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Introduction

Lone pair electron-induced attrition of lanthanide
ions from a sillenite-structured bismuth gallate
host+}

Nistha Singh,®® Sandeep Nigam,
Vasanthakumaran Sudarsan*®°

*30 Chiranjib Majumder,®® Nidhi Gupta® and

The crucial role of lone pair of electrons in the functionality of materials has been unprecedented. The
present study reports a prolific correlation between the local structure and the stereochemical activity of
the lone pairs of Bi** ions in the sillenite structure. The structural changes induced by variations in anneal-
ing temperatures greatly influenced the stereochemical activity of Bi** ion lone pairs, which, in turn, dic-
tated the capacity for the incorporation of probing lanthanide ions in its proximity. Increased annealing
temperature induces a transformation of Bi;,GaO0.s samples from a nanoscale to a bulk length scale.
During the nano-to-bulk conversion of sillenite-structured Bi;,GaO,045 the emergence of long-range
ordering synchronized with the enhanced stereochemical activity of the lone pair, and this amelioration in
activity led to the attrition of luminescent lanthanide ions (Eu®*, Tb®*, Er**, and Yb>*) from the sillenite
phase. Based on detailed experimental and theoretical investigations, it was envisioned that while finite
size impeded the long-range translational repeatability of lone pairs in the nano-crystalline Bi;,GaO2045
sample, the concurrent existence of random geometrical distortion induces averaging of interactions at
the focal Bi-site, suppressing the stereochemical activity. In high-temperature annealed bulk Bi;,GaO0.5
sillenite samples, the long-range symmetrical arrangement of Bi** lone pairs balances the repulsive inter-
actions. To maintain this balance, guest (doped) lanthanide ions were eliminated from the host lattice,
resulting in phase separation. It is believed that the observations and rationalizations established between
the local structure and the stereochemical activity of Bi** ion lone pair will aid in designing future
bismuth-based functional materials.

sible for the unique properties of Bi**-based compounds is the
extent of stereochemical activity of its lone pair."””

Lone pairs play a significant role in determining the geometry,
local environment, electronic structure and physicochemical
properties of molecules and solids." The effects of lone pairs
present in 6™-row p-block elements/ions, such as TI*, Pb>** and
Bi*", on framework solids/compounds have been extensively
investigated for nonlinear optical, photocatalytic and solar
energy conversion applications.”® Among the aforementioned
ions, Bi*" is the least toxic, and various Bi**-based compounds
are being developed to evaluate their optoelectronic and
photocatalytic properties.>® One of the key parameters respon-
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Stereochemically less active or silent lone pairs originate when
the 6s® electrons of Bi*" are both spatially and temporally aver-
aged, leading to spherical symmetry.” In contrast, when there
is a strong interaction between the 6s” electrons of Bi** and
the 2p electrons of oxygen, the lone pair becomes stereochemi-
cally highly active.””® It has been demonstrated previously that
the interaction of 6s> electrons of Bi** ions with the 2p orbital
of oxide ions leads to unique properties, such as defect toler-
ance and shallow ionization potentials,”™** in bismuth com-
pounds. In addition to the localized 6s — 2p interactions, it
has also been reported that the correlated extension of lone
pairs over larger length scales in a crystal lattice enhances the
stereochemical activity."” Theoretical reports have demon-
strated that the filled antibonding orbital (formed by the inter-
action of 6s” electrons of Bi’* ions with the 2p orbital of
oxygen) interacts with the empty 6p orbital of Bi** ions. The
extent of this interaction (p-orbital mixing) contributes to the
enhanced stereochemical activity of the lone pair.'* The extent
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of distortion in the polyhedron around the lone-pair bearing
cation also contributes to stereochemical activity.'” In other
words, if the site of the lone pair-bearing cation is spherically
isotropic, the lone pair is stereochemically less active. Taking
Bi,YO,X (X = Cl, Br, I) as an example, Ogawa et al.’® reported
that introducing Bi** ions at the ordered (undistorted) Y** sites
in the lattice leads to high symmetry around the Bi** environ-
ment, resulting in poor stereochemical activity. Thus, long-
range ordering of Bi* and O® species in the lattice influences
the stereochemical activity of the lone pairs.

