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ABSTRACT

We report here the analysis of vibrational properties of the sanbornite (low-BaSi>Os) and
BasSigO21 using theoretical and experimental approaches, as well as results of high temperature
experiments up to 1100-1150°C. The crystal parameters derived from Rietveld refinement and
calculations show excellent agreement, within 4%, while the absolute mean difference between
the theoretical and experimental results for the IR and Raman vibrational frequencies was <6 cm-
1. The temperature-dependent Raman study renders that both sanbornite and BasSisO21 display
specific Ba and Si sites and their Ba-O and Si-O bonds. In the case of the stretching modes assigned
to specific Si sites, the frequency dependence on the Si-O bond length exhibited very strong
correlations. Both phases showed that for a change of 0.01 A, the vibrational mode shifted 10 + 2
cmL. These results are promising for using Raman spectroscopy to track in situ reactions under a

wide variety of conditions, especially during crystallization.

Keywords: Barium silicates, sanbornite, low-BaSi>Os, BasSisO21, Raman spectroscopy,
Rietveld refinement, DFT calculations
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1. Introduction

Barium silicates are extensively studied for their excellent material properties and device
performance in a range of important technological applications [1-7] Sanbornite (low-BaSi»Os) is
a uncommon mineral found in Big Creek, California (USA), and its hydrous analogue bigcreekite
(BaSi20s-4H,0) are rare examples where Ba is concentrated in a silicate phase [8-10]. On the
other hand, BasSigO»: is a synthetic phase, displaying the rare characteristic of being an anhydrous
phase containing ribbons (quadruple zweier chains) of silica tetrahedra surrounded by Ba cations
which stabilize the stretched chains. Each ribbon is composed of two types of SiO4 units that can
be distinguished by the number of inter-tetrahedral linkages they contain. These can be described
as Q" species where n is the number oxygens bonded to adjacent Si cations. In BasSigO21, the
tetrahedra along the edges of the ribbons are only bonded to two adjacent tetrahedra, Q? species,
whereas the tetrahedra which form the interior of the ribbon are connected to three adjacent
tetrahedra, Q® species. Ultimately, BasSisOa1 is distinct from sanbornite in the presence of the Q2
species but comparable in that ribbon and sheets are dominantly composed of Q2 species. Both
structures have been discussed in considerable detail by Liebau and colleagues [11-14].

Sanbornite and BasSigO21 have received considerable attention in recent years due to their
desirable formation as acicular aggregates, leading to a considerable strengthening of the glass-
ceramics produced and due to their high thermal expansion, which has led to their wide
investigation for solid-oxide fuel cell sealant materials [5,15]. In particular, sanbornite-based
glasses display volume nucleation and thus have long been of interest to researchers looking into
the fundamental process of crystallization [16—22]. When doped with rare-earth elements, these
materials can be used as light emitting diode materials [23,24]. Although interesting behaviors
have been shown, there is a lack of clarity regarding the origin and significance of the vibrational

modes and their transitions during crystallization processes [21,25-28].

Vibrational spectroscopy is one of the most versatile techniques used in the investigation of
the structure of oxides and oxide glasses. For the low symmetry materials, there may be several
bands calculated to lie near the position of a single observed feature. In such cases it is impossible
to make an unambiguous assignment if the calculated intensities are so model-dependent that they

cannot be used as an aid. Quantum-chemical computations predicting frequencies and spectral
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intensities are essential to complement the interpretation of experimental spectra, particularly for

complex materials where the high density of states results in spectral complexity [26].

Despite the long history of using Raman and infrared spectroscopy, as well as the employ
ab initio quantum mechanical methods [29,30], as appropriate tools to investigate the vibrational
behavior and related properties (e.g. heat capacity), few crystalline phases of silicates have had
detailed determination of their vibrational modes. Early studies have been subject to the limitations

and ad hoc assumption used to determine the dominant spectral features [29].

The temperature effect on the phonon properties of both sanbornite (low-BaSi>Os) and
BasSigO21 is unknown yet, and it is of great interest to study their vibrational properties at high-
temperature. In this context, this work investigates the vibrational modes of these systems related
with the phases presented in the BaO-SiO> system. The experimental results are correlated with
first-principle calculations, at the density functional theory (DFT) level, which allows not only the
classification of the vibrational modes up to 1150°C, but also to obtain information and structural
changes undergone by these materials. The application of the described strategy allowed us to

reliably describe the low-BaSi>Os and BasSigO21 materials.

2. Experimental and theoretical procedures

2.1. Sample preparation

High-purity reagents, BaCO3 and SiO- (Sigma-Aldrich, >99.9%), where used to synthesize
both low-BaSi>Os and BasSigO21. Due to the impurities resulting from the stable phases differing
by only ~3% BaO, the solid-state reaction procedure was followed. This entails grinding the
powders in a highly vibrating mill (to ensure fine and evenly distributed grain sizes) and
compression into tablets and then heat-treated for 30 h at 1340 and 1410°C for low-BaSi>Os and
BasSigO21, respectively. Prior to heat treatment the polycrystalline tablets were calcined for 1h at
1000°C. Both phases have been confirmed by X-ray diffraction (XRD) measurements using Cu
K, radiation operating at 40 kV and a current of 20 mA in continuous scanning mode (0.5° min)
with a 20 step of 0.02° between 10° < 20 < 80° on a Rigaku Ultima IV diffractometer. Rietveld
refinement of the resulting patterns were done using the GSAS program [32,33]. A LabRAM

HR800 was used to measure the Raman spectra operating a 532 nm diode laser of ~20 mW power
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on the sample. Spectra where taken using a 100x visible objective, a 100 um pinhole, an 1800
gr/mm grating resulting in a frequency and lateral spatial resolution of ~0.5 cm™ and <2 um,
respectively. Spectra are the average of 12 scans of a dwell time of five seconds. Spectra have been
intensity normalized to the high frequency stretching region, although raw spectra have roughly
equal intensity. Measured Raman active modes were curve fit using Lorentzian lineshapes to
determine individual peak parameters. High temperature measurements were carried out on 40-60
mg polycrystalline monolithic chips heated using a Linkam stage and a 50x SLWD objective.
Slightly longer spectra (10 second dwell time and 16 spectra were averaged) were taken as the

furnace window cuts the measured intensity to roughly a third of ambient condition spectra.

