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28 theory.
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a b s t r a c t

53In this paper, aluminum tungstate Al2(WO4)3 powders were synthesized by the co-precipitation method
54at room temperature and then submitted to heat treatment process at different temperatures (100, 200,
55400, 800, and 1000 �C) for 2 h. The structure and morphology of powders were characterized by means of
56X-ray diffraction (XRD), Rietveld refinement data, and field emission scanning electron microscopy
57(FE-SEM) images. Optical properties were investigated by ultraviolet–visible (UV–vis) diffuse reflectance
58spectroscopy and photoluminescence (PL) measurements. XRD patterns and Rietveld refinement data
59showed that Al2(WO4)3 powders heat treated at 1000 �C for 2 h have a orthorhombic structure with a
60space group (Pnca) without the presence of deleterious phases. FE-SEM images reveals these powders
61are formed by aggregation of several nanoparticles leading to growth of microparticles with irregular
62morphologies and agglomerated nature. UV–vis spectra indicated the increase in the optical band gap
63energy from 3.16 to 3.48 eV) with rise of processing temperature, which is associated with the reduction
64of intermediary energy levels. First-principles calculations were performed by density functional theory

http://dx.doi.org/10.1016/j.molstruc.2014.10.016
0022-2860/� 2014 Elsevier B.V. All rights reserved.
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at the B3LYP calculation on periodic model systems point out that the presence of stable electronic
65 excited states (singlet), in order to understand the behavior of the PL properties. The analyses of the band
66 structures and density of states to both ground and first excited electronic states provides a deep insight
67 on the main features based on structural and electronic order–disorder effects in octahedral [AlO6] clus-
68 ters and tetrahedral [WO4] clusters, as constituent building units of this material.
69 � 2014 Elsevier B.V. All rights reserved.
70

72

73 Introduction

74 Aluminum tungstate Al2(WO4)3 is an important semiconductor
75 material belonging to the family of trivalent tungstates compounds
76 with general formula X2(WO4)3, where [X = Y3+, Sc3+, In3+, Al3+ and
77 rare earths as lanthanides (Ho–Lu)]. This oxide has attracted wide
78 interest of several researchers due to excellent physical and chemi-
79 cal properties [1–9]. Moreover, Al2(WO4)3 presents an orthorhom-
80 bic structure with Pnca space group [10,11], in which a larger pore
81 framework structure formed by octahedral [AlO6] clusters and tet-
82 rahedral [WO4] clusters can be sensed. These building blocks can
83 be considered the constituent clusters of this system, and they
84 connected in such a manner that they form a layered structure
85 with a large tunnel size, where the Al3+ cations are sufficiently
86 mobile.
87 In the last years, different synthetic methods such as co-pre-
88 cipitation (CP) [12,13], sol–gel [14], modified Pechini [15], solid
89 state reaction [16], and Czochralski crystal growth [17] have been
90 used to obtain Al2(WO4)3 crystals. In addition, doping processes of
91 metals (Eu3+, Cr3+, and Yb3+, etc.) on this material generate excel-
92 lent waveguides for spectroscopy [16], luminescence properties
93 [18], and broad band laser [19]. These doping processes provoke
94 a change in the lattice parameters as function of both ionic charge
95 and radius, and then, there is an alteration of electronic properties
96 due the ionic conductivity into the orthorhombic structure [12].
97 In particular, negative thermal expansion (NTE) is the most
98 commonly electronic property studied for this compound [20–
99 25]. The NTE behavior in this material is associated to the pres-

100 ence of low frequency rigid modes facilitated by their open net-
101 work structure with corner linking octahedral [AlO6] and
102 tetrahedral [WO4] clusters [6,24]. Theoretical investigations show
103 a close relation between pressure induced amorphization and
104 NTE in these tetrahedral bonded network structures [26]. More-
105 over, the high pressure behavior of NTE ceramics materials is also
106 of significant current interest in basic sciences to temperature
107 sensor [20].
108 Therefore, in this paper, we report for the first time the synthe-
109 sis, electronic structure and photoluminescence (PL) properties of
110 Al2(WO4)3 powders obtained by a two-step synthetic route based
111 on the CP method which was followed the by a calcination process.
112 These powders were structurally and morphologically character-
113 ized by means of X-ray diffraction (XRD), Rietveld refinement
114 and field emission scanning electron microscopy (FE-SEM). Optical
115 properties were monitored by ultraviolet–visible (UV–vis) diffuse
116 reflectance spectroscopy and PL measurements at room tempera-
117 ture. Clusters concept have been used by our group as a basic units
118 of a given crystal [27–29], and in the present case, the different
119 forms that are organized inside the Al2(WO4)3 crystal structure,
120 i.e. octahedral [AlO6] clusters and tetrahedral [WO4] clusters, play
121 a key role on their physical and chemical properties. The subtle
122 balance between the electronic order–disorder effects and distor-
123 tions in clusters reflected in optical properties of Al2(WO4)3 crystal
124 have been addressed by first principles calculations by using the
125 density functional theory (DFT) at the B3LYP calculation level in
126 order to provide a framework for the interpretation of experimen-
127 tal data.