Rare earth ion luminescence has been widely used to probe
the local structure.’*° Therefore, it is worth examining the
stereochemical activity of Bi** lone pair by introducing a rare
earth ion in its vicinity. In the present study, it is demonstrated
for the first time that changes in the luminescence properties
of probe species such as Eu*" and Er** can be used to monitor
the conversion of stereochemically silent lone pairs to stereo-
chemically active lone pairs in bismuth-based ternary oxides
with a sillenite structure. Sillenite-structured bismuth oxide
was chosen in the present study because these compounds
contain a large number of five-coordinated Bi*" sites available
for substitution, which, in turn provides a significant number
of lone pairs and promotes subsequent ordering on larger
length scales. Bismuth-based hosts, other than those with a
sillenite structure, have been reported earlier for doping with
lanthanide ions.> > The host’s density of states in the valence
band (VB) and conduction band (CB), as well as its
position,>"** are found to be significantly affected by lantha-
nide ion doping. Keeping the above in mind, Bi;,GaOyg.s
samples with nanoscale dimensions were prepared and
annealed at different temperatures to convert them into bulk
form. During the nano-to-bulk conversion process, the struc-
tural changes of all the samples were investigated using a
variety of techniques, including, XRD, UV-Visible optical
absorption, XPS and photoluminescence. For a deeper insight
into temperature-induced structural perturbation, lanthanide
ions, such as Eu®", Yb**/Er*" and Tb**, were doped into the
lattice, and their luminescence properties were evaluated as a
function of annealing temperature. Drastic changes in lumine-
scence properties, including phase segregation of the lantha-
nide-rich bismuth phase, were observed in the samples
annealed at higher temperatures. The increased annealing
temperature and associated structural modifications signifi-
cantly perturbed the stereochemical activity of lone pairs,
which in turn affected lanthanide luminescence and led to
phase segregation from the sillenite structure. To the best of
the authors’ knowledge, this type of lone pair-dictated lantha-
nide luminescence and phase segregation has been reported
for the first time.

Experimental details
Materials and methods

Phase-pure Bi;,Ga0,.5, with and without lanthanide ion
doping, was prepared by co-precipitating the precursor ions in
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an ethylene glycol solution at 150 °C using urea as the precipi-
tating agent. The as-prepared samples were annealed at
different temperatures (in an air environment). The inorganic
salts used were bismuth nitrate pentahydrate (Bi(NOs);-5H,0,
M/s SDFine Chem Limited, 98.5%), gallium(ui) nitrate hydrate
(Ga(NO3);-xH,0, formula weight = 255.74 g mol ", Sisco
Research Laboratories Pvt. Ltd, 99.9%) and all lanthanide
salts: europium(m) nitrate hydrate (Eu(NOs);-xH,0, x = 6, Alfa
Aesar, 99.9%), ytterbium(m) nitrate pentahydrate (Yb
(NO3);3-5H,0, Aldrich, 99.9%), erbium(u) nitrate pentahydrate
(Er(NO;);-5H,0, Aldrich, 99.9%) and terbium(ir) nitrate hexa-
hydrate (Tb(NOj;);-6H,O, Alfa Aesar, 99.9%). All chemicals
were used as received without further purification. Ethylene
glycol ((CH,OH),), AR grade, was procured from M/s SDFine
Chem Limited, Mumbai. Urea ([CO(NH,),], LobaChemie ) and
ethanol (C,H¢O) were used as purchased.

Preparation of bismuth gallium mixed oxide (Bi;»Ga0,¢.5)
sillenites

For the preparation of bismuth gallium mixed oxides, 1205 mg
of Bi(NO3);-5H,0 (0.209 mmol) was dissolved in 15 mL of
ethylene glycol (EG). A stoichiometric amount of Ga
(NO3);-xH,0 (53 mg, 0.209 mmol) was added to this solution,
and the reaction mixture was sonicated at room temperature
for 5 min to obtain a clear reaction mixture/solution. The solu-
tion was then transferred into a round-bottom flask and sub-
sequently introduced into a silicon oil bath placed over a hot
plate to carry out the reaction at a set temperature of 150 °C.
Approximately 2 g of urea was added to the reaction medium
when the temperature reached about 80 °C. The reaction was
continued for 2.5 h. The precipitate was collected by centrifu-
gation, washed thrice with deionized water and once with
ethanol, and dried under an IR lamp for one hour, followed by
drying for 4h in air to obtain the as-prepared solid powder of
bismuth gallium mixed oxides. Subsequently, the as-prepared
powder mixture was annealed at 250 °C, 450 °C and 650 °C in
silica boats under a static air atmosphere for 4h to produce
single-phase Bi;,Ga0,0.5.