2.2. Computational methods

DFT calculations of the lattice parameters and vibrational modes were done using Becke's
three-parameter hybrid non-local exchange functional, combined with a Lee-Yang-Parr gradient-
corrected correlation functional (B3LYP), implemented in the CRYSTALL17 package [34]. The
atoms were centered and described using pseudopotential databases; [35], 88-31G* [36] and 8-
411d11G [37] (all-electron) for Ba, Si and O, respectively. Regarding the diagonalization of the
density matrix, the reciprocal space net was described by a shrinking factor of 4, generated
according to the Monkhorst—Pack scheme. The accuracy of the evaluation of the Coulomb and
exchange series was controlled by five thresholds, whose adopted values were 1077, 1077, 107,
1077, and 10**, The vibrational frequencies calculation was performed at the I" point within the
harmonic approximation, and the dynamic matrix was computed by the numerical evaluation of

the first derivative of analytical atomic gradients.
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3. Results and discussion
3.1. XRD analysis

The XRD patterns of the synthesized samples are shown in Fig. 1. The crystal structure
parameters are in agreement with the literature results, Table 1. The Rietveld refinement results
are comparable to published results having a goodness-of-fit (x?) close to unity and R values
below 10% [38]. The cell volumes for the measured and calculated structures of low-BaSi>Os
and BasSigO»y are less than 1% and 4% of the published values [11,12,15], respectively.
Therefore, the simulations show a very good agreement with the experimental results of the

measured structures.

® Sanbornite Orthorhombic low-BaSi5Os

*
=133
R, =9.05%
REX

=6.80%

P

*
!UBS.

E(JAL(E

Difference

Intensity (arb. units)

Intensity (arb. units)

20 (degree)

Figure 1: Rietveld refinement of diffraction patterns for A) sanbornite and B) BasSigO>1.
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Table 1: Crystal structural parameters of barium silicate phases in this study.

a1 3,
Phase Formula Space Group Density” (g/cm)  Cell V:Iume a b ¢ B Reference
theoretical experimental (A°) &) (&) (A) (degrees)
3.77 3.70 481.25 7.688 4629  13.523 90.00 [12]
Sanbornite .
| _ Basi,Ox Pmen 481.78 7.690 4,632 13,528  90.00 [15]
ow-BaSi; 0 483.02 7696 4636 13.538  90.00 This study - Rietveld
3.632 500.84 7.778 4.684 13.744  90.00 This study - DFT
3.925 3.93 2110.20 32,675 4.695 13.894 98.10 [11]
B5S8 BaSiz0;, c2/c 2120.6 32739 4.702 13917 98.17 [15]
2121.6 32,756 4.705 13909 98.18 This study - Rietveld
3.771 2200.3 33.284 4738 14.097 98.29 This study - DFT

! reported in [13].

Sanbornite is a phyllosilicate composed of two layers: one of Q3 species and one of BaOg

polyhedra (Figure 2). Each of the Q® species are connected to adjacent tetrahedra via bridging

oxygens (BO) at the O1 and O3 sites whereas the O2 oxygen is a non-bridging oxygen (NBO)
which is only bonded to one Si and three Ba atoms. Topologically, sanbornite can be described as
a 6% net or an infinite layer of six-membered tetrahedral rings [39]. The large size of the Ba cations
distorts each sheet such that the NBO are sticking out towards the Ba cations. This results in a

relationship between the layers were one BaOg polyhedron sits atop of two silica tetrahedra, and

vice versa.
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Table 2: Experimental and calculated vibrational modes in sanbornite.