128Experimental details

129Synthesis of Al2(WO4)3 powders by the CP method

130Al2(WO4)3 powders were prepared by the CP method at room
131temperature without surfactant in aqueous solutions. The typical
132Al2(WO4)3 powder synthesis procedure is described as follows:
1333 � 10�3 mols of tungstate (VI) sodium dihydrate [Na2WO4�2H2O]
134(99% purity, Panreac) and 2 � 10�3 mols of aluminum nitrate
135nonahydrate [Al(NO3)3�9H2O] (99% purity, Sigma–Aldrich) were
136dissolved separately in two plastic tubes (Falcon) with 50 mL of
137deionized water in each tube. The first solution with 6Na+ and
1383WO2�

4 ions was transferred to a PYREX glass beaker with capacity
139of 250 mL under constant stirring for 2 min. The second solution
140with (2Al3+ and 6NO�3 ) ions was added to this system where a
141white suspension is rapidly formed. In aqueous solutions, the fast
142reactions between 2Al3+ and 3WO2�

4 ions is due to force of electro-
143static attraction, which resulted in the formation of amorphous or
144disordered Al2(WO4)3 precipitates.

145Calcination of amorphous Al2(WO4)3 powders obtained by the CP
146method

147The resulting suspensions were washed with deionized water
148several times to remove all Na+ ions. The powders were then
149heat-treated at 100 �C, 200 �C, 400 �C, 800 �C and 1000 �C for 2 h.
150The chemical reactions between 2Al3+/3WO2�

4 ions and solid state
151at different temperatures promote a phase transformation from
152an amorphous state to a crystalline and/or structural transition
153from disordered to ordered lattice, as shown in equations (1).
154

2Al3þ
ðaqÞ þ 3WO2�

4ðaqÞ ���!
25 �C Al2ðWO4Þ3ðsÞ

� �������!100;200;400 �C
Al2ðWO4Þ3ðsÞdisordered �����!

800;1000 �C
Al2ðWO4Þ3ðsÞordered ð1Þ 156156

157Finally, these white color Al2(WO4)3 powders were structurally
158and morphologically characterized by different techniques.

159Characterizations of Al2(WO4)3 powders

160Al2(WO4)3 powders were structurally characterized by XRD pat-
161terns using a X’Pert PRO MPD Alpha1 (PANalytical, USA) with Cu
162Ka radiation (k = 1.5406 Å) in the 2h range from 5� to 80� in the
163normal routine with a scanning velocity of 2�/min and from 10�
164to 110� with a scanning velocity of 0.5�/min of a 0.02� step in the
165Rietveld routine. Thermogravimetric analysis (TGA), differential
166thermogravimetric analysis (DTA) and differential scanning calo-
167rimetry (DSC) were performed using a SDT Q600 (TA instruments,
168USA) from room temperature to 1200 �C with a heating rate of
1695 �C/min. The shapes and sizes of these Al2(WO4)3 powders were
170observed using a FE-SEM model Inspect F50 (FEI Company,
171Hillsboro, OR) operated at 15 kV. UV–vis spectra were taken using
172a Varian spectrophotometer (model Cary 5G) in a diffuse-reflec-
173tance mode. PL measurements were performed at room tempera-
174ture through a Monospec 27 monochromator (Thermal Jarrel
175Ash) coupled to a R446 photomultiplier (Hamamatsu Photonics,
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176 Japan). A krypton-ion laser (Coherent Innova 90 K; k = 350 nm) was
177 used as the excitation source; its maximum output power was
178 maintained at 500 mW. The laser beam was passed through an
179 optical chopper, and its maximum power on the sample was main-
180 tained at 40 mW. All the measurements were performed at room
181 temperature.

