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Abstract

The crystal structure of metastable Li,Si;O; was determined from single crystal X-ray diffraction data. The orthorhombic crystals were
found to adopt space group Pmca with unit cell parameters of a = 19.648(3) A, b= 5.9969(8)A and ¢ = 4.8691(6) A. The content
of the cell is Z = 4. The obtained structural model was refined to a R-value of 0.035. The structure exhibits silicate sheets, which can be
classified as {uB,Z,lio}[Siﬁom] using the silicate nomenclature of Liebau. The layers are build up from zweier single chains
running parallel to ¢. Raman spectra are presented and compared with other silicates. Furthermore, the structure is discussed

versus Na,Siz;O;.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Crystalline lithium silicates are of special importance for
certain areas of materials science and solid state chemistry.
Recent fields of applications include, for example, glass—
ceramics [1], CO, absorbing materials [2] and solid
electrolytes in lithium batteries [3,4]. With this regard it is
interesting to note that the historically first developed
glass—ceramic was based on Li,Si,Os [5]. In addition to
studies of the crystalline compounds numerous investiga-
tions were aimed to elucidate the glass formation and the
crystallisation behaviour in the binary glasses of the system
Li,O-SiO, [6-8]. Furthermore, the binary glasses have
been also used as comparatively simple model systems to
understand the internal structure, short range ordering and
ion transport mechanisms in amorphous systems [9—12].

According to the phase diagram [13] three thermodyna-
mically stable crystalline phases have to be distinguished:
LiySiOy4, LirSiO53 and LirSi»Os, respectively. The crystal
structures of these compounds are known for a long time.
However, there are indications that metastable phases such
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as Li»Si;O- can be obtained as well. The crystallisation of
Li,Si507 from a stoichiometric glass was firstly reported by
Matveev and Velya [14]. A more detailed study was carried
out by West and Glasser [15], who gave optical data, IR
spectra as well as indexed X-ray powder data along with a
suggestion for the space group Pbcm or Pca2; determined
from single crystal X-ray photographs. From the geometric
similarity between the unit cells of «-Na,Si,Os [16] and
Na,Si305 [17] on the one hand and that between Li,Si>Os5
[18] and Li,Si3O0; on the other hand, they deduced a
probable structure for the lithium trisilicate, showing the
same type of layers as the sodium trisilicate. Both
trisilicates are thermodynamically metastable. Whereas
lithium trisilicate is reported to persist indefinitely [15],
the sodium compound decomposes within months at
ambient conditions [19].

This work reports the crystal structure of Li»Si;O-
solved from single crystal X-ray diffraction data, which
basically confirms the assumption of West and Glasser [15],
although some structural differences will be discussed in
detail later. Moreover, the structural investigation is
accompanied by a study of the Raman spectra, which
includes a discussion of the similarities in the spectra of
Li,Si305 and the mineral orthoenstatite.
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2. Experimental details
2.1. Synthesis

The synthesis of lithium trisilicate was carried out
following the procedure given in [15]. Fine grained Li,CO;
(Merck, p.a.) and SiO, (Alfa Johnson Matthey, 99.995%)
were mixed according to the stoichiometric ratio of lithium
trisilicate and filled in a platinum crucible. The sample was
inserted in a resistance heated chamber furnace at 673 K.
The furnace was then heated up to 1673 K using a rate of
5K/min and held at this temperature for about 30 min.
Subsequently, the sample was quickly transferred to
another chamber furnace, pre-heated at 1163 K. While
inserting the sample, the temperature of the second furnace
dropped temporarily down to approximately 1020 K, but
stabilised after 1 min at 1163 K. Because of the thermal
inertia of the crucible/sample, the sample temperature
probably has not dropped that low. The sample was kept
for 6min at 1163 K, before it was finally removed from the
furnace and cooled to ambient conditions. After coarsely
crushing the sample, transparent crystals, exhibiting shapes
of very thin platelets, could be isolated from the bulk
material for further single crystal investigations. A part of
the bulk material was powderised and scrutinised by means
of X-ray powder diffraction, which revealed Li,SizO5, as
well as the stable form of Li»Si,O5 [20] and minor amounts
of quartz as by-products. The phase amounts (wt%) as
roughly determined by Rietveld analysis were 56, 42 and 2,
respectively. West and Glasser [15] reported, that the
trisilicate  crystallises in a temperature range of
1123-1193 K. Samples cooled below 1123 K were reported
to show greatly reduced yields of Li>SizO5. Higher amounts
of the trisilicate may be obtained by optimising the thermal
treatment.