Preparation of rare earth doped bismuth gallium mixed oxide
(Bi;12Ga0,.5) sillenites

An aqueous solution obtained by dissolving the required
amount of Eu(NO;);:xH,O (x = 6) (56 mg, 0.209 mmol) was
mixed with 15 ml of ethylene glycol medium containing stoi-
chiometric amounts of Bi(NO;);-5H,0 (1158.7 mg,
0.209 mmol) and Ga(NO;3);-xH,0 (53.5 mg, 0.209 mmol). The
resulting solution was subjected to sonication in a round-
bottom flask for 5 min, after which it was heated to 80 °C in a
silicon oil bath. The rest of the procedure was the same as that
adopted for the undoped sample to produce single-phase
Bi1,Ga0y0.5:5%Eu. A similar procedure was used for preparing
Tb*" (Tb(NOs);-6H,0, 56.8 mg, 0.209 mmol), Yb** (Yb
(NO;);-5H,0, 345.2 mg, 0.356 mmol) and Er*" (Er(NO;);-5H,0,
37.9 mg, 0.356 mmol) doped samples, with the exception that
stoichiometric amounts of the respective lanthanide ions were
used during the reaction.
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Results and discussion

Powder X-ray diffraction (XRD) patterns shown in Fig. 1 con-
firmed that the as-prepared, 250 °C and 350 °C heated
samples lacked sufficient crystallinity, whereas the formation
of a sillenite-structured bismuth gallate phase (Bi;;GaO,¢.s)
was observed for the samples heated at 450 °C and 650 °C
(Fig. 1(d and e)). The highly crystalline nature of the 450 °C
and 650 °C heated samples was evident from the sharp diffrac-
tion peaks observed (Fig. 1(d and e)). Sillenite phases crystal-
lized in a cubic structure (space group 123), and based on
Rietveld refinement of the XRD patterns, the lattice parameters
for the 450 °C and 650 °C heated samples were evaluated and
found to be nearly identical (10.193 A). TEM studies carried
out on the samples confirmed that the as-prepared and 250 °C
heated samples were nanocrystalline bismuth gallate with a sil-
lenite structure. Representative TEM images and SAED pat-
terns are shown in Fig. S1 of the ESL{ From the XPS studies,
the binding energy values corresponding to the 4ds,, and 4d;,,
levels of Bi** in the as-prepared and heated samples were eval-
uated and presented in Table S1.f Representative patterns are
shown in Fig. S2 of the ESL{ The values were found to be
around 441.9 eV and 465.6 eV for all the samples, confirming
that the bismuth ion existed in the 3+ oxidation state in both
the as-prepared and heated samples.>®™® It was also inferred
that there was no significant change in the coordination
number around Bi’** ions in these samples. Energy dispersive
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Fig. 1 XRD patterns of (a) as-prepared bismuth gallate (BGO) sample,
and those heated at (b) 250 °C, (c) 350 °C, (d) 450 °C and (e) 650 °C.
Rietveld refinement was carried out for 450 °C and 650 °C heated
samples.
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X-ray (EDX) and X-ray fluorescence analyses were carried out
on the samples to evaluate the Bi/Ga ratio. A representative
EDX spectrum is shown in Fig. S3 of the ESL.¥ The spectrum
confirmed the presence of Bi and Ga, along with other
elements. Based on the intensity of the peaks corresponding
to Bi and Ga, the Bi to Ga ratio was evaluated and found to be
~15 for all the samples. From this value and the general stoi-
chiometry of sillenite-structured bismuth gallate reported
earlier,?® it was inferred that the samples heated at 450 °C and
650 °C were non-stoichiometric in nature, with the compo-
sition Bi;,Big19Gag 1019 5-

From the results discussed above, it was clear that the as-
prepared, 250 °C and 350 °C annealed samples possessed only
short-range order, while long-range order occurred in samples
heated above 350 °C. Since lone pairs are present in Bi*", it is
of interest to understand how the transition from short- to
long-range order affects the relative orientation/alignment of
lone pairs across the length scale and the associated electronic
environment around Bi**. It is expected that, depending on
the length scale of orientation/alignment of the 6s> lone pair
electrons of Bi*", the local chemical environment around Bi**
will be modified. Such changes in the chemical environment
can influence its electronic structure and may lead to vari-
ations in the band gap of the material, as well as in the extent
of stereochemical activity of the lone pair."” It has been
reported that the placement of “s” states far from the valence
band leads to lone pairs that are relatively less active."?

