A apart.

II. EXPERIMENTAL
(1) Chemical Preparation

The polyphosphate T1Zn(PO3); was prepared by a solid
state route from a mixture of ZnO, (NH,),HPO, and
T1,COj3 in stoichiometric proportions according to the
reaction

1/2T1,CO; + ZnO + 3(NH,),HPO, — TIZn(PO5),
+1/2 CO, + 6NH; + 9/2H,0.

The starting materials were ground together and heated
at 200 and 300°C for 15h to allow vapor phases to evolve.
After a final grinding the mixture was heated at 500°C for
24 h. The obtained powder was white.

(2) Structural Investigation

The X-ray diffraction pattern was recorded at room tem-
perature with a Philips X’PERT MPD(6-0) diffractometer
using CuKo radiation (4 = 1.54060, 1.54442 A). The diffrac-
tometer was equipped with a graphite back mono-
chromator, 0.02rad. Sollers slits were introduced
on incident and diffracted beams to decrease the line
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TABLE 1
X-Ray Diffraction Diagram of TIZn(PO;),

h k'l dobs (A) dcal (A) Iobs hkl dobs (A) dcal (A) Iobs
002 6.49 6.49 4 152 2.046 2.046 1
020 5.94 5.94 2 232 2040  2.041 2
021 5.40 5.40 17 026 2.033 2.034 2
100 512 512 16 204 2011 2.010 2
111 4.42 4.42 6 135 2.000 1.999 1
022 4.38 4.38 5 106 1.994 1.993 1
102 4.02 4.02 6 214 1.982 1.982 3
112 3.81 3.81 28 060 1.979 1.980 1
121 372 372 100 116 1.966 1.966 2
023 3.50 3.50 35 061 1.958 1.958 3
122 333 333 18 045 1.955 1.955 0
004 3245 325 10 240 1.939 1.939 2
113 3.184 3.18 4 233 1.926 1.925 5
130 3134 313 6 224 1.904 1.904 2
131 3.046 3.05 6 126 1.890 1.889 2
040 2969 2970 2 242 1.858 1.858 5
123 2.889 2.888 11 160 1.848 1.847 7
024 2.848  2.848 3 161 1.828 1.828 3
104 2.741 2741 41 154 1.797 1.796 4
042 2702 2701 30 234 1.793 1.792 1
200 2.560 2.559 7 027 1.770 1.770 1
133 2538 2537 9 046 1.749 1.749 6
141 2.521 2.520 2 225 1.744 1.743 3
210 2.502 2.502 4 117 1.726 1.726 0
043 2.449 2.449 1 163 1.700 1.699 3
142 2389 2389 14 064 1.691 1.691 4
202 2.382 2.381 2 252 1.683 1.682 4
025 2378 2379 19 311 1.674 1.675 2
212 2.335 2.335 9 235 1.655 1.656 1
221 2312 2313 1 312 1.6349  1.635 2
115 2272 2.273 2 0038 1.624 1.623 5
222 2211 2210 4 253 1.620 1.616 0
044 2.190 2.191 1 164 1.606 1.605 3
213 2166  2.166 7 226 1.592 1.592 4
125 2.159 2158 11 065 1.574 1.575 1
231 2.120 2.121 6 331 1.556 1.556 3
223 2065 2066 4 108 1.548 1.547 2

asymmetry at low 0: divergence slit of 1° and receiving slit of
0.05 mm. The holder surface was dusted with a 20-um sieve.
The rotation of the sample holder allowed a better statistical
distribution of the crystallites. The data were recorded over
the 12-110°(20) angular range with a 0.02° step and a fixed
counting time of 30 s.

(3) Optical Measurements

Excitation and emission spectra were recorded between
4 and 300 K using a SPEX FL212 fluorometer equipped
with a SMC liquid helium cryostat. The continuous emis-
sion of a 450-W xenon lamp was used as the excitation
source. The emission and excitation wavelengths were
dispersed by two monochromators in a Czerny-Turner

585
configuration. The emission was detected with a
Hamamatsu R928 photomultiplier.