2.2. Single crystal X-ray diffraction

One of the selected crystals was mounted at the top of a
glass fibre for single crystal X-ray diffraction experiments
on a StoEk IPDS II diffractometer. Table 1 presents further
experimental details. The diffraction pattern could be
indexed with an orthorhombic lattice. The data reduction
process included corrections for Lorentz, polarisation
and air absorption effects [21]. Due to the pronounced
anisotropic shape of the thin crystal a correction
for absorption was performed by the integration method
using eight indexed crystal faces [22]. An internal R value
of 0.049 for the Laue group mmm confirmed
the orthorhombic symmetry. From the analysis of
systematically absent reflections the extinction symbol
P-ca could be derived. Possible space groups are P2ca
(No. 29) or centrosymmetric Pmca (No. 57). The structure
was solved in Pmca using direct methods [23] and refined
using the software Jana2000 [24]. The non-standard setting
of the cell was chosen to stay conform to earlier structural
investigations on trisilicates [17,19]. The refinement of

Table 1
Experimental details
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Crystal data

Chemical formula

M,

Cell setting, space group
Temperature (K)

a, b, ¢ (A)

v (A3)

Z

D, (Mgm™)

Radiation type

No. of reflections for cell parameters
0 range (°)

p (mm~")

Crystal form, colour

Crystal size (mm)

Data collection

Diffractometer

Data collection method
Absorption correction

Tmin

Tmax

No. of measured, independent and
observed reflections

Criterion for observed reflections
Rin (mmm)

OIT]LIX (O)

Range of h,k,1

Refinement

Refinement on
R[F?>26(F?)], wR(F?), S
No. of reflections

No. of parameters
Weighting scheme

(A /S)max

Aprmaxs Apuin (€ A%)
Extinction method

Extinction coefficient (x 1072)

Li,Si;04

210.13
Orthorhombic, Pmca
298

19.648(3), 5.9969(8), 4.8691(6)
573.70 (14)

4

2.435

Mo K,

3544

2.1-29.5

0.81

Plate, colourless

0.26 x 0.09 x 0.02

StoE IPDS 2
Rotation method
Integration

0.875

0.983

4610, 803, 649

1>3a(l)
0.049

292
—26<h<26
—8<k<8
—-6<I<6

F

0.035, 0.040, 2.34

803 reflections

59

Based on measured s.u.’s

w = 1/(6*(F) + 0.0001F?)

<0.0001

0.53, —0.50

B-C type 1 Gaussian isotropic [49]
4(2)

Software used: STOE X-Area, X-Red [21,22]; Sir97 [23]; Jana2000 [24];

DRAWxt1 [50].

Table 2

Positional parameters

Atom X y z Uiso

Sil 0.25 0.34929(15) 0.57981(18) 0.0123(2)
Si2 0.10440(3) 0.14615(10) 0.55364(12) 0.01098(16)
Ol 0.05547(8) 0.3389(3) 0.4566(3) 0.0156(4)
02 0.18419(9) 0.2016(3) 0.5144(4) 0.0194(5)
03 0.25 0.4260(4) 0.8970(5) 0.0206(7)
04 0.09068(8) 0.0865(3) 0.8801(3) 0.0141(4)
Lil 0.0440(2) 0.3535(7) 0.0567(9) 0.0190(11)

atomic coordinates (Table 2) as well as anisotropic
displacement parameters' of all atoms results in the final
structural model.

'A table of anisotropic displacement parameters has been deposited and
can be accessed from the online version of this article.
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2.3. Raman spectroscopy

Confocal Raman spectra were obtained with a Horisa
JoBiN YvoN LabRam-HR 800 Raman micro-spectrometer.
Samples were excited by the 487.9 nm emission line of a
30mW Art-laser and an Orympus 100x objective
(N.A. = 0.9). The spectra were recorded without polarisa-
tion filter for the incident laser and the scattered Raman
light. Size and power of the laser spot on the surface was
approximately 1um and 5mW. The spectral resolution,
determined by measuring the Rayleigh line, was about
1.8cm™!. The dispersed light was collected by a 1024 x 256
open electrode CCD detector. Confocal pinhole was set to
1000 um. Spectra were recorded unpolarised in scanning-
mode [25,26]. All spectra were background corrected by
subtraction of line segments and fitted to Gauss—Lorentz
functions. Accuracy of Raman line shifts, calibrated by
regular measuring the Rayleigh line, was in the order of
0.5cm~!. Simple symmetry analysis was done by the aim of
the web-based program package SAM [27].