UV-Visible optical absorption is an ideal technique for
monitoring such changes. Fig. 2(a) shows the UV-Visible
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Fig. 2 (a) UV-Visible absorption spectra and (b) plot of (ahv)'? versus
energy for BGO samples annealed at different temperatures. (Al
measurements were conducted using the samples in their solid-state
form.)
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optical absorption spectra for the as-prepared and heated
samples. The wavelength corresponding to the onset of
absorption for the as-prepared, 250 °C and 350 °C heated
samples was found to be in the range of 375-385 nm. Upon
heating to higher temperatures (i.e. for 450 °C and 650 °C), the
onset wavelength shifted to a range of 440-450 nm, as shown
in the plot. The optical gap (band gap) was evaluated for these
samples based on the method reported by Davis and Mott.*°

a(v)hy = A(hv — Eopt)’, (1)

where Av is the photon energy, “A” is a constant, Ep is the
optical gap and “r” represents the nature of the transition
process. For an allowed indirect transition, “r” can take the
value of 2.

Fig. 2(b) shows the plot of (ahv)"* versus hv for the samples
heated at different temperatures. The energy gap, or band gap,
was evaluated by extrapolating the straight-line region of the
curve to the x-axis. The value of the energy gap was nearly the
same (3.4-3.5 eV) for the as-prepared, 250 °C and 350 °C
heated samples. For the high-temperature heated samples, the
value decreased to 2.9-3.0 eV. This decrease in the band gap
suggested the involvement of lone pair electrons in the
bonding. To further understand the changes in electronic
structure and the optical/band gap values, theoretical calcu-
lations were performed, which are described later in this
manuscript.

One way to monitor structural changes occurring in
bismuth gallate-based sillenite-structured materials as a func-
tion of heat treatment temperatures is to dope the sample with
small amounts of lanthanide ions (Er*", Eu*" and Tb*") and
monitor its luminescence. Since the ionic radius of Bi**
(1.03 A) under a coordination number of six is comparable to
that of Eu*" (0.947 A), Er*" (0.89 A), Yb** (0.868 A) and Tb*"
(0.923 A)** with the same coordination number, it is reason-
able to assume that Eu®**/Tb**/Er**/Yb*" will replace five-co-
ordinated Bi*" (5 oxygen atoms and 1 lone pair (LP)) in the
lattice. It should be noted that the five-coordinated Bi-site in
the sillenite-structured bismuth gallate of the present study is
slightly different from the conventional five-coordinated sites
in inorganic oxides, as it possesses a lone pair of electrons on
the central Bi** species. In other words, Bi*" essentially
occupies a pseudo-octahedral site, with five connections to
oxygen atoms in the structure and the sixth coordination is
with the 6s> lone pair of electrons. Photoluminescence studies
have been carried out with the lanthanide ions mentioned
above. Representative results are described below.

Fig. 3 shows the emission spectra recorded in the near-
infrared (NIR) region for the samples doped with both Yb**
and Er’* ions and heated at different temperatures. All the
samples were excited at 980 nm. For the as-prepared sample, a
weak and broad emission peak (linewidth ~25 nm) was
observed around 1530 nm, which was characteristic of the
432 = 'Liss transition of Er*" ions in the host. Upon heat
treatment, the linewidth of the emission peak remained the
same up to 350 °C, and beyond that, the linewidth decreased.

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Emission spectra of BGO samples doped with Yb*" and Er’*
ions, heated at different temperatures. All samples were excited at
980 nm.

For the 450 °C and 650 °C heated samples, the linewidths were
found to be 12 nm and 9 nm, respectively. The increased line-
widths observed for the as-prepared sample and those heated
up to 350 °C indicated a distribution in bond lengths and
bond angles around Er’* in these samples. In other words, the
symmetry around the lanthanide ion improved with increasing
temperature. The decrease in the linewidth of the peak (about
50%) suggested that the local environment around Er** under-
went significant ordering for the 450 °C and 650 °C heated
samples. XRD studies carried out on the 650 °C heated sample
confirmed the formation of a separate phase with the compo-
sition BipoYby 1015 It is worth mentioning that the
BigoYby.10;5 compound has a f-Bi,0; structure (ICSD code:
51134),>”> and the corresponding XRD pattern is shown in
Fig. S4 of the ESIf (peaks marked “*” represent the
BijoYby 101 5 phase). The lattice parameter of the phase-segre-
gated sillenite phase matched well with that of the undoped
sillenite phase (10.193 A), confirming that there was no
residual solubility of lanthanide ions in the lattice. A similar
trend was also observed in the upconversion luminescence
from these samples.

