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The excitation and emission spectra of CaWQOy4, MgWOy4, PbWO,, ZnWO,, and CaMoO, were analyzed by a
configurational coordination model. The spectral line shapes simulated by a configurational coordination model with a
singlet ground state and an excited triplet state well explained the line shape of the luminescence spectra and the line shape
at the rising part of the excitation spectra of these salts at room temperature. The energy level of the excited triplet state
and the reorganization energies at the ground sate and the triplet state were determined. It was concluded that the potential
curve at the excited state becomes shallower than that at the ground state for these systems.

Tungstates represented by CaWO, and molybdates repre-
sented by CaMoQy are known to be pure phosphors, which
show luminescence without any activators. Those calcium
salts are widely used as phosphors. The emission center
of tungstates and molybdates is WO,42~ and MoO4%~, re-
spectively. The excitation and emission of these ions have
been assigned to the transition between 5d° at W* (or 4d°
at Mo®) and 2p® at O%>~."—® The highest occupied molec-
ular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) of the tungstates and molybdates are 1t; and
2e, respectively.">—" Taking into consideration the spin mul-
tiplicity and T; symmetry of WO,2~ and MoO4%~, WO,4>~,
and MoO42~ have four excited states (' T, 3T,, !T;, and
3T)). Among the transitions between the excited states and
the 'A; ground state, only the transition between 'A; and
I'T, is optically allowed. A molecular orbital calculation de-
termined the order of the energy levels of the excited states:
3T, §3T2 <!T; <! T,."57 The emission of the tungstates and
molybdates has been assigned to a transition from triplet
3T, to the ground state, 'A;. Normally, this transition is
spin forbidden. However, in the case of the tungstates and
molybdates, a spin-orbit coupling"*> or phonon coupling® is
thought to make this transition allowed. In a previous study
we developed a synthetic method for producing transparent
thin films of tungstates.® On the basis of the absorption spec-
tra of the thin films synthesized by this method, we assigned
the excitation of the tungstates around 2.5 eV to the transi-
tion from the ground state (' A1) to the triplet charge-transfer
excited state °Ty). In the present work, we analyzed the
emission and excitation spectra of tungstate and molybdate
thin films using a configurational coordination model of a
singlet ground state-triplet excited state.

Experimental

CaWOy4, MgWO,, PbWO4, and ZnWOy thin films were prepared

by the heat reaction of metal-oxide thin films with WO; vapor.® A
CaMoQ; thin film was prepared by the heat reaction of a CaO thin
film with MoO; vapor at 800 °C for 10 h. The thickness of these
films were 0.1—1 um. The excitation and emission spectra were
measured using a spectrofluorometer (SPEX, Fluoromax (™Y in air
at room-temperature. The excitation light power was corrected us-
ing a radiometer (Eppley Laboratory, 21666). The photomultiplier-
tube sensitivity was not corrected.

Results and Discussion

The solid lines in Figs. 1, 2, and 3 show the photolu-
minescence and excitation spectra of several tungstates and
calcium molybdate at room temperature. Here, we assume
that the excitation and luminescence of those tungstates and
molybdate are based on the !A,—3T; transition. It is also
assumed that the potential curves of the 'A; and *T, states
are represented by the quadratic functions Eg(x) and E*(x),

" as shown in Fig. 4. In Fig. 4, E, represents the energy level
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Fig. 1. Excitation and emission spectra of CaWQO4 (—) and

MgWQO,4 (—). (---) are calculated curves. The peak

positions in the excitation and emission spectra were used
for the emission and excitation measurement, respectively.
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Fig. 2. Excitation and emission spectra of PbWQ, (—) and
ZnWO, (—). (---) are calculated curves. The peak po-
sitions in the excitation and emission spectra were used for
the emission and excitation measurement, respectively.
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Fig. 3. Excitation and emission spectra of CaMoQy4 (—).

(---) are calculated curves. The peak positions in the exci-
tation and emission spectra were used for the emission and
excitation measurement, respectively.
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Fig. 4. A configurational coordinate diagram of tungstates
and molybdates with the same force constant k.