3. Description of the structure

The structure contains two symmetrically independent
silicon atoms, which are each four-coordinated by oxygen
atoms. The coordination tetrahedra of the two silicon
atoms form a zweier single chain [28] each. The smallest
identity period of the structure along [00 1] represents the
direction of the chains (Fig. 1). In Fig. 2a it is shown how
these chains are connected to build [Si307]* -layers. The
darker chain is formed by Sil and as the ‘central’ chain in
the layer the connectivity of its tetrahedra is Q* The
oxygen O2 is shared by the different chains. Tetrahedra
belonging to the ‘outer’ chain (formed by Si2, light grey in
the figures) are Q*-connected and their Ol is not shared
between silicon tetrahedra. Therefore, the bonding distance
Si2-Ol1 is significantly shorter (see Table 3) compared to an
average Si—O bonding distance [28]. This shorter bond to
the terminal oxygen O1 induces a higher distortion of the
Q’- compared to the Q*tetrahedra. A quantitative

Fig. 1. Silicate zweier single chains of a single [SisOy4] layer. Dark
tetrahedra represent Sil, the brighter tetrahedra represent Si2 coordina-
tion polyhedra. The displayed region extends from x=0 to 0.5. Li
displacement ellipsoids are drawn at 95% probability.

Table 3

Distances and angles

Atoms Distance ( A) Angle (%) BVS
Sil1-02 1.5993(19)

Si1-02! 1.5993(19)

Si1-03 1.612(3)

Si1-03f 1.615(3)

02-Sil1-02! 107.88(10)

02-Si1-03 110.43(9)

02-Si1-03 110.63(9)

02-Si1-03 110.43(9)

02-8i1-03' 110.63(9)

03-8il1-03 106.86(14)

Sil 4.20(1)
Si2-01 1.5759(18)

Si2-02 1.6139(19)

Si2-04 1.6515(17)

Si2—O4ii 1.6531(18)

01-Si2-02 113.96(10)

01-Si2-04 110.36(9)

01-8i2-04i 111.47(9)

02-Si2-04 108.50(9)

02-Si2-04i 105.77(9)

04-Si2-04 106.41(9)

Si2 4.02(1)
Lil1-O1 1.962(5)

Lil-O1" 1.921(5)

Lil-O1Y 1.957(4)

Li1-04" 2.036(5)

01-Lil-01% 106.3(2)

01-Lil-01" 98.4(2)

01-Lil-04" 109.4(2)

O1-Li1-01" 98.7(2)

O1-Lil1-04" 126.5(2)

0O1V-Lil-04" 113.6(2)

Lil 1.033(7)

Symmetry codes: (i) 5 — x,»,z; (il) x, 1 — y, =L + z; (iii) x, —p, =5 + z; (iv)

Xy, —l+z (V) —xpi-z

measure of the distortion is proposed by a work of
Robinson et al. [29]. The mean tetrahedral quadratic
elongation (Ay) is 1.001(1) and 1.002(1), the tetrahedral
angle variance 03, is 2.8(1) and 9.8(2) for the Q*- and Q-
tetrahedra, respectively. A difference in the distortion
parameters of Q°- and Q*-species in a layered silicate
structure was also observed in NagSigO;9 [30]. However,
the observed distortion parameters are in good agreement
with the linear correlation between o, and (i)
observed by Robinson et al. for a variety of silicates and
aluminosilicates [29]. Distances, angles and bond valence
sums [31] are given in Table 3.

The lithium atoms are located between the silicate layers
and are also four-coordinated by oxygens. The coordina-
tion tetrahedra involve three oxygen atoms belonging to
the closest silicate layer, the fourth one is attributed to the
other neighbouring layer. Compared to the silicate tetra-
hedra, they are highly distorted [0(2)(160 = 111(1)]. The
[LiOg4]-tetrahedron also forms chains (see Fig. 3), but the
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¢

~—f >

Fig. 3. Chain of [LiOy4] coordination tetrahedra including their bonds to
silicon atoms. The displayed region extends from x=0.3 to 0.8.
Coordination tetrahedra are displayed transparent. Displacement ellip-
soids are shown at 95% probability.