III. STRUCTURE OF TIZn(PO;);
(1) Cell Parameters and Symmetry

The X-ray diffraction pattern was indexed in orthorhom-
bic symmetry with the following parameters: a =
5.1192(5 A, b = 11.8822(5) A, and ¢ = 12.9827(5) A. These
parameters are close to those previously reported:
a=>5125A,b= 11900 A, and ¢ = 13.010 A (6). The experi-
mental density 4.19 is close to the value 4.26 deduced from
the X-ray data with 4T1Zn(PO3); formula per unit cell. In
the indexation of the X-ray diffraction diagram (Table 1),
the observed reflection conditions (0, k, [):k = 2n and (h, 0,
l):l = 2n are consistent with two space groups Pbc2; and
Pbcm. All these structural data are close to those of the
orthorhombic form of NH,Co(PO3);, the structure of
which was solved assuming the Pbcm S.G (7).

(2) Structure Determination

The structure determination was developed with the fol-
lowing steps:

(i) The profile of the diffraction lines was calculated,
independently of any structural model, to test the Pbcm S.G.
using the “profile matching” option of the FULLPROF
program (8). The final characteristic indices were, respec-
tively, cR,,, = 0.15 and 3> = 1.8.

(i) The initial atomic coordinates were those proposed
for NH,Co(PO3;);. The agreement factor—cR,,, = 0.80—
was very high. This divergence was attributed to a wrong
position of the thallium atom.

(ii)) Aninvestigation of the Tl atomic position was under-
taken by trials of the Patterson function deconvolution
(program SHELXS-86) with 72 structure factors of the first
best-resolved reflections (no neighbor reflections at less than
one FWHM apart in the angular range 6 < 40°). This
procedure led to a hypothetical location of the Tl atoms
strongly different from the “NH,” site used in (ii).

(iv) Then the positional parameters of the ammonium
cobalt polyphosphate were used for P, O, and Zn (in the Co
site) to build a new structural model before a final Rietveld
refinement process (program FULLPROF (8)). Such calcu-
lations lead to satisfactory profile factors (cRp = 0.129,
cR,, =0.15) and crystal structure model indicators
Ry =0.051 and Rg = 0.050. A tentative refinement in the
context of the acentric S.G. Pbc2; does not improve signifi-
cantly the structural model. The conditions for the data
collection and the parameters of the Rietveld refinement are
listed in Table 2.
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TABLE 2 TABLE 3
Conditions for Data Collection and Details Atomic Coordinates and Thermal Parameters
of Reitveld Refinement of TIZn(PO;);
Wavelength (A) AK,; = 1.54060 Element = Wyckoffsite X y z B, (A?)
IK,, = 1.54443 1K, /1K, = 0.47

Step scan increment (°26) 0.02 Tl 4(d) 0.076(1) 0.145(1) 4 1.78(2)
20 range () 12-110 Zn 4(a) 0 0 0 327(1)
Program FULLPROF (8) P(1) 4(c) 0.751(3) 1 0 0.87(2)
TIZn(PO,) as unique phase PQ) 8(e) 0489(2)  04151)  0.1351)  0.87(2)
Pseudo-Voigt function 1 = 0.54(2) o(1) 8(e) 0.547(4)  0299(2)  0.084(1)  0.79(3)

PV =L + (1 — )G 0(2) 8(e) 0901(4)  0.1582)  0.051(1)  0.79(3)
Cagliotti law parameters (9) U = 0.051(9), V = 0.013(7), 0(3) 8(e) 0.204(4)  0437(2)  0.126(6)  0.79(3)

W = 0.002(1) 0(4) 8(e) 0.672(4)  0498(2)  0.097(1)  0.79(3)

Preferred orientation parameter 0.967(4) O(5) 4(d) 0.551(5) 0.382(2) 4 0.79(3)

([0 0 17*); correction using the

function of March (10)
Space group Pbcem
a(A) 5.1192(5)
b (A) 11.8822(9)
¢ (A) 12.9827(9) Actually the thallium atom is located in a wide cavity
Zx jfg limited by four metaphosphate chains and two ZnOg4 oc-
7 4 tahedra forming a 15-oxygen polyhedron. The T1-O distan-
No. of reflections 1060 ces range from about 2.81 to 3.90 A, corresponding to bond
No. of refined parameters 42 strengths fading from 0.175 to 0.025 valence units (13), but
R inciuding the backeround 0.078 the cumulated value (0.997 v.u.) shows that even the furthest
Rﬁ'viml"dmg the background 8}3; ones must be taken into account, although very distant.
CRpexcluding the background : Nevertheless a reduced coordination polyhedron can be
CR,ypexcluding the background 0.150

Discrepancy factors Ry = 0.051, Rg = 0.050, 3% = 2.25

Figure 1 presents a comparison of the experimental and
calculated X-ray diffraction data. The resulting atomic co-
ordinates and their e.s.d. values are given in Table 3.