182 Theoretical methods and model systems

183 All calculations were performed by using the DFT method with
184 the B3LYP hybrid functional [30,31], as implemented in the CRYS-
185 TAL 09 computer code [32]. The large-core ECP basis derived by
186 Hay and Wadt [33], the ECP68 has been chosen for W atoms, and
187 the Al and O atoms are described with an all-electron by 9763-
188 311(d631)G⁄ for Al and 6-31G⁄ for O atoms, respectively [34].
189 The level of accuracy for the Coulomb and exchange series was
190 controlled by five thresholds set to (10�6, 10�6, 10�6, 10�6, and
191 10�12). The shrinking (Monkhorst–Pack) [35] factor was set to 6,
192 which corresponds to 80 independent k-points in the irreducible
193 part of the Brillouin zone integration.
194 Based on the experimental refinement of the XRD results and
195 Rietveld refinement data presented in this research, two periodic
196 models were used to find the singlet ground (s) and excited singlet
197 electronic states (s⁄). These models can be useful to represent dif-
198 ferent structural and electronic order–disorder effects in the mate-
199 rial. An excited state is obtained by imposing a low and high spin
200 state that must promote an electron from the valence band (VB)
201 to the conduction band (CB). However, it is important to remark
202 that accurate excited electronic states calculation of periodic sys-
203 tems still represents a challenge for quantum-chemical methods
204 [36]. This methodology has been previously employed by us to
205 show how the structural disorder affects the band gap value, in
206 particular to understand the transitions associated to PL emission
207 behavior of perovskite (ABO3) [37,38], tungstate (AWO4) [39] and
208 molybdate (AMoO4) based materials [40]. Per unit cell, this implies
209 to impose two electrons with the opposite or same spin, corre-
210 sponding to the singlet and triplet electronic state, respectively.
211 It also creates Frenkel excitons (holes in the VB, electrons in the
212 CB). In the present case, any attempt to find excited states with
213 triplet multiplicity was unsuccessfully. To confirm the character
214 of local minima on potential energy surfaces, vibrational frequency
215 calculations were carried out to ensure that there are only positive
216 frequencies which correspond to minima for both ground and
217 excited singlet electronic states. The analysis of the results was

218performed by the calculation of the density of states (DOS), band
219structure, charge density and band gap value. The XcrysDen pro-
220gram [41] was used for the band structure drawing design.

221Results and discussion

222XRD patterns analyses

223Fig. 1(a–e) shows XRD patterns for Al2(WO4)3 powders obtained
224by the CP method and heat-treated at different temperatures for
2252 h.
226An analysis of the results renders that the as-synthesized pow-
227ders at 100 �C, 200 �C, and 400 �C for 2 h did not exhibit diffraction
228peaks; then they are amorphous or structurally disordered at long
229range (see Fig. 1(a–c)). Moreover, we have accompanied the
230decomposition process of amorphous precursor powder by TGA
231analysis evolution and DTA. The TGA and DTA curves we observed
232water loss at about 145 �C and our results indicate that the temper-
233ature required to crystallize Al2(WO4)3 powders is 600 �C (see Sup-
234plementary data; Fig. S1(a and b)). In general, Al2(WO4)3 powders
235heat–treated at 800 �C and 1000 �C for 2 h exhibited all diffraction
236peaks related to the pure phase which can be indexed perfectly to a
237orthorhombic structure with a space group (Pnca) with four molec-
238ular formula per unit cell (Z = 4) and a respective inorganic crystal
239structure database (ICSD; No. 90936) [42].