Infrared modes

Raman modes

Q
-]
o
= Frequen L Frequen FWHM Relative Frequenc

::‘m'l v Symmetry  Origin ::‘m'l <y e Intensity (%) :‘m'l v Symmetry Av Origin®
vy 60.0 Ay lattice 55.0 1.2 11 59.8 A, -4.8 02-Ba
v, 66.1 B,, 02-Ba 70.1 35 14 71.5 Byg -1.4 Ba-02-Si
v; 759 A, Ba-02-5i 71.9 2.2 34 78.0 By, 6.1 Ba-02
A 93.0 2.2 14 78.3 By, 14.7 Sio4
Vg 98.6 1.8 1 99.5 A, -0.9 Ba-02
v, 104.4 B, Ba-02 103.3 2.4 4 102.3 B, 1.0 lattice
vy 110.1 A, Ba-02-Si
Vg 120.3 B, lattice 116.4 Byg Ba-02
Vg 126.3 By, Si-02 118.2 3.0 23 118.5 By, -0.3 lattice
vy 1349 B,y 01-Si-02 122.0 6.7 6 125.1 Bsg -3.1 Si-02
vy, 135.8 B, lattice 126.8 A, 01-Si-03
vy, 1375 By, 01-Si-03 148.5 6.0 3 159.6 B,g -11.1 Ba-02
vy 1825 B, lattice 168.8 7.4 2 182.7 Bsg -13.9 Si-02
vy 198.7 Ay Ba-02 191.5 79 16 203.0 By, -11.5 Ba-02
vis 2093 A, Ba-02 224.0 104 19 216.9 A, 7.1 Si-03
vy 212.8 By lattice 247.4 6.0 6 236.3 By 11.1 lattice
vy 253.8 B,, Ba-02 267.4 7.2 5 259.9 B3, 7.5 lattice
vis  259.3 Bs, lattice 278.0 By, Ba-02,3-Si
vig  294.6 B., Si-02 292.3 12.6 5 299.3 A, -7.0 lattice
Vyy 3128 B,, Si-01-Si 315.7 5.0 11 322.2 B3, -6.5 Ba-02
Vy; 3255 Bs, lattice 3326 3.8 17 330.6 By, 2.0 03-5i-01
vy, 3276 A, 03-Si-01 341.8 4.6 11 342.2 Byg -0.4 lattice
Vo3 3720 By, Ba-02 355.3 A, Ba-02
vy, 3891 A, 02-5i-03 391.9 B, lattice
v,s 4017 By, lattice 386.1 52 3 3929 By, -6.8 02-5i-03
vy  438.9 Byy 01-5i-02 431.5 6.3 0 438.6 B3, -7.1 01-Si-02
Vy; 4539 Bs, 03-5i-01 453.0 3.2 1 457.0 B,g -4.1 Si0,
Vs 468.4 By, 01-Si-03 459.0 6.1 2 464.6 A, -5.6 01-Si-03
Vo 4731 Ay 02,3-5i-03 476.2 2.7 8 479.3 By, -3.1 02,3-Si-03
Vi, 4863 B,  01-5i-03 492.8 2.8 1 488.2 A, 46  01-5i-03
v3; 5075 Bsy 03-5i-02 508.4 Byg 03-Si-02
v3; 535.6 By, 03-Si-02 535.5 82 66 5345 A, 1.0 03-Si-02
Vi 5387 B,, sio, 550.0 9 sio,
vy, 5941 A, 03-5i-02 597.2 59 7 594.4 By 2.8 03-Si-02
V35 693.6 B,, Si-01 703.8 B3, Si0,
vy  758.8 Bs, Si-03 759.7 B,g 03-Si
v;; 7731 : Si0, 756.5 9.4 1 760.6 A, a1 S0,
vz 803.5 Byy Si-03-Si 805.9 B3, Si-03-Si
vy 9711 B3y Si0, 973.2 Big 02,3-5i
Vg 9724 A, 03-5i-02 973.6 Byg Sio,
vy, 9805 By, 03-Si-02 986.6 9.6 2 980.4 A, 6.2 03-Si-02
Vv;; 1001.4 B, 01-Si 1000.3 5.2 2 1004.1 B,g -3.7 01-Si
Vi3  1035.6 A, sio, 1037.4 38 1 1046.1 Bag 8.7 02,3-Si
vy 1047.7 Byy 02-Si 1053.4 By, 02-Si
Vs 10843 A, 01-Si 1077.9 45 100 1084.5 By, -6.6 01-Si
Vis  1095.1 I Si0, 1100.1 49 1 1096.3 A, 3.8 02-5i
vy 1095.3 Byy 03-Si 1113.2 Byg 01,2-Si
vis  1100.6 By, 02-5i 1172.9 10.3 1 1193.0 Bsg -20.1 03-Si

Mean A, FWHM' 7.8 |av]? 5.8
Mean B FWHM* 5.3 max. Av 20.1

! only modes contributing >1% to the area were considered.

2 | Av| is the absolute mean difference between theoretical and experimental frequency.
3 Note O1 & 03 are BOs whereas 02 is a NBO (Fig. 2).
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Figure 2: A schematic representation of the sanbornite crystal structure. Ba are large yellow
spheres (colour online). Blue Si-centered tetrahedra show dark red BO and lighter pink NBO. Site
labels refer to those in table 2. The directions defined by the a and c lattice parameters are drawn.

169 BasSigO21 has 18 crystallographic sites (Figure 3) and as a consequence has a large number
170  of Raman modes (Table 3). This phase is a rare silicate composed of quadruple zweier chains that
171 form ribbons that can be described topologically as 2T2*Ts ribbons [40]. In the BasSisO2: structure,
172 the edge of each ribbon has Q? species at the Sil site. The remaining Si sites (Si2-Si4) are Q°
173  species, all of which have three BO and one NBO. The Q" species display distinct vibrational

174  frequencies.

175
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Figure 3: A schematic representation of the unit cell showing structural features of BasSigO2:. Site
labels refer to those in Table 3 and colors follow those in figure 2. The directions defined by the a
and c lattice parameters are drawn.