[LiO4] tetrahedra of adjacent chains share edges, so that
their linkedness is two. Since each tetrahedron shares two
corners and two edges with neighbouring ones, its
connectedness is four with regard to [LiO4] tetrahedra.
The one unshared oxygen exhibits the longest Li-O
distance (see Table 3).

4. Results of the Raman spectroscopy

The Raman spectrum of a thin, sheet-like Li,Si;O-
crystal is given in Fig. 4. Raman shifts and relative
intensities in percent, related to the amplitude of the most
intense Raman band at 387cm™!, are listed in Table 4.
Thirty Raman bands with relative intensities >1 could be
detected. The high-wavenumber region of the spectrum
from 800 to 1300cm™! contains two intense bands at 928
and 1097 cm™! and five bands of lower intensity. The mid-
and low-wavenumber regions below 800cm~!' show two
bands of almost 100% relative intensity at 387 and
516cm~! and several other bands (139, 150, 307,
359cm™!) with intensities around 20%. A large number
of low-intensities bands occur below 300cm™~!, some also
at higher wavenumbers. The theoretical number of possible
vibrational modes of Li,Siz07, which crystallises in the
space group Pmca (point group mmm or Dy,) can be
deduced by symmetry analysis using the web-based
program package SAM [27]. One hundred and twenty-
seven vibrational modes are possible according to the
following irreducible representations:

Iyip =194, + 1981y + 178y, + 17B3, + 17By,
+ 19By, + 19B3,,.

Seventy-two of them (all g-modes) are Raman and the rest
are IR-active. Band assignment to vibrational modes can
be done by analogy by comparing Li»Si;O; with the spectra
of known related structures. Bands of alkali and alkaline
earth metal silicates in the high-wavenumber range
800-1300cm~! are generally caused by symmetric stretch-
ing vibrations of the SiO4 groups (vsi—o) [32,33]. The
vibrational wavenumber of these modes is approximately

3500 -

3000 -

2500 A

2000 +

1500 -

Intensity (a.u.)

1000 -

500 -

e

1000 1200

0 -

200 400 600 800
Raman shift (cm™)

Fig. 4. Raman spectrum of a thin plate-like crystal of Li;SizO5.

related to the type of the silicon—oxygen tetrahedron and to
the different structural building units [32-35].

Experimental and theoretical studies of binary sodium
silicates suggest that the intense band at 1097 cm™! results
from vgi—o of tetrahedra with three bridging oxygens (Q?)
[33]. In pyroxenes and NaYSi,Og, which are based on
zweier and vierer single chains, modes between 1000 and
1050cm~" were observed and assigned to symmetric and
asymmetric Si—O stretching vibrations of tetrahedra with
non-bridging oxygens in the chains [36-38]. The mode
frequencies of vsj—o of LiSizO; are slightly higher
compared to the chain silicate orthoenstatite (Table 4),
consistent with slightly lower Si—O bond lengths between
1.58 and 1.65 A. NagSigO19, which consists of four different
zweier single chains forming a sequence of tetrahedral
layers, shows a vsj—o mode with extremely high intensity at
1060 cm™" [30]. Q*-species are Raman inactive in the high
wavenumber range, but the high intensity of the vg—o
mode at 1097cm~' may be attributed to increased
intensities of Q3-species with adjacent Q*-species [33].

In the intermediate wavenumber range 400-900cm™',
high-intensity Raman bands emerge by the symmetric
bending and rocking vibrations of the Si—O-Si (dsi—o—si)
and vsi—o of the Si—O bridging oxygen of adjacent SiOy4
tetrahedra [33,36,37,39,40]. Also bending modes of the
non-bridging oxygens (donp) contribute to bands in this
spectral region [39,41]. For binary sodium silicates, a
relation between the dg;—o—s; vibrational wavenumber and
the Si—O-Si angle was established [33]. According to them,
dsi—o—si are expected around 600-700cm™~!, correspond-
ing to the angle variation in the two Q°- and Q*-connected
chains of Li>Si;O5 of 130-140°. In Li,Siz0; several bands
from 438 to 643cm~! with relative intensities between 10
and 97 were observed. In orthoenstatite, two strong modes
at 663 and 687 cm ™! correspond to two kinds of tetrahedral
chains with 19° kinking angles apart (Table 4) [36]. Several
intense bands between 480 and 540 cm™! were described in
the spectrum of NagSigO;9, which consists of a sequence of
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Table 4