Fig. 4 shows the upconversion emission spectra from Yb**
and Er** doped as-prepared bismuth gallate samples, along
with those heated at different temperatures, namely, 250 °C,
350 °C, 450 °C and 650 °C. Green luminescence, visible to the
naked eye, was observed from the as-prepared sample, as
shown in the photograph of the emission observed from the
sample upon 980 nm excitation (Fig. 4(a) inset). Major peaks
observed corresponded to the *Hyy/, — *Iys (520 nm), Sz, —
11552 (540 nm) and *Fo/, — “Iy5, (654 nm) transitions of Er’*
ions. The relative intensity of the green emission was found to

Dalton Trans., 2025, 54, 7690-7699 | 7693
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Fig. 4 Upconversion spectra of Yb®>'-, Er®*-doped BGO samples
heated at different temperatures (a—e). Insets in figures (a) and (e) show
photographs of green and red emission from the as-prepared and
650 °C heated BGO samples, respectively.

be higher than that of the red emission from the sample
(green to red ratio = 2.5). For the 450 °C and 650 °C heated
samples, the intensity of the emission at 654 nm (red emis-
sion) was significantly greater than that at 540 nm (green emis-
sion) (green to red ratio = 0.05). The intensity of red lumine-
scence increased as the Er**-Er’* distance decreased in
samples heated at higher temperatures (450 °C and 650 °C)
due to phase segregation. The enhanced interaction between
Er*" ions in the Er’**-enriched segregated phase facilitated
more efficient Er**-Er*" interactions, leading to an increased
population in the *F, level of Er**, which was associated with
the increased intensity of the red luminescence. Lee et al*?
reported that decreased Er’* ion spacing enhances cross-relax-
ation, populating the “Fo, level and leading to stronger red
emission. A photograph of the intense red emission observed
from the 650 °C heated sample is shown in the inset of
Fig. 4(e).

The relative intensity ratio of green emission (520 nm and
540 nm combined) to red emission (654 nm), known as the
green-to-red ratio (GRR), is a parameter that can be used to
monitor changes in the environment around Er’*" in the
lattice. The value was found to be around 2.5 for the as-pre-
pared, 250 °C and 350 °C heated samples. However, for the
450 °C and 650 °C heated samples, the values decreased to
0.05. The drastic decrease in the GRR value confirmed that the

7694 | Dalton Trans., 2025, 54, 7690-7699
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Er’" environment was significantly different in the high-temp-
erature heated samples. Based on the XRD pattern of the high-
temperature heated sample, as well as control experiments
carried out on the Bi,O3:Yb,Er system, it was confirmed that
the red emission was arising from the phase-separated
Big.oYbo 10y 5 phase.*?

These results were consistent with those obtained from
XRD and near-infrared photoluminescence measurements dis-
cussed previously. Essentially, lanthanide ions were not
retained in the lattice beyond a temperature of 350 °C. In other
words, lanthanide ions underwent attrition from the bismuth
gallate network at high temperatures.

Finally, both downconversion and upconversion lumine-
scence results obtained from Er’*-doped samples were further
substantiated by the photoluminescence studies carried out
on Eu**- and Tb*-doped samples. Representative emission
spectra recorded from the samples subjected to annealing at
different temperatures are shown in Fig. S5(a and b) of the
ESLt Emission from Eu®** and Tb®" was clearly observed for
the as-prepared and 250 °C heated samples, while no emission
was observed from samples heated above 350 °C. The exci-
tation spectrum corresponding to the 615 nm emission from
Eu’" is shown in Fig. S6 of the ESL For the as-prepared and
250 °C heated samples, sharp intra-4f transitions of Eu®** were
superimposed over a broad background in the region of
280-450 nm in the excitation spectrum. The broad background
peak was asymmetric and was likely arising due to the overlap
of Eu-O charge transfer (320 nm) peak and the 6s — 6p inter-
band transition (375 nm) of Bi*" ions. The observation of the
Bi*" inter-band transition while monitoring Eu*" emission con-
firmed the energy transfer from the host to Eu®** ions. The
results also confirmed the incorporation of Eu®* into the host
lattice for the as-prepared and 250 °C heated samples. In the
case of high-temperature heated samples (temperatures above
350 °C), no distinct emission from Eu’* species or host absorp-
tion could be observed, due to the phase segregation of lantha-
nide ions from the sillenite host.

Decay curves corresponding to the °D, emission from all
the Eu®*"-doped samples are shown in Fig. 5. All the decay

1000 —— BGO- Asp, Tavg= 1.83 ms

—— BGO- 250°C, tayg=1.51 m
——BGO- 450°C, tayg=0.82 m
——BGO- 650°C, tayg=0.51 m
Aex =320 Nm, A, = 612 nm

-
o
=]

Relative Intensity (a.u.)