240Structural representation of Al2(WO4)3 crystals

241Fig. 2 illustrates a schematic representation for orthorhombic
242Al2(WO4)3 unit cells modeled from Rietveld refinement data of
243Al2(WO4)3 powders heat–treated at 1000 �C for 2 h.
244This unit cell illustrated in Fig. 2 was obtained by means of
245Rietveld refinement data to system more organized. The lattice
246parameters, unit cell volume, atomic coordinates and site occupa-
247tion were obtained and calculated using the Rietveld refinement
248method [43], using the ReX Powder diffraction program version
2490.7.4 [44]. Moreover, the Rietveld refinement data were used to
250model these unit cells using the Visualization for Electronic and
251Structural Analysis (VESTA) program, version 3.2.1, for Win-
252dows64bit [45]. These data are listed and illustrated in the
253(Supplementary data file; Table S1 and Fig. S2).
254This unit cell illustrated in Fig. 2 is assigned to an orthorhombic
255structure of Al2(WO4)3 crystals, which is characterized by exhibit-
256ing a space group Pnca and four molecular formula per unit cell
257(Z = 4) [46]. In these unit cells, basically the Al atoms are coordi-
258nated to six O atoms which form the distorted octahedral [AlO6]
259clusters, while the W atoms are coordinated to four O atoms which
260form [WO4] clusters with a tetrahedral polyhedral configuration,
261which are illustrated in Fig. 2.
262In particular, refinement results point out that the tetrahedral
263[WO4] clusters are highly distorted in the lattice and exhibit a par-
264ticular characteristic related to differences in the O–W–O bond
265angles. There are two types of [WO4] clusters: [W1O4] and
266[W2O4], being the latter more distorted than the former (Supple-
267mentary data Fig. S3). This result can be related to the experimen-
268tal conditions required to obtain pure Al2(WO4)3 crystals. FE-SEM
269images revealed large particles of crystalline Al2(WO4)3 powders
270with irregular shapes (see Supplementary data; Fig. S4(a–e)). In
271particular, the random aggregation process between the small par-
272ticles results in the formation of irregular-shaped crystallites. We
273believe that particle growth is related to mass transport mecha-
274nisms via nanocrystalline particle diffusion during the sintering
275process by an increase of the heat treatment. Although a detailed
276mechanistic study goes beyond the scope of this work, and will
277be subject of future investigations.

Fig. 1. (a–e) XRD patterns for the Al2(WO4)3 powders heat-treated (a) 100 �C, (b)
200 �C, (c) 400 �C, (d) 800 �C and (e) 1000 �C for 2 h, respectively.

F.M.C. Batista et al. / Journal of Molecular Structure xxx (2014) xxx–xxx 3

MOLSTR 21012 No. of Pages 9, Model 5G

1 November 2014

Please cite this article in press as: F.M.C. Batista et al., J. Mol. Struct. (2014), http://dx.doi.org/10.1016/j.molstruc.2014.10.016

http://dx.doi.org/10.1016/j.molstruc.2014.10.016
Original text:
Inserted Text
ti



278 Table 1 shows the values for the optimized Al–O and W–O dis-
279 tances and O–W–O bond angles for the ground singlet (s) and
280 excited singlet (s⁄) electronic states.
281 The calculated distance values between W–O of 1.726 Å are in
282 good agreement with the experimental result of 1.794 Å. The cal-
283 culated and experimental geometries (given in parentheses) for
284 the s model, which belongs to the orthorhombic space group Pnca,
285 consist of lattice parameters and unit cell volume: a = 8.991
286 (9.1386) Å; b = 12.343 (12.6234) Å and c = 8.942 (9.0438) Å; and
287 V = 992.29 (1043.29)Å3. The orthorhombic structure in s⁄ state
288 expanded somewhat in the three directions of the crystal. There
289 is an expansion of tetrahedral [W1O4] clusters while a distortion
290 of tetrahedral [W2O4] more noticeable in s⁄ state compared to
291 the ground state (Supplementary data Fig. S3). Based on our theo-
292 retical results, total energy variation between s⁄ and s states is
293 0.35 eV.

294 Electronic structure and UV–visible absorption spectroscopy analyses
295 of Al2(WO4)3 crystals

296 The optical band gap energy (Egap) was calculated by the method
297 proposed by Kubelka and Munk [47] which is based on transforma-
298 tion of diffuse reflectance measurements to estimate Egap values
299 with good accuracy within the limits of assumptions when modeled
300 in three dimensions [48]. Particularly, it is useful in limited cases of
301 an infinitely thick sample layer. The Kubelka–Munk equation for
302 any wavelength is described by Eq. (2):
303

K
S
¼ ð1� R1Þ2

2R1
� FðR1Þ ð2Þ305305

306 where F(R1) is the Kubelka–Munk function or absolute reflectance
307 of the sample. In our case, magnesium oxide (MgO) was the

308standard sample in reflectance measurements. R1 = Rsample/RMgO

309(R1 is the reflectance when the sample is infinitely thick), k is the
310molar absorption coefficient and s is the scattering coefficient. In
311a parabolic band structure, the optical band gap and absorption
312coefficient of semiconductor oxides [49] can be calculated by Eq.
313(3):
314