of the 3T; excited state. Ag, x, and x, represent the reorga-
nization energy, general potential coordinate, and coordinate
at the potential minimum of the 3T state, respectively. The
reorganization energy represents the relaxation energy from
the Franck~Condon state. It is well known that it plays an im-
portant role in electron-transfer reactions between molecules.
This is the main reason for the Stokes shift in the excitation
and emission spectra. In this model, it is assumed that the
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force constant of the excited state (ko) is the same as that
for the ground state. Under these assumptions, the transition
energy (hv) between the ' A; and >T) states is expressed as

hv=E"(x) — Eg(x) = %ko(x—xb)z"'EO— %kof, (D

where the reorganization is defined as Aq= %koxbz. Here,

—hv+ A+ Ey
X=—
koxb

€3]

is obtained from Eq. 1. Since the luminescence is caused by
the transition from the excited state to the ground state, the
line shape of the emission spectrum reflects the distribution
of the excited state. Here, the Boltzmann distribution is
assumed for it, and the distribution is obtained as

« _E*» _ kgtx—xp)2+2Eg
P (x)=e & =e kT , 3)

where k is the Boltzmann constant and T is the absolute
temperature. If the maximum of P*(x) is to be equal to 1,

kgx—x,)

pr=e A @
is obtained. When Eq. 2 is substituted into Eq. 4, Eq. 4 yields

_ (—hVeEg—Ay)?

prhvy=e T ®)

Equation 5 represents the line shape of the emission spectrum
from the excited state. As can be seen from Eq. 5, p*(hv)
shows a maximum (=1) at Av=Ey— A3. When the half width
at half maximum is A/eV, we can obtain from Eq. 5

P (Ey— M+A)=0.5. (6)

Equations 5 and 6 along with kT=2.57x10~2 eV at room
temperature yield

A =14.0A% %)

(Ja/eV, A [eV).

The reorganization energy (44) can be evaluated from Eq. 7
using the half width at half maximum of the observed emis-
sion spectra of the tungstates and molybdate. Since the peak
position of the emission should be located at hv=Ey— A4
(from Eq. 5), we can also evaluate Ey, i.e. the energy level of
the triplet state from this relation, using the peak position of
the emission spectra and the value of A4. The spectral shape
of the excitation spectrum reflects the absorption process as
well as the emission and radiationless processes. We assume
that the excitation spectra of the tungstates and molybdate are
based on the transition !A;—3T,.® The transition ' A; —3T,
reflects the distribution of electrons at the ground state. The
distribution of the ground state (pg(x)) is given from Fig. 4,

as

2

_ ko
po(x)=e” 2T . ®)

By substituting Eq. 2 into Eq. 8, we obtain
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_ (=hV+Eg+Ag)?
p(hv)=e 4 9)

Equation 9 shows a theoretical expression for the absorption
spectrum. In the present case, Eq. 9 is thought to represent
the excitation spectra of the tungstates and molybdate. Equa-
tion 9 shows that pg(hV) takes the maximum at hv=Ey+Aq4.
The half width at half maximum of pg(hv) is given by the
following equation, which is the same as the case of emission
spectrum Eq. 7:

Jda=14.04% (10

(da/eV, A [eV).

Equation 10 shows that the reorganization energy can be
evaluated from the half width at half maximum of the exci-
tation spectrum. From Eq. 9, the peak of the excitation is
expected to be located at hv=Ey+/y. From this relation we
can evaluate Ey, the energy level of the triplet state from the
peak position of the excitation spectrum and A4. The energy
level (Ep) and A4 for each of the tungstates and molybdate
were evaluated from the emission spectrum and the excita-
tion spectrum of the corresponding tungstate and molybdate.
The results are summarized in Table 1. As shown in this
Table 1, the values of Ey, evaluated from the emission spec-
tra of the tungstates, are close to those evaluated from the
excitation spectra. However, the values of the reorganiza-
tion energy, determined from the emission spectra, show a
large difference amounting to ca. 1 eV, compared with those
determined from the excitation spectra. From the above the-
ory it is expected that the half width at balf maximum of
the emission spectrum is equal to that of the excitation spec-
trum. The experimental results show that the half width at
half maximum of the emission spectra is larger than that of
the excitation spectra in the case of the tungstates, as shown
in Figs. 1, 2, and 3. Although the difference in the reor-
ganization energies determined by the two methods is not
large for CaMoOQy, the difference in Ej is large, as shown in
Table 1. This fact seems to indicate that the present model
(Fig. 4) is too simple, because the force constant is the same
ko at both the ground state and the excited state (triplet state).