-
=)

10

4_ 6
Time (ms)

Fig. 5 Decay profiles corresponding to the °Dy level of Eu* in the as-
prepared Bi;;GaO,45 (BGO-Asp) sample, along with those heated at
various temperatures. Samples were excited at 320 nm, and emission
was monitored at 612 nm.
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curves were bi-exponential in nature, indicating varying local
environments around the Eu’* ions in the samples. Surface
ions experienced different local environments compared to
bulk ions, leading to distinct luminescence lifetimes.***> The
individual decay components for each sample, along with the
respective chi-square values obtained after fitting, are provided
in Table S2 of the ESI.{ All the decay curves were characterised
by a major long-lifetime component and a minor short-life-
time component. For the as-prepared and 250 °C heated
samples, the long lifetime component was attributed to the
Eu®” ions present in the bulk, while the short lifetime com-
ponent was attributed to Eu®* ions present at the surface of
nano-crystalline Bi;,Ga0O,0.s. For the samples heated at higher
temperatures, namely 450 °C and 650 °C, multiple lifetime
components arose due to phase segregation. From the lifetime
components and their relative percentages, average values of
the lifetime were evaluated and given in Table S2 of the ESI,}
as well as indicated in the decay plot in Fig. 5. For the as-pre-
pared sample, the average °D, lifetime was found to be around
1.8 ms, with a marginal decrease in the lifetime value
(~1.5 ms) for the 250 °C heated sample. For the samples
heated at higher temperatures, namely 450 °C and 650 °C, the
average lifetime value drastically decreased (around 50% or
more), as shown in Fig. 5. In other words, Eu®" luminescence
underwent systematic quenching upon increasing the heat
treatment temperatures. Low lifetimes and poor emission
spectra confirmed the formation of a segregated Eu-rich phase
for the samples heated above 350 °C, and XRD results further
substantiated ~ this. = Peaks  corresponding to  the
Big.775EU0.2250;15 (ICSD code: 50641)*°® phase were clearly
visible in the XRD pattern of the 650 °C heated samples
(Fig. S7 of the ESIY).

At this point, it is worthwhile to understand why phase seg-
regation of the lanthanide ion occurs from the sillenite host
upon heating above 350 °C. To explore this, it is necessary to
understand the type of network structure present in the
bismuth gallate phase with sillenite structure. XRD patterns of
the 450 °C and 650 °C heated samples were Rietveld refined,
and the refined positional coordinates and lattice parameters
were used to construct the polyhedra and the network struc-
ture in the sillenite host. This is depicted in Fig. 6. Five-co-
ordinated distorted Bi** polyhedra with BiO;LP (where LP rep-

(a)
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resents the stereochemically active lone pair of electrons in the
6s” orbital of Bi**) structural units edge-shared in the network.
These edge-shared square pyramids corner-shared with GaO,
tetrahedra to form a chain, and these chains formed the 3D
network. The structural features mentioned above matched
well with those reported earlier for such types of
compounds.®”

Computational studies

To understand the structure-property relationship, DFT calcu-
lations on Bi,;Ga,0,4y with the 123 structure were carried out
using VASP software. A single-point calculation was performed
on the structure obtained through Rietveld refinement of the
observed XRD pattern. The structure exhibited five different
crystallographic sites: Bi1 (24f), Gal (2a), O1 (8¢c), 02 (24f) and
O3 (8¢). These sites were similar to those present in the con-
ventional y-Bi,O; unit cell. Bil was surrounded by five oxygen
atoms to form a distorted BiOsE square pyramid, while Gal
was coordinated by four O3 atoms leading to formation of
GaO, tetrahedron. Fig. 7 shows the electron localization func-
tion (ELF) along the (020) plane of the unit cell. It is evident
from the figure that ELF values were higher around the Bi
atom. Previously,”” it has been shown that the isosurface of a
lobe-like charge distribution around the Bi atom is a signature
of 65> LPEs. Thus, one can conjecture that the lone pairs are
not exactly pointing toward the neighbouring Bi-atom; rather,
they are tilted. The electronic structure of bismuth gallate is
shown in Fig. 8. The valence band had a major contribution
from the p-orbital of oxygen atoms, while the conduction band
had dominant contributions from the p-orbitals of both Bi
and oxygen atoms. The presence of Bi-6s states near the Fermi
level in the valence band was considered a signature of stereo-
chemically active lone pairs. In fact, the PDOS showed that the
Bi-6s state was close to the valence band maximum for
bismuth gallate.*®* *° The placement of the 6s state close to the
valence band reduced the band gap. In fact, UV-visible optical
absorption studies clearly showed a red shift in the wavelength
corresponding to the onset of absorption (decrease in the
optical gap) for the high-temperature heated samples (Fig. 2(a
and b)). Hence, the experimental results were consistent with
the inferences derived from theoretical studies.