ahm ¼ C1ðhm� EgapÞn ð3Þ 316316

317where a is the linear absorption coefficient of the material, hm is the
318photon energy, C1 is a proportionality constant, Egap is the optical
319band gap and n is a constant associated with different kinds of elec-
320tronic transitions (n = 0.5 for a direct allowed, n = 2 for an indirect
321allowed, n = 1.5 for a direct forbidden and n = 3 for an indirect for-
322bidden). According to the literature [50–54], tungstate crystals
323exhibit an optical absorption spectrum governed by direct or indi-
324rect electronic transitions.
325The band structure and DOS projected were calculated for the
326both Al2(WO4)3 models and the results are illustrated in Fig. 3(a–
327d).
328An analysis of the band structure displayed in Fig. 3(a and b)
329show that the band gap values are indirect (C ? Z) and direct
330(C ? C) transitions for s and s⁄ models, respectively. A noticeable
331decrease of the band gap energy from going to fundamental s
332(6.16 eV) to exited s⁄ (5.84 eV) electronic state is sensed. An anal-
333ysis of the DOS projected on atoms and orbitals for the s and s⁄

334models presented in Fig. 3(c and d) indicate that uppermost levels
335in the VB consist mainly of O 2p orbitals with a lower contribution
336of W 5d and Al 4s orbitals, while the CB is formed mainly by the W
3375d and O 2p orbital states with a small contribution of Al 4s orbi-
338tals. The distortion process from the fundamental to excited tetra-
339hedral [WO4] clusters provokes the decrease of the band gap value,
340and we sense a difference between the atomic orbital contributions
341in s and s⁄ models, in particular for the W 5d orbitals. Our findings
342suggest an increase in the contribution of the W atoms related to
3435dxy and 5dyz orbitals levels in s⁄ state compared to the ground
344state, and thus they have a more important role for the PL behavior
345of Al2(WO4)3 powders.
346An analysis of site- and orbital-resolved DOS shows a significant
347dependence of the W CB DOS’s on the local coordination. During
348the excitation process some electrons are promoted more feasibly
349from the O 2p states to the W5d states in (5dxy and 5dyz orbitals)
350through the absorption of photons. These results show that the
351properties of this material are strongly influenced by the degree
352of structural order–disorder, which provides a change in the tran-
353sition from indirect-to-direct band gap at fundamental s and
354excited, s⁄, electronic states, respectively. The changes result in a
355decrease of the band gap energy for the Al2(WO4)3 powders.

Table 1
Optimized lattice parameters, bond distances and angles bonds [(Al–O); (W1–O);
(W2–O)] for the singlet (s) and excited singlet (s⁄) electronic states.

Al2(WO4)3

lattice
Singlet (s) Excited singlet (s⁄)

a 8.991 9.011
b 12.343 12.402
c 8.942 9.000
Al–O 1.870(1), 1.876(1),

1.888(1)
1.874(1), 1.876(1), 1.878(1)

1.894(1), 1.911(1),
1.932(1)

1.892(1), 1.899(1), 1.936(1)

W1–O 1.726(2), 1.730(2) 1.748(2), 1.752(2)
W2–O 1.726(2), 1.731(1),

1.733(1)
1.726(1), 1.731(1), 1.734(1),
1.736(1)

Fig. 2. Schematic representation of the orthorhombic unit cells corresponding to Al2(WO4)3 crystals.
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356 Based on this theoretical information for the s model, Egap val-
357 ues of Al2(WO4)3 powders were calculated using n = 0.5. Finally,
358 using the remission function described in Eq. (3) with k = 2a, we
359 obtain the modified Kubelka–Munk equation as indicated in Eq.
360 (4):
361

½FðR1Þhm�2 ¼ C2ðhm� EgapÞ ð4Þ363363

364 Therefore, finding the F(R1) value from Eq. (4) and plotting a graph
365 of [F(R1)hm]2 against hm, we can determine the Egap values for our
366 Al2(WO4)3 powders with greater accuracy by extrapolating the lin-
367 ear portion of the UV–vis curves. In general, different types of
368 defects generated during the synthesis enable a change in its optical
369 transitions offering an opportunity to tune their properties by the
370 band gap engineering.
371 Fig. 4(a–e) shows UV–vis spectra for Al2(WO4)3 powders heat-
372 treated at 100, 200, 400 �C, 800 �C and 1000 �C for 2 h.
373 Evidently, powders have different Egap values which are possi-
374 bly related to the existence of new energy levels near the CB, which
375 were confirmed by theoretical calculations. The Egap value is low
376 (from 3.16 to 3.48 eV) for Al2(WO4)3 powders heat-treated at
377 100 �C, 200 �C and 400 �C for 2 h (see Fig. 4(a–c)) which indicates
378 a high defect concentration and intermediate levels between the
379 VB and CB for these powders. However, for Al2(WO4)3 powders
380 heat-treated at 800 �C and 1000 �C for 2 h, we observed typical
381 absorption spectra for crystalline materials or an ordered structure
382 (see Fig. 4(d and e)).