The excited state of the tungstates are considered to be a
charge-transfer state from 2p of O?>~ to 5d of W& in WO42~
ion." This means that the ground state of WO42~ can be

Table 1. Energy Level of Charge Transfer Triplet State
Ey and Reorganization Energies Aq of Tungstates and
CaMoO; Calculated from Excitation and Emission Spec-

tra
From excitation spectra ~ From emission spectra
Eo/eV AaleV Ey/eV AdleV
CaWOy 4.6 0.49 5.0 2.0
MgWO, 39 0438 4.0 1.5
PoWO, 33 0.68 3.9 14
ZnWO, 4.0 0.88 42 1.6
CaMoOs 3.1 1.18 4.0 1.6
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expressed approximately as Wo*—0?~, whereas the excited
charge transfer state is expressed as W>*—O~. Therefore, it
is thought that the Coulomb force between W and O weakens
at the charge-transfer excited state. This is also true for the
molybdates. Taking this into consideration, we modified the
model (shown in Fig. 4). In the modified model, the force
constants (k) at the excited charge-transfer state are assumed
to be smaller than the force constant (ky) at the ground state.
The modified model is illustrated in Fig. 5. In this modified
model, the potential energy at the ground state (Eg(x)) is

1
Eg(x) = zkoxz. (11
The potential energy at the excited state (E*(x)) is given as
E*(x) = %kl(x —x)’ +Ep. (12)
For the transition between the two states,
K 1 2 1 2
hv=E"(x)— Eg(x)= Ekl(x—xb) +Ey)— Ekox . (13)

Here, hv represents the photon energy of the transition. By
solving the quadratic equation of Eq. 13, we obtain

ks — k22 + 20k — ki) (L2 + Bo — hv)
- k1 — ko '
The distribution of the ground-state pg(%v) and the excited-
state p*(hv) can be obtained by substituting Eq. 14 into
Egs. 4 and 8. p* (hv) and pg(hv) represent the line shape
of the emission and excitation spectra of the tungstates and
molybdate, respectively. We carried out a curve-fitting proc-
ess for the emission and excitation spectra by a numerical
calculation of p*(hv) and pg(hv), changing the values of the
parameters (ko, k1, Eo, xp). The results of the curve fitting
are shown by dotted lines in Figs. 1, 2, and 3. The values
of parameters Ey, Aqo, 441, obtained by the curve fitting, are
summarized in Table 2. As can be seen by the dotted lines in
Figs. 1, 2, and 3, the calculated p*(hv) agrees well with the
emission spectra. Although the calculated pg(hv)s are fitted
well, especially at the rising shape of the excitation spectra,
the fitting is not good, especially in the higher energy re-
gion of the spectra. This seems to indicate the existence of
other excitation paths besides the 1A, —3T; transition in the
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Fig. 5. A configurational coordinate diagram of tungstates
and molybdates with different force constants ko and k;.
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Table 2.  Ep, Ag and Aq; of Tungstates and CaMoO4 Cal-
culated from Curve Fitting of the Excitation and the
Emission Spectra

EoleV AaoleV Aai/leV
CaWO4 4.40 1.44 0.72
MgWO, 3.77 1.18 0.68
PbWO, - 3.43 0.89 0.53
ZnWOq 3.68 1.05 0.62

CaMoOa 3.50 1.10 0.85

higher energy region. The values of E; obtained by curve
fitting are in the 4.4—3.5 eV range. The order of the mag-
nitude is CaWQO4>MgWO, >ZnWO, >PbWQ,. This order
agrees well with that of the rising position of their excita-
tion spectra, as well as the order of the peak position of the
emission spectra. The values of the reorganization energy
(Ag0) are 1.05—1.44 eV, and those of Ag; are 0.53—0.85 eV,
as shown in Table 2. Although these values of A4y and Aqg
are much larger than the reorganization energy (ca. 0.1 eV)
for the excitation and emission spectra of organic dyes, they
are rather close to the reorganization energy of H* (1.5 eV)
in an aqueous medium.” These large reorganization energies
might be explained by a strong Coulomb interaction at the
excited triplet state within the WO,42~ and MoO42~ groups.
It should be noted that those large reorganization energies can
well explain the enormously large Stokes shifts observed for
the excitation and emission spectra of those tungstates and
molybdates.!—5"®

Conclusions

The spectral line shapes simulated by a configurational co-
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ordination model in which the force constant at the excited
state is different from that at the ground state well explained
the luminescence spectra and the line shape at the rising part
of the excitation spectra of various tungstates and CaMoO4
at room temperature. This result well supports our assump-
tion that the excitation and emission of the tungstates and
molybdates are based on the singlet-triplet transition. From
a simulation of the spectral line shape (Ey), the energy levels
of the excited triplet state and the reorganization energies at
the ground state and the triplet state were determined. These
results elucidated that the potential curve at the excited state
becomes shallower than that at the ground state for these
systems. They also well explained the large Stokes shifts
observed for the luminescence for those compounds.
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