(b)

Fig. 6 (a and b) Schematic of the network structure. The 6s? lone pairs of Bi** are shown in (b).

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 (Top) Electron localization function (ELF) along the (020) plane for
BixsGa,040 With the 123 space group. (Bottom) Molecular orbital diagram
from cluster model calculations. In cluster model the hydrogen temination
of terminal oxygens are not shown for clarity of presentation.
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Fig. 8 Projected density of states for BieGa,O40 with the /23 space
group.

In order to gain more insight at the orbital level, unrest-
ricted Hartree-Fock (HF) calculations on a cluster model and
the frontier molecular orbital having lone pair contributions
are presented in Fig. 7 (bottom). It is observed that the mole-
cular orbital with the lone pair contribution exhibited anti-
bonding character. The phase of the wave function centered
on the Bi atoms was opposite to that of the surrounding
oxygen atoms. The antibonding character was a manifestation
of the greater repulsive interaction between the two involved
atoms (Bi and O). It is expected that in the nanostructure,
owing to its finite size and large surface area, the average
environment would deviate from square pyramidal symmetry.
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Molecular orbital
P

Total SCF Density

Total SCF Density
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pyramidal symmetry:
Electron density is
distributed around all sides
of the central Bi atom
(Averaging out interactions)

Square pyramid: Electron density
is primarily localized on one side
of the central Bi atom
(Averaging out interactions is
NOT feasible)

Fig. 9 HF calculations on the BiOs cluster model. In cluster model the
hydrogen temination of terminal oxygens are not shown for clarity of
presentation.

Based on this motif, unrestricted HF calculations on a BiO;
cluster model (where terminal oxygens were terminated with
hydrogen atoms) were carried out, and the results are pre-
sented in Fig. 9.

The optimization of the finite-sized BiOs led to a deviation
from square pyramidal symmetry. Thus, it appeared quite
obvious that nanocrystalline Bi;;GaO,q.s would have BiOs
units with a shift in square pyramidal symmetry. It is worth
noting that in the square pyramidal BiOs, the electron density
was asymmetrically distributed, primarily on one side of the
hemisphere, where averaging of interactions was not possible.
Furthermore, in the square pyramidal BiOs unit, the lone pair
electron density was also visible, similar to the Bi;;GaOy.s
cluster model. However, the relaxed BiOs unit (structural unit
with non-square pyramidal symmetry) had electron density in
both hemispheres around the central Bi atom, leading to the
averaging out of interactions. Interestingly, the relaxed BiOs
(non-square pyramidal symmetry) units had closer Bi-O
bonds, indicating a greater extent of bonding and resulting in
the disappearance of the lone pair contribution.

Based on the above discussion, it is clear that bulk
Bi;,Ga0,.5, having square pyramidal BiOs units, would have

This journal is © The Royal Society of Chemistry 2025
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Electron localization function (ELF) in 020 plane

§ "

Fig. 10 ELF function of Eu®*-substituted BisGa,O4o With the /23 space
group.

stereochemically active lone pairs with asymmetrical electronic
charge distribution, heavily biased towards one side of the
hemisphere of the central Bi atom. In this biased electronic
charge distribution, with antibonding-like features, the repul-
sive forces do not get averaged out locally. The long-range
ordering due to the crystalline bulk nature resulted in the
orientation of the lone pairs in a systematic fashion. In other
words, there was a systematic balancing of repulsive inter-
actions at each Bi site with a lone pair, translated crsytallogra-
phically (periodically translated according to crystallograpic
symmetry). The inclusion of Eu or a rare earth ion disrupted
this long-range balancing act, thereby destabilizing the system,
as shown in Fig. 10.

Thus, the structure of Bi;,Ga0,.s appeared to be a typical
case of the balance of repulsive forces between the lone pair
and the extent of long-range order among the lone pairs. The
repulsion from the oxide ions pushed the lone pair in the
(020) plane (since this plane was primarily occupied by
bismuth atoms), and within the plane, the lone pairs did not
point directly toward other facial bismuth atoms. Instead, they
remained tilted to minimize the repulsion. As seen in Fig. 10,
after the inclusion of europium (lanthanide) ions at the Bi site,
the localized function disappeared at that site. Hence, the
incorporation of lanthanide ions disrupted the balance
between repulsive forces in the extended system, leading to
phase instability.