383We have performed an analysis of the charge density contour
384for the single (s) and excited single (s⁄) models, as illustrated in
385Fig. 5(a and b). These electronic density maps were performed to
386provide a deep insight into the molecular geometry, symmetry
387breaking and electronic order–disorder effects.
388Our theoretical results reveal a possible hybridization between
3895d (W) and 2p (O) linked to (W–O) bond presents in tetrahedral
390[WO4] clusters. A displacement of W atoms from the ideal center
391in tetrahedral [WO4] clusters was performed to represent the s
392model. These electronic perturbations promote an increase in the
393charge density on the atomic sites forming the trigonal pyramidal
394[WO3] clusters, which are assigned s⁄ model, as can be viewed in
395Fig. 5(a and b)). These theoretical calculated results indicate the
396possible effects on their structure and electronic properties that
397involves the presence of the s⁄ in disordered lattice, which could
398be the main responsible of PL behavior in disordered Al2(WO4)3

399powders.

400PL emission analyses of Al2(WO4)3 powders

401Fig. 6(a–e) illustrate the PL emission spectra at room tempera-
402ture of Al2(WO4)3 powders obtained by coprecipitation and heat-
403treated at different temperatures for 2 h.
404Blasse and Ouwerkerk [18] have been proposed that PL proper-
405ties of Al2(WO4)3 crystals are related to self-localized excitons and
406electronic transitions within the two types of tetrahedral [WO4]

Fig. 3. (a and b) Band structures and (c and d) projected DOS on atomic levels for both o-Al2(WO4)3 and d-Al2(WO4)3 models.
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407 clusters in their crystal structure, while Kotlov et al. [55] suggested
408 that free electrons and holes are created in this material due to
409 electronic transitions from oxygen to cation states which are
410 situated several electron volts above the bottom of the CB. In this
411 research, we have observed a highly intense PL emission at room
412 temperature. Based on our structural and electronic investigations,
413 we ascribe this PL behavior to structural and electronic order

414–disorder effects of tetrahedral [WO4] clusters in Al2(WO4)3 pow-
415ders. Our theoretical results suggest that structural and electronic
416order–disorder effects cause a polarization of one type of tetrahe-
417dral [WO4] clusters that facilitates the population of electronic
418excited states, and they may return to lower energy and funda-
419mental states via radiative and/or non-radiative relaxations, which
420promotes a intense PL emission in Al2(WO4)3 powders.

Fig. 4. UV–vis spectra for the Al2(WO4)3 powders heat-treated at: (a) 100 �C, (b) 200 �C, (c) 400 �C, (d) 800 �C and (e) 1000 �C for 2 h, respectively.
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421 Conclusions

422 In summary, Al2(WO4)3 powders were synthesized by the CP
423 method at room temperature without surfactants and heat-treated
424 at different temperatures for 2 h. XRD patterns indicate that crys-
425 talline Al2(WO4)3 powders obtained by the CP method and heat-
426 treated at 800 �C and 1000 �C have an orthorhombic structure with
427 a space group Pnca. FE-SEM images revealed large particles for crys-
428 talline Al2(WO4)3 powders with irregular shapes. Particle growth is
429 related to mass transport mechanisms via nanocrystalline particle
430 diffusion during the sintering process by an increase of the heat
431 treatment. UV–vis spectra show an increase in the optical band
432 gap with a calcination temperature which raise and suggest a direct
433 allowed transition with the existence of intermediary energy levels
434 between the VB and CB. Stable electronic excited states (singlet)
435 have been characterized by using DFT method at the B3LYP calcula-
436 tion level of model. The analysis of the band structures and density
437 of states of both ground and first excited electronic states allows a
438 deep insight on the main electronic features based on structural and
439 electronic order–disorder effects of both octahedral [AlO6] and tet-
440 rahedral [WO4] clusters, as constituent building units of this mate-
441 rial. These findings confirm that PL is directly associated with
442 structural and electronic order–disorder effects on one type of tet-
443 rahedral [WO4] clusters that facilitates the population of electronic
444 excited states and provides new insight into PL behavior in these
445 materials. Present results offers new ideas and perspectives on

446the behavior of optical materials and the results suggest that these
447materials are promising for applications in photovoltaic devices and
448catalysis.
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