Table 3: Experimental and theoretical vibrational modes in Ba;Sig0,,*

3 Infrared modes Raman Modes
2 Frequency Symmetr Y Frequency FWHM  Relative  Area  Frequency Symmetr
- ¥ Origin e cm®  Intensity (%) % em’ ¥ o~
vy 695 B, 010-5i4 537 B, 010-5i4
vy 459 A, 02-8a2-010 518 32 5 <1 545 Ay 27 lattice
Va 55.5 B, Ba2-01-5i1 571 18 [ <1 55.7 Bg -1.4 010-8a2-02,06
Vi 625 A, 05-Ba2-07 59.9 21 4 <1 60.1 Ay 02 06-Ba2-010
v o 647 B, 02-Ba2-056 65.4 28 19 12 73.0 By 76 8a2-06-513
vs 683 A 04-8a1-02
Vg 70.2 B, 010-Ba3-07 716 08 2 <<l 742 Ay 26 lattice
w732 B, 01-Bal-045
Vs 753 A, Ba2 76.8 42 15 13 80.2 By 34 05-Bal-5i1/01
v  Bl4 A 8a3-010-5i4 818 a0 2 2.0 859 Ay 41 lattice
Vio 878 B, Ba3-07-5i3 85.3 4.1 9 <1 877 By 24 lattice
Vi 83.6 A, 02-Bal-04-Ba2-010-Ba3 889 51 15 17 934 A 45 complex
Vi 59.4 B, Ba3-07 92.6 48 23 24 98.0 e 5.4 01-Bal-02,5
vy 1011 A 02,5-8a1-01 98.3 56 El 10 1017 B, 34 Ba2-various 0
e 1044 A Ba lattice 102.5 39 19 16 1018 A 0.6 5i1-02-Ba1,2-010
Vis. 108.0 B, Bal,3-various O-5i1 105.3 6.5 30 4.2 105.8 By 05 01,4-Bal-02/si1
we 1124 B, 8a2-010-Ba3 106.0 Ay Ba1-5il lattice
Yoy 1140 B, Ba3-07 1144 82 8 14 1155 By 11 Ba2-010-Ba3
v 1151 A 8a3-07,10 & Sid-011 172 A 04-Bal-01
Vis 1186 A, 04-Ba1-01 122.8 1.0 1 <<l 122.9 Ay 01 Sid-011
Vi 1223 B, 010-Ba2-02 & 010-Ba3-07 1338 By 8a2-010-5i4 & 07-823-010
v 1251 A, 05.82.010 & 5i4-011 13238 60 E] 12 1340 Ay 12 010-822-06
Vo 130.1 A, 07-Ba3 & 010-8a3 1406 104 2 <1 1416 By 10 06-Ba2-010-8a3
vn 1383 B, 07,10-833 &010-Ba3 1436 A lattice
Vay 1396 A, lattice: 149.2 41 3 <1 154.4 By 52 lattice
v 1559 B, lattice 164.6 73 4 <1 160.9 Ay 37 01-8al-02 & 05-8a2
166.4 A, lattice 168.6 9.2 9 18 167.7 B, 0.9 ©04-Bal-02
Var 166.6 B, 04-Bal-02 186.0 105 7 16 176.8 Ay 8.2 01,5-Ba1,2
188.5 A, Bal,2 lattice 196.0 1.9 2 <1 196.2 By 02 lattice
Vas 196.0 B, 05,6-821,2-01,2,6 209.1 86 6 10 208.1 A -0.9 01,4-Bal,2-0125
v 2044 A 04-81-02 & 04-512-06 209.2 B, O1-Ba1-04
vy 2128 B, 02-8a1-01 217.7 B, 02-8a1,2.01,5
Vi 21177 B, 02-Bal1,2-015 2267 A 01-Bal & 03-5i1-04
Vi3 n11 A, 02-Bal & 02-Ba2-05 277 By lattice
v 2294 A lattice 215 128 30 84 2331 Ay 8.4 02Bal&02,6-Ba2-025
2337 B, lattice 2508 A 05-8a1,2-01,2
Vis 2432 B, lattice: 257.7 100 15 32 255.1 By -6 05-Bal,2-01,10
2596 A, lattice 264.7 Ay lattice
Vag. 2666 B, lattice 2736 98 16 35 2745 By 0.9 lattice
v 2695 A lattice 283.7 9.0 37 72 280.7 A 3.0 lattice
Vi 2793 B, 07,10-822,3-02,7 2978 83 6 10 2896 B, 19 010-822,3-02,7
Var 2908 A, lattice. 306.6 a7 8 18 3004 A -6.2 lattice
Var 2964 A, 010-Ba2-02 & Ba3-07,10 316.3 89 9 17 3106 By 5.6 02,5-Ba1,2-01,5,10
vy o 3032 B, 01-821,2-01,5 3248 58 3 <1 221 Ay 27 8al3-01,57
va 3145 A 07-Ba3-010 3222 B, Ba3-5i3-07,9,10
Vas. 3217 B, 09-5i3,4-06,11 325 By 01-Bal-05-8i1
v 3243 A 8a2,3-02,7.10 1339 Ay lattice
Va7 3304 B, all Ba rattle 3500 A lattice
v 3381 A 8a2,3-010-514 363.1 82 3 <1 3617 Ay 14 lattice
Vs 3595 A, lattice 3752 84 4 <1 369.2 By -6.0 lattice
Vo 3723 B, lattice 847 By 011-5i4-010
vs 3811 A 08.53.07 & 54-011 393.7 98 2 <1 86.2 Ay .75 5i4-011
Vs, 3831 B, 011-5i4-010 400.1 By 05-512-06
v 3938 B, 05-5i2-06 409.2 63 3 <1 406.8 A 2.4 lattice
Vs 4135 A, 05-52-04 4304 5.4 4 <1 4215 By -8.9 010-5i4-011
v 4206 B, 010-5i14-011
v 4335 A, lattice 4390 46 5 <1 4439 A 59 01-i1-02
V7 4572 B, §i1-01-Bal 445.0 56 5 <1 4511 By 61 01-5i1-02 & 010-5i4-08
Vs 4639 A, $i4-010-Ba2 449.4 6.3 4 <1 465.4 By 16.0 04-511-01
Vs B, 04-5i1-01 468.6 46 11 11 467.4 A -1.2 5i4-010-Ba2
Ves B, 011-514-08 470 62 6 <1 484.2 Ay 132 OISI1O4&EC3SI205
e A 035i2-05 480.9 56 14 17 484.7 B, 38 S30BSAEOILSE08
Ve A, 01-5i1-04 501.8 81 22 39 488.7 A -13.1 5i3-06-Ba2
V3 B, 02-5i1-04 & 5i3-06-Ba2 506.7 44 10 1.0 494.9 By <118 02-511-02
veu A 5i4-08-5i3 516.7 38 3 <1 5129 Ay 38 5i4-08-5i3
Ves B, §i1-03-5i2 & 09-5i3-06 5236 a7 14 15 5239 B, 02  si103sSi2A08sE08
Vs A 08-5i4-010 535.1 53 a8 126 536.1 Ay 10 07,95i3,4
Ver B, 5i3,4-08,9 545.0 By 513-09-514
Ve A, 5i3-09-5i4 545.7 53 50 5.8 545.5 A -0.2 07-512-05 & 09-5i3-08
e B, 03-5i2-04 555.6 [ 03,4-512-05,6
Vi A, 04-5i1-Bal & 03-512-04 564.5 Ay 04-5i1-Bal
Vo B, 04-511-03 601.9 6.7 24 35 587.7 Bg -14.3 04-511-03
Vi B, Sirattle 6139 73 22 35 626.4 Ay 125 5i1-04-52
v A si1-04-5i2 632.1 65 3 <1 639.2 By 71 5i1-04-5i2
oy A 08,10-54-011 7176 A 08,10-514-011
Vs B, 5i1-03,6-512 7345 By §i1-03,6-512
e A 03-5i1-8a1 736.1 67 1 < 7396 Ay £ 03-5i1-Bal
Vo B, 04-5i2-05 749.2 102 20 44 7574 A 82 $12-04-8a1 & 06-52-03
v A 0451205 759.4 [ 5i2-04-5i1
vis B, 5/3-08,9-5i4 778.2 Ay 5/3-08,9-514
Vo A, $i3-08,9-5i4 779.4 By 5i3-08,9-514
Vo B, 03,4512 8253 By 03,4.5i2
ver A 03,4512 920.7 a8 16 16 9260 Ay 53
Vo B, 02-si1 924.0 72 2 5.1 934.1 A 10.1 01,2511
Ve A, 01-5i1 952.8 By 01,2511
ey B, 5i3-09-5i4 & 09 966.2 B, 5i3-09-5i4 & 09-5id
Vas A, 5i3-09-5i4 & 09-5id %97 124 2 <1 967.2 A 25 Si3.09.5i4 & 0954
var B, 08-5i3-06, 08-5i4-010 987.5 29 0 <<l 9860 B, 14 08-5i3-06
ey A 04-5i1 & 07-5i3 10040 7.3 3 < 10115 B, 75 06-512 & D10-514
Vs B, 06-5i2 & 010-5i4 10113 47 13 13 10126 A 12 01-5i1-02
oo A 0201 10244 38 11 <1 10182 A 6.1 03,4-5i1-8al & 07513
Vg A, 06-5i2 & 010-5i4 10276 86 14 26 1021.8 By -58 01,02-8i1
Ve B, 02-5i1 1042.8 A 01-5i1
Va3 B, 01-5i1 & 07-5i3 10535 74 7 12 1045.5 By -8.0 5i2-06-Ba2 & 06,
oy B, 06,753 10668 55 100 121 10647 By 21 o753
Vas A 06-5i3 1069.6 57 aa 55 10651 A -4.5 05-5i2
Vs B, 035,512 & 08-Sid 10753 45 64 63 10786 Ay 33 08,10-5i4
var A 035-5i2 & OB-5id 1085.6 Ay 07-5i2
Vas A, 07-5i3 1094.1 33 1 <<l 1107.6 By 135 S5i1-04-5i2
oy B, 05-5i2-06 10994 52 1 <1 11088 A 9.4 5i2-06-5i3
Vigo A, 5i4-05.8 11304 84 o <<l 1132.4 By 20 Sid-011
Vion By 5i4-011 11711 11.0 1 <1 1197.9 By 26.8 5i4-011
Mean A; FWHM 6.9 |av| 51
Mean B FWHM 7.0 max dv 268