Table 4 gives selected bond lengths (A) and angles (°) for
TIZn(PO3);. These results are satisfactory insofar as the
next neighbors oxygen atoms surrounding the thallium
atoms are located at distances larger than 3.68 A.
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FIG. 1. Comparison between the experimental (00o0) and calculated
(—) X-ray diffraction patterns.

defined by the six oxygen atoms of two ZnQOg octahedra
faces that share 91% of the thallium valence.

TABLE 4
Selected Bond Lengths (A) and Bond Valence
Parameters for TIZn(PO;),

Structural entities Distances (A) Bonds valence parameters

ZnOg octahedron

Zn-0(2) x 2 2.053(2) 2x0.389
Zn-0O(3)x 2 2.084(2) 2x0.358
Zn-0O(4)x 2 2.097(2) 2x0.346
Ys =2.18 Valence: 2
PO, tetrahedra
P(1)-O(1)x 2 1.619(2) 2x0.99
P(1)-0(2) x 2 1.493(2) 2% 1.40
Ys =4.8 Valence: 5
P(2)-0(1) 1.561(2) 1.16
P(2)-0(3) 1.486(2) 1.42
P(2)-0O(4) 1.448(2) 1.58
P(2)-0(5) 1.572(1) 1.13
Ys =529 Valence: 5
TI environment
TI-O(2) x 2 2.736 (2) 2x0.25
TI-O(4)x 2 2.943(2) 2x0.346
TI-O(3) x 2 3.278(2) 2 x0.06
Other TI-O Ys =091 Valence: 1

bonds > 3.68 A
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FIG. 2. Structure of T1Zn(POs);: view along the a axis.

(3) Thallium(l) Environment

In such a wide cavity, even large cations such as thallium
or heavy alkalii (K", Rb*, Cs*) are generally off-center and
show widely scattered bond lengths. In the case of thallium,
it was necessary to estimate the stereochemical effect of the
cation, i.e., the ability for the 6s® lone pair to fill the space
close to the thallium core. In this context, it is commonly
known that p-block cations with ns* np° electronic config-
uration are likely to show a partial hybridization of the
s* pair, leading to the formation of a local dipole that may
strongly affect the cation—-anion distances.

A simple method was suggested by Verbaere et al. (1),
who considered the T1* cation as a TI**-E?~ dipole, the
momentum of which could be given by the local electro-
static field E. Assuming that the high polarizability
o = 7.28 A? of the cation (14) is due mainly to the presence
of the bulky and screened lone pair, the corresponding
equation can be written as

o E =2e-TI-E,

where 2e is the lone pair charge.

The program HYBRIDE (15) was run by loops until
reaching the self-consistent position of the lone pair, assum-
ing various ionic charge models:

— the formal one, that is the oxidation states of the ions;

— the empirical Pauling’s model (16), based upon
the electronegativity differences that gave TI, + 0.65; Zn,
+ 1.13; and P, + 2.0; and
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— a more recent model of bond ionicity (17), giving TI,
+094; Zn, + 1.64; and P, + 1.90.

In the two latter cases, a common balancing charge was
given to all oxygen anions.

Although slightly different, the three models gave similar
results, with the most stable position for the lone pair on the
opposite of the six closest oxygen atoms, in the mirror plane,
at about 0.2 A from the nucleus (Fig. 3). This distance is
short and accounts for a low stereochemical activity. For
instance, an active lone pair is generally found at 0.4-0.7 A
as in T1,0, TIOH, T1,0; (1), and some other compounds
(Table 5).