In contrast, size-induced distortion in nanocrystalline
Bi;,Ga0,0.s resulted in non-square pyramidal BiOsE units,
leading to a deviation from the biased electronic distribution
to a more uniform distribution in both hemispheres around
the central Bi atoms. This kind of uniform distribution (in the
context of spherical distribution of electronic charge) led to the
averaging out of interactions at local bismuth sites, resulting
in a reduction in the stereochemical activity of the lone pair.
Additionally, owing to the finite size, there would be no possi-
bility of long-range translational repeatability of electronic
effects. Hence, due to (i) the averaging out of interactions at
local Bi sites and the associated suppression of stereochemical
activity and (ii) the absence of long-range translational repeat-
ability of electronic effects, the nanocrystalline sample would
be able to accommodate the rare earth ion more comfortably
compared to the bulk counterpart.

This journal is © The Royal Society of Chemistry 2025
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Perspectives

Based on the experimental and theoretical investigations
described above, joint inferences were drawn and are pre-
sented as follows: one half of the BiOsE square pyramid was
bonded only to oxygen atoms, while the other half contained
only 6s® lone pair of electrons. This configuration applied to
the samples heated at 450 °C and 650 °C, resulting in an-
isotropy in the electron cloud around Bi*" for these samples.
Although electronic anisotropy was present, long-range order-
ing of the lone pairs existed. Furthermore, the lone pairs were
arranged in such a way that minimum repulsive forces existed
between them. The regular arrangement of lone pairs with
minimal repulsion led to the stereochemically active nature of
the lone pair. Any disturbance in the long-range order, such as
the incorporation of Ln** at the Bi*" site, could result in
drastic changes or imbalance in the repulsive forces between
the lone pairs, leading to the collapse/destabilization of the
network and the formation of lanthanide-rich bismuth oxides.
This was, in fact, what occurred for the samples heated at
450 °C and 650 °C.

For the as-prepared, 250 °C and 350 °C heated samples,
there existed a distribution in the bond angles and bond
lengths around Bi**. The lone pairs attached to the Bi**
species were oriented randomly within the network. Due to the
distribution in bond angles and bond lengths, combined with
the random orientation of lone pairs, the extent of spherical
electronic anisotropy around Bi** was lesser in the as-prepared,
250 °C and 350 °C heated samples compared to that in the
450 °C and 650 °C heated samples. Thus, the lone pairs of the
low-temperature heated samples were stereochemically inac-
tive compared to those heated at 450 °C and 650 °C. Hence,
for the low-temperature heated samples, the incorporation of
Ln®" at the Bi*" site could not destabilize the structure, and
hence lanthanide ions were retained within the structure. This
was reflected in the luminescence properties of the Ln** ion
discussed above. It is noteworthy that hosts such as BiPO,
(both monoclinic and hexagonal forms) retain lanthanide ions
substituted at the Bi*" site in the host, even after heating at
high temperatures.>* > However, in the case of BiPO,, Bi** was
coordinated with 8 or more oxygen atoms, allowing a uniform
electron cloud to exist around Bi**. Thus, the lone pair did not
play a significant role in determining the symmetry of the
lattice/network and was considered stereochemically silent.

Conclusion

Crystalline sillenite-structured bismuth gallate with the com-
position Bi;;Ga0,4.s was prepared at low temperature using
the polyol method, followed by heating at 450 °C. Based on
detailed XRD, EDX and XRF techniques, it was confirmed that
the synthesized sillenite phase was non-stoichiometric, with a
composition of Bij,Big19Gag.510105. The random orientation
of lone pairs attached to Bi*" ions, combined with its distribu-
ted local environment, led to stereochemically silent (inactive)
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lone pairs in the low-temperature (as-prepared, 250 °C and
350 °C) heated samples. In contrast, for the high-temperature
heated samples, the electronic distribution was quite aniso-
tropic. This, combined with the long-range ordering of lone
pairs, facilitated the creation of stereochemically active lone
pairs. Detailed luminescence studies using lanthanide ions
such as Er’", Eu®* and Tb*" as probe species established that
the onset of stereochemical activity, along with the lack of
balance between the repulsive forces, led to the loss (removal
or attrition) of lanthanide ions from the lattice and phase
segregation.
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