“the symbols used are the same as n table 2
'~ Nete 01, G2, 05, 07 & D10 are NBD whereas 03, 04, 06, 08, 09 and 011 are BO. §11Is the 0° whereas 5i2-id are 0" species {see Fig. 3).
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3.2. Vibrational modes
3.2.1. Low-BaSi20s

The primitive cell of sanbornite (Pmcn) contains 32 atoms and therefore, 96 normal modes
including the three acoustic translations (Biu, B2u & Bsu) (Figure 2). The correlation method [41]
allows for the determination of the vibrational modes at the center of the Brillouin
zone, i, pasi20% = 13AR + 11BF, + 11B%, + 13BY, + 1145"" + 12B{% + 12BiF + 10B1E.
There is no known published evaluation of the vibrational spectra despite the multiple Raman
studies involving sanbornite [27,28,42]. However, theoretical results reproduce the experimental
vibrational modes with an absolute mean deviation of <6 cm™, and the high degree of overlap in
the measured peaks and the displacement from unity in the calculated frequencies yields a small
potential for ambiguity. For example, the measured modes numbering 12 (148.5 cm™) through 17
(267 cm™) could correspond to the calculated modes at 182.7 through 278.0 cm™. The overall
agreement found between measured and simulated frequencies suggests that the spectrum can be
divided into four regions according to the predominant symmetry character of the modes: the
essentially rigid rotational motions occur below 100 cm™; bending modes involving Ba-O
polyhedral from 100-400 cm™; intra- or inter-tetrahedral bending modes (O-Si-O, Si-O-Si), with
varying degree of Ba participation, at the range 400-760 cm™; the stretching mode region found
>800 cm*. However, there are several stretching modes around 118 and 160 cm™ and bending
modes in the stretching region. Modes described as lattice involve significant movement of both
the BaOg and SiOs sublattices. The complete list of mode symmetries and cations involved are

reported in Table 2.