This result can be correlated to the structural features of
TIZn(POs); insofar as it indicates that the off-centered posi-
tion of the T1" cation is not due to the lone pair presence.
Indeed, a strong stereochemical activity is observed in struc-
tures where the lone pair bearers are highly concentrated
and compelled to occupy sites with few anion neighbors. In
this case, the s* hybridization allows the splitting of the
M"* cation in a M®*2* core and a “free” - 2 charge. So,
the small and positive-charged core can take place very
close to some of the oxygen neighbors and the lone pair can
be found near the center of the global coordination polyhed-
ron. It is noteworthy that in such compounds, the shortest
M"*-0O?~ distances are nearly equal to common
M®+*2*_02" ones, as can be seen in Table 5, i.e., for T1,0,
TI,TiO3, and T1,TeO5, assuming a distance TI**-0?~ =
236 A instead of the mean TI1T-O%" =298 A (11). In
TIZn(POs);, the shortest TI-O bonds are clearly longer and
also account for a low hybridization rate.

Moreover in the isomorphic phosphate NH,Co(PO3);
(7), the NH4-O distances are also widely scattered, proving
that the thallium behavior in the title compound is not due
to the lone pair.

Such a low “lone pair” activity which seems incompatible
with the strong dissymmetric environment of the thallium
by the closest oxygen atoms must be discussed in the con-
text of the main characteristics of the whole structure.

FIG. 3. Thallium environment and localization of the lone pair.
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TABLE S Emission Excitation
Minimum TI-O Distances in Several Oxides and Corresponding - x
Calculated Tl-Lone Pair Distances According Ref. (1) TA® J A
A% Y
Shorter TI-O P \ ‘3\ y *
Compound distances (A) TI-E (A) Ref. _ f/ % 74 %
5 . VA J P
T1,CO; 2.68-2.67 0.38-0.31 18 = / . * %K
T1,Si, 0 241-2.38 0.52- 0.39 19 = \ Lk X
TL,TiO, 248-241 0.39-0.47 20 f Af F
TL,SnO, 2.49-2.53 0.47- 0.49 21 f/ R ¥
TI,PO, 2.53 042 3 Sy i
TISFVO, 256 2 / kY )
TIBaVvO, 2.69 2 , A
TISbO, 2.54 23 e S
T1,0 2.52-2.51 0.52-0.52 24 S ' — ' '
TLTeO, 044 o 2,0 2,4 28 32 3,6 4,0 44
T1,Te;O, 247 26 E(10'cm™)
FIG. 4. Excitation (A, =380nm) and emission (Aeg.. = 250 nm)
spectra of T1Zn(PO3); at T =6 K.

The sublattice [Zn(POs3);s] is a covalent network made up
of eight-member rings forming channels along the b axis.
These channels contain only one crystallographically inde-
pendent Tl cation. The three shorter TI-O distances involve
the O(2), O(3), and O(4) oxygen which are also located at the
common corner of the [PO,] tetrahedra and [ZnOg]
octahedra. This covalent framework induces rather ionic
antagonist TI-O bonds, which is consistent with the rather
large T1-O distances. Similar argument can be mentioned to
explain the TI-O distances in TIZnXO, (X = P, As)(27). In
these compounds, the thallium is located in the channels of
a covalent framework formed by alternating [XO,] and
[ZnO,] tetrahedra. The TI-O distances are larger than
2.743 A in the phosphate and larger than 2.720 A in the

arsenate. For comparison, in most thallium oxides the min-

imum TI-O distances are rather smaller (Table 5).

sion is detected as an intense band with an apparent maxi-

mum at 230 nm. Actually such a maximum can result from

the experimental conditions, this energy range correspond-
ing to the limit of the fluorescence detection and the true
maximum is probably located at higher energy. An addi-
tional band with low intensity can be detected at about
250 nm (Fig. 5).

By increasing the temperature:

—Under a 250-nm excitation, the Ay emission intensity
decreases whereas the A emission intensity increases. This
last emission is only observed at room temperature (Fig. 6).

—Under a 230-nm excitation, only the A; emission is
observed with approximately the same intensity and a slight

blue shift of the band maximum (Fig. 7).

In this context the low stereochemical activity of the TI(I)
lone pair in the investigated phosphate can be explained by
the Tl environment with oxygens at distances larger than
2.7 A. Such a structural configuration tends to lower the
electrostatic repulsion between the 6s? cloud and the first

neighbor oxygens.
IV. LUMINESCENT PROPERTIES OF TIZn(PO,),

(1) Luminescence Spectra

The emission and excitation spectra have been investi-

gated between 6 and 300 K.

At 6 K the emission spectrum recorded under a 250-nm
excitation exhibits a broad band that can be decomposed
into two bands peaking, respectively, at 30,770 cm ™~ *
(325 nm), labeled Ar, and at 25,500 cm ! (380 nm), labeled
Ay, (Fig. 4). The excitation spectrum of the Ay emission is
a broad band with a maximum at about 41,000 cm ™!

(243 nm) whereas the excitation spectrum of the A; emis-

—*—2,,=335nm
A o 3 =230m
gﬁ% exc
7Y
| 5
o )
i F 3
3| 1 b
& % / ]
= | 4 A
) 4 §
Q
3; J %,
X / 5
z 7
W’o %%%@mgmm—"",
(o]
300 350 400

250
A(nm)

FIG. 5. Excitation (A, =335nm) and emission (Aeg.. = 230 nm)

spectra of T1Zn(PO3); at T =6 K.
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AT —o— 6K
——175K
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I(a.u.)

250 500

A(nm)

FIG. 6. Thermal variation of the intensity maxima of the 4, and
Ay emission bands under a 250-nm excitation.

(2) Discussion

The TI* luminescence involves 6s*<>6s6p transitions.
The 6s* electronic configuration is responsible for the
1S, ground state, whereas the first 656p excited states are
successively 2Py, 3P;, *P,, and 'P; with increasing energy
(28). The analysis of the crystal structure allows us to neglect
the effect of the crystal field in the first approximation.
Moreover the complex environment of TI* makes it difficult
to deduce the kind of distortion produced by the respective
contribution of the spin-orbit interaction and the elec-
tron-lattice interaction. Both the large T1-O distances and
the small stereochemical activity of the 652 lone pair become
clear in that the former parameter is of suitable value as
compared to the latter. In this situation the model of
Fukuda (4) predicts two kinds of minima such as T and X in
the potential energy surface of the relaxed *P; excited state.

——6K
A, —=— 100K
%3 —+—200K
Ao
17 —30 K
A
';:\ [ ]
s
240 280 320 360 400 440
A{nm)

FIG. 7. Thermal variation of the A; emission of T1Zn(POs3); under
a 230-nm excitation.
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Ax

A 'S

Q

FIG. 8. Hypothetical configuration curves of the thallium 'S,, 3Py,
and !P; levels. The T and X minima stand for the respective origins of the
Ar and Ay emissions.

In Tl-doped alkali halides and related compounds, the
high-energy emission band Ay is first observed at low tem-
perature with a small percentage of the Ay emission. Above
various temperatures, depending on the considered mater-
ials, the A, emission decreases whereas the Ay emission
increases (see Fig. 1 of Ref. (4)). Such behavior is exactly the
opposite thermal evolution of the Ay and A, emission
intensities of the phosphate. Therefore at the present stage
of the investigation the following qualitative model is con-
sidered to account for the experimental data. Hypothetical
configuration curves are schematically shown in Fig. 8.

The excitation bands peaking at A = 250 and 235 nm are
respectively ascribed to the 'S, —3*P; and 'S, —'P,
transitions. At low temperature a 250-nm excitation popu-
lates preferentially X but also T minima whereas a 235-nm
excitation populates only T through the G crossing point
connecting the ' P; and the *P, curves. In the former case as
the temperature is raised, T is populated at the expense of
X. In the second case whatever the temperature, only T is
populated, which involves for the *P; curve a T minimum
energy below the X minimum energy.

V. CONCLUSIONS

The crystal structure of the polyphosphate TIZn(POs);
can be described as made up of infinite phosphate chains
connected by almost regular ZnOg4 octahedra. The T1* ions
are located in the tunnels created by the zinc polyphosphate
network [Zn(POs;);] in a strongly irregular site typical of
lone pair ions. They are coordinated by six nearest neighbor
oxygen atoms in agreement with bond valence calculation.
The corresponding large T1-O distances lower the electro-
static repulsion between the 6s* cloud and the surrounding
oxygens, which explains the low stereoactivity of the
6s*>~T1" lone pair.
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The luminescent properties are analyzed in the context of

Fukuda’s model. However the thallium site of the phos-
phate is strongly different from the assumed thallium site in

al

kali halides, which makes it difficult to give a theoretical

framework explaining quantitatively the experimental

e

sults. The characteristic features of the excitation and

emission spectra can be qualitatively described by a system
of configuration curves, assuming a small effect of
the electron-lattice interaction in agreement with the
characteristics of the thallium environment.
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