An analysis of the theoretical results of Table 2 shows that there is no distinction in either
the relative intensities, the linewidths, or symmetry of modes involving a particular site (whether
Si or Ba). Apart from the frequency distinctions there is no physically measurable parameter that

distinguishes modes involving Si from Ba, nor distinguishing BO from NBO behavior.
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Figure 5: Spectra of sanbornite and BasSigO»; at 252C and 800 °C. A) the low frequency
region and B) the high frequency stretching modes. Arrows highlight the vibrational modes.

The primitive cell of BasSigO21 (C2/c) contains 68 atoms and consequently 204 normal
modes including the acoustic modes (Au + 2By). The vibrational modes at Brillouin zone center
can be composed as: LFseoat = 49A% + 50BR + 51AIR + 51BIR. The theoretical results
reproduce the experimental observed modes slightly better than for sanbornite with a lower
absolute mean deviation of <5.1 cm™. It is important to remark that numerous vibrational modes
leave some ambiguity, especially at lower frequencies where many modes overlap. Note that the
Ba3 and O11 sites (Figure 3) are found at the Wycoff sites 4a and 4e, respectively, and

consequently, the correlation method would infer that the Ba3 is not Raman active and that O11
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site would only contribute to three modes. Fortunately, our simulation shows that this inference is
somewhat misleading. An analysis of the results of Table 3 renders that the Ba3 site contributes to
at least six modes whereas the O11 site contributes to multiple modes included several pure Si4-
011 stretching modes with values larger than 1100 cm™. This result highlights the necessity of ab
initio simulations in determining the origin of the Raman modes. As with sanbornite, the spectra
can be divided into four regions with small shifts in the limits (Figure 4). The essentially rigid
rotational motions occur below 100 cm™; bending modes involving Ba-O polyhedral from 100-
370 cm; intra- or inter-tetrahedral bending modes (O-Si-O, Si-O-Si), with varying degree of Ba

participation, found from 370-780 cm'!; the stretching mode region found >900 cm™.

The same caveats noted above apply to our analysis of BasSigO»1, however, given the
complexity of the spectra we emphasize that the agreement is excellent. The above modes are

discussed in more detail below along with some correlations to their crystal chemical properties.
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Table 4: Values of thermal effects on the mode
parameters for sanbornite.

2 Center (C) Shift Linewidth" % of Variance’ 3
s v, T, 10°6v/8T w, 10°8wW/sr v w YP
v 55.0 1150 -6.5 0.9 1.7 h m 3.22
V3 71.9 1150 -8.6 3.0 4.5 h h 3.26
Vg 103.3 1150 -9.9 3.9 4.8 h | 2.61
Vg 118.2 1150 -13.5 4 n.d. h 3.11
v, 1485 925  -206 5 n.d. h 3.78
Vig 224.0 1150 -11.4 12.5 14.7 m m 1.39
Vig 247.4 1150 3.4 4.1 24.6 | h -0.37
vy 267.4 1150 -2.3 8.2 15.7 I h 0.23
vie 2923 1150 -11.3 13 n.d. h 1.05
vy 3157 1150 -133 4.6 19.8 h h 1.15
vy, 3326 1150 -10.0 2.8 17.9 h vh 0.82
vy,  341.8 1150 29 43 14.4 m -0.23
vo*  476.2 1150 -7.2 3.0 7.7 h 0.41
V3, 535.5 1150 -19.0 8.7 26.6 h vh 0.97
vy, 597.2 1150 -30.0 9.7 10.8 m | 1.37
vy; 7565 1150 -20.8 12.2 9.9 h I 0.75
vg; 10003 1150  -25.8 n.d. 0.70
vgs 10779 1150 -19.7 2.8 18.4 h h 0.50
v, 11729 1150 -31.7 20-40 n.d. h 0.74

* FWHM deviates from linearity around 800°C

YW = full-width at half-maximum; n.d. = not determined

% 9% of variance explained by regression model: v = very; h = high, R’>0.9; m = moderate,
R’>0.75; | = low, R’>0.5

3 Yo = (-1/avy)( 6v/8T),, where a is the room temperature volume expansion coefficient

(3‘67x10'5/K) determined from the structural data of [15].

3.3. Temperature dependence of Raman modes

In general, as temperature increases, a thermal expansion takes place with concomitant
increase of the crystal volume by lengthening bonds and increasing the inter-tetrahedral angles.
These changes should be recorded in the frequencies of the vibrational modes. Twenty of the 33
measured modes found for sanbornite (Table 2) have been consistently identified up to 1150°C,
and therefore, can be related to its thermal expansion. Table 4 includes the ambient position center
(vo) and linewidth (Wo) and their temperature dependences (6v/6T and dW/ST, respectively) as
well as a confidence indicator whether regression well (R? > 0.9) to weakly describes the mode
trend. Modes not included in this table were not well constrained or too weak to follow as the

temperature increases.

Raman modes are related to specific bonds, and/or groups of bonds, that can be characterized

by their crystal chemical properties. For instance, the Ba-O2 bonds are solely responsible for
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vibrational modes at 55.0, 71.9, 148.5, and 315.7 cm™, however, not all are well defined. Using
the thermal expansion data of Gorelova et al., [15], combined with our in situ high temperature
data reported here allows us to determine the mode dependence on various crystal structure

parameters.

In Figure 4, representative spectra at room temperature and 800°C were chosen to show the
temperature dependence of the modes. At higher temperatures, >800°C, the distinctions between
overlapping modes are lost due to homogeneous broadening. The vibrational modes with very low
values of frequency at 55.0 (v1) and 71.9 cm™ (v3) are well defined, and become increasingly so,
at higher temperatures (Figure 4a). The low frequency bands are related to rigid motions of the
Ba-02 bonds and, therefore relate directly to the bond length and indirectly to the volume of the
BaOy polyhedron (Figure 5). Although they both have slightly different dependencies, they are
similar at roughly ~1.5 cm™ for bond length change of 0.01 A (Fig. 6a). A difference quite easily
measured given the resolution of our Raman spectrometer. Likewise, the 1077.9 cm™ (vss)
stretching mode of the O1 away from the central Si atom shows an even stronger correlation with
the bond length (Fig. 6¢). This stretching mode is much more sensitive to a changing bond length
in that for every 0.01 A the frequency shifts by -9.8 cm™. This bond length shift is very similar but
even more strongly correlated than that found for the Si-O stretching modes and bond lengths in
forsterite (Mg2SiO4) [30]. Another intense mode is found at 535.5 cm™ (vs2) at ambient
temperatures. This mode is related predominantly to the bending motion of the Si perpendicular
the face joined by adjacent bridging (two O3) and non-bridging (O2) oxygens. Ultimately, this
vibrational mode can be correlated to the overall volume of the SiO4 tetrahedron (Fig. 3b). In this
case, a 1% volume change corresponds to a 1.9 shift in wavenumbers. Further generalization of
these relationships may permit Raman spectroscopy to be used in situ to probe crystal chemical
properties, especially, during chemical reactions (e.g. crystallization), where the origin of the

vibrational mode is known.
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Figure 6. Vibrational modes of the tetrahedral group (SiO4) for low-BaSi,Os: 216.8, 236.2,
534.5 and 1084.5 cm™ and BasSisO,: 536.1, 926.0, 1065.0 and 1079.0 cm™™,

eJvi

The BasSigO»1 spectra has a high number of vibrational modes which has the advantage of
permitting quite well-constrained temperature dependence of the peak positions. However, the
corollary is that this co-dependence becomes a disadvantage when one mode in a series of
overlapping mode becomes poorly constrained such that it degrades the fit of all overlapping
modes. Ultimately, of the 70 modes observed at ambient conditions, 28 were reliable characterized
to temperatures above 800°C (see Table 5). The temperature-dependent Raman study of the
BasSisO21 was performed to obtain information on structural changes induced by temperature, and
the wavenumber versus temperature plots are presented in Figure 7. We can observe that the

Raman spectra remain nearly unchanged during the heating of the sample.
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Figure 7. Frequency dependence on the bond length or tetrahedron volume derived from crystal
structural parameters of low-BaSi>Os determined to 1100°C.

A) Shows the Ba-0O2 vibrational modes at 55.0 (v; = —130.4(dgg_ngo) + 411.5, R? = 0.9968)
and 71.9 cm? (v = —172.1(dga_npo) + 541.6, R? = 0.9972). B) Shows the 535.5 cm™ bending
mode versus SiOs volume (v3, = —190.1(Si0, volume) + 941.8, R? = 0.9995). C) Shows the
1077.9 cm* versus Si-O1 bond length (v,s = —984.4(dg;_o;) + 2683.5, R? = 0.9995).

Notable among these modes are those that are similar to those in sanbornite, specifically
those centered at 57, ~500, 900-1070 cm%, which are related to Si-O-Ba bending, and Ba-O and
Si-O stretching motions, respectively. Unlike sanbornite, BasSigO.1 does not have modes
predominantly associated with specific Ba-oxygen bonding. The mode at 56.6 cm™ (v2) involves
rigid motion of the Ba2 site combined with the two opposing oxygens, O2 and O10, on adjacent
tetrahedral ribbons. The linear correlation to the Ba2-O* distance is weaker (Fig. 8a) than observed
for sanbornite (Fig. 6a). This is explained by the overlap of vo mode with adjacent v1 and vz modes.
Likewise, the remaining modes involve more than one oxygen and often both Si and Ba. For
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instance, the bending modes at 468.5 (vsg) and 501.8 cm™ (vs2) involve Si4-010-Ba2 and Si3-06-
Ba2, respectively (Table 3). Both should therefore be sensitive to the twisting of the adjacent
tetrahedra with thermal expansion which is concentrated along the ribbon length rather than
perpendicular to it [15]. Figure 8b shows the frequency dependence of these modes correlated to
their respective Si-O and Ba-O bond lengths. They show excellent correlation in either case. This
change is significant, because often shifts in bending modes are associated with changes in bond
angles, however, in this case, the Si4-010-Ba2 and Si3-06-Ba2 angles change less than 1 degree
between room temperature and 1000°C, whereas these modes show large frequency displacements,
both approximately -1 cm™ for every 100°C. These bending mode correlations are stronger than
recent correlations found for orthoenstatite [29]. Ultimately, however, knowing the pressure
dependence as well as the temperature dependence reported here would provide a more rigorous
understanding of the volume dependence and consequently the thermodynamics of these phases.
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Finally, the stretching modes at 928.1 (vs3) and 1066.6 (ves) cm™ are uniquely associated
with the Sil (Q?) and adjacent Si2 (Q°) sites, respectively, and clearly persist to the highest
temperatures investigated here (Fig. 4, 7). The Sil mode involves both stretching of both adjacent
oxygens, O1 and O2, away from the central silicon, whereas, the Si2 mode localized to the O5-Si2
bond. Both of these peaks overlap with adjacent modes although the vgs mode suffers more from
this issue. The high frequency By modes are quite sensitive to orientation, however, as this
experiment was conducted on the same site, we can be certain that the same vos mode was followed
throughout our high-temperature experiment. In the Sil case, the average of the short, Si1-O1, and
the long, Si1l-02, bond lengths are plotted against the frequency shift (Figure 8c). The strong
correlations in both the peak center and linewidth affirm this interpretation (Table 5). In both cases,
there is a strong correlation between the bond length and the frequency of these modes. Although
not identical, nor should they be expected to be identical, they are similar. They indicate that a
0.01 A change in bond length corresponds to a shift of 10 + 2 cm™.
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Table 5: Values of thermal effects on the mode
parameters for Ba;Sig0,,*

3 Center (C) Shift Linewidth % of Variance 1

s o Toe 10°8v/6T w, 10°8W/&T  w Ye

' 52.0 1100 -5.3 15 5.7 h h 3.80
v, 56.6 800 -4.3 2.4 4.3 h vl 2.83
Vg 76.6 1100 -3.8 2.7 5.3 m m 1.85
v 839 1000 -6 538 35 h  m 2.66
Via 92.0 1100 -6.9 4 8.2 m m 2.79
vis 980 800 1.8 42 75 I | 0.68
Vis 104.5 600 0.8 6.2 n.d. m | -0.29
vig 1313 600 -8.1 5 n.d. h I 2.30
Vg 166.3 1100 -17.8 12 n.d. h | 3.99
vy; 1854 1000 -23.9 138 13.8 h | 4,80
Vag 2111 1000 -31.3 9.7 27.4 h h 5.53
Vi 241.0 1100 -0.4 10.7 29.2 vl h 0.06
Vig 256.2 800 -6.8 10.5 23.8 | m 0.99
vy, 2828 1100 3.8 8.2 24.8 m vh 050
Va1 305.3 1100 -4.5 9.9 18.1 vl m 0.55
Vg3 315.4 400 -11.3 7.1 20.6 h h 1.34
Vyg 362.0 600 10.1 4.9 8.3 h | -1.04
Ve 376.0 1100 3.6 5.9 19.3 I m 0.36
Vs 393.9 600 -10.4 7.9 17.7 m h 0.98
Vsq 430.2 1100 -3.3 3.8 11.9 vl m 0.29
Vg7 445.1 800 -11.5 9 8.4 h | 0.96
V59 468.5 1000 -11.8 3.1 17 h h 0.94
Vg1 481.6 1100 -11 4.9 19.3 m h 0.85
Ve 501.8 1100 -11.4 7.3 19.6 h h 0.85
Ves 535.6 1100 -17.2 6.6 16.2 vh vh 1.20
Vg 546.0 1100 -11.3 39 24.8 vh vh 0.77
Vi1 600.8 1000 -11.8 5 19 m h 0.73
v, 6138 1100 -14.3 8.2 13.8 h  m 0.87
Vg, 923.6 500 -18.7 6.2 12.6 h h 0.75
Vg3 928.1 1100 -21 6.5 19.7 vh h 0.84
Vg 9722 1100 22 9.9 23.2 h h 0.84
vgg 1010.8 1100 -14.5 2.1 27.9 vh h 0.53
Vg, 1027.5 500 -12 6.8 28.5 h m 0.44
Vo3  1053.8 1100 -25.4 4.6 34.2 h | 0.90
Vgs 1066.6 1100 -16.0 5.6 18 vh vh 0.56
Vgg  1075.1 500 -21.6 4.7 4.5 vh | 0.75

* Parameters described as in table 4.

! isobaric mode-Griineisen parameter calculated using @, the room temperature volume
expansion coefficient, determined as 2.68x10°/K from the structural data of [15].
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6. Conclusions

The prominent phases of silicate: sanbornite and BasSigO21 have become ever more
important for industrial applications and hold promise in understanding crystal nucleation and
growth processes. Though widely used, Raman spectroscopy remains limited by an inability to
make detailed mode assignments and consequently, clear and confident interpretations remain few
and far between. This issue is largely overcome with ab initio calculations of vibrational
frequencies, as done here. The vibrational mode assignments and their relation to the structural

features has been reported in detail for both sanbornite and BasSigO21.

In addition, we report the temperature dependence of the Raman modes. Given the detailed
mode assignments, associated to specific Ba or Si sites or bonding configurations have been
revealed. Several examples, particularly of the stretching modes which are localized to specific Si-
O bonds show strong correlations with the bond length changes up to 1100°C. These relationships
should be pursued to high pressures so that a complete thermodynamic model can be made. Finally,
if the frequency dependence on some of these crystal chemical parameters can be generalized more
broadly, in situ Raman experiments may lead to critical insights into in situ reactions, including
crystallization and catalysis. Finally, we hope that this type of research can be considered a clear
example of how the joint use of first principle calculations and experimental measurements of
vibrational modes is an appropriate strategy to disclose the structure of complex oxide-based

materials.
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