Raman shifts (cm~!) and intensities (amplitude) of bands in the spectrum of Li,SizO (Lith.) in percent relative to the highest intensity band at 387 cm™~',
compared with experimental data of orthoentstatite (En.) [36] and NagSigO;9 (Sod.) [30]

Lith. Int. En. Sod. Int. Lith. Int. En. Sod. Int.
106 1 - 107 7 - - - 481 59
113 6 113(w) - - 486 21 475(w) 486 10
123 1 - 123 6 - - - 494 92
139 19 132(m) - - 516 97 516(w) 511 45
150 27 - 149 4 - - 519(m) - -
153 2 154(w) - - 521 8 525(w) - -
- - 160(w) - - - - 527(w) - -
163 1 165(w) 167 18 541 10 545(w) 540 54
189 2 193(w) 178 3 - - 538(w) - -
- - 196(m) 196 4 - - 552(w) 569 8
- - - 204 6 - - 581(m) - -
- - - 226 12 - - 595(sh) - -
232 10 234(m) 232 5 643 33 - - -
- - 237(w) - - - - 663(s) 706

- - 242(w) - - - - 687(s) - -
248 10 243(m) 248 3 759 4 750(w) 766 14
259 3 - - - 804 9 - - -
283 2 - 288 2 - - 846(w) - -
- - 301(w) - - - - 891(w) - -
307 27 306(w) - - 928 25 927(m) 927 <1
- - 322(w) 324 - - 960(m) 964 5
- - 339(w) - - - - - 975 3
352 7 343(s) - - - - - 995 12
359 29 358(w) 356 86 - - 1014(sh) - -
- - 379(w) 361 22 1026 5 1033(s) 1027 7
387 100 403(s) 381 3 - - 1043(m) 1049 24
- - 409(w) 412 4 1051 4 1062(w) 1060 100
- - 419(w) - - 1097 67 - 1095 11
- - 422(s) - - 1106 2 - 1109 12
438 17 442(w) - - - - - 1130 10
- - 448(m) 453 4 - - - 1177 7
- - 460(w) - - 1226 4 - - -

Abbreviations: weak (w), medium (m), strong (s), shoulder (sh).

tetrahedral layers built up by zweier single chains and
shows a considerable scatter in Si—O-Si angles from 136° to
161° [30]. We therefore suggest the band at 643cm™! to be
related to vgj—o of both chains, which does not split due to
the low angle variations. The other bands in this
wavenumber region correspond probably to dsi—o—si or
to donp vibrations of the Si—O layers.

In the low wavenumber range below 400cm~!, Raman
active vibrations are caused by lattice vibrations of the
framework and by the bonding of cation and oxygen
(Li—O) [33]. Raman shifts and intensities of bands in that
range are similar to orthoenstatite and NagSigO o (Table 4)
[36], supporting that lattice vibrations of both the layers
and the zweier single chains they are composed of
contribute to the spectrum in that range.

The most frequent full width at half maximum of
virtually all Raman bands around 10cm~! and a maximum
<20cm~! and the presence of bands <400 cm~' indicate a
well ordered structure, long-distance ordering and
the absence of structural disorder like short-range
Si—-O-Si bridging angle disorder in sodium silicate
glasses [33,42].

5. Related structures and discussion

The type of [SigOi4]-layers found in LirSisO; is
topologically equivalent to the silicate sheets found in
Na,Si;05 [17]. A more recent study [19] showed that the
sodium trisilicate structure is more complex involving
aperiodic changes in the orientation of the ‘central’ chain.
However, the classification of the silicate layer after
Liebau’s nomenclature [28,43] should be the same for both
structures. A classification of the Li,Si;O; structure
utilising the software CRysTANA [44,45] ranks the chains
in LiSiz0; as unbranched, thus leading to
Lis{uB,?2, lio}[Si6014] as the structural formula after
Liebau.

As already mentioned, the compound Na,Si;O~ exhibits
very similar layers. As can be seen in Fig. 2a, the chains of
one layer in Li,SizO; are all of the same type, e.g. their
vertices connecting along the chain direction point in the
same direction for one layer. The neighbouring layer is
equivalent by a centre of symmetry. Therefore, the
connecting vertices point to the opposite direction. In the
sodium compound (see Fig. 2b) the centre of symmetry is
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Fig. 2. [SigO4] layers formed by two independent zweier single chains. (a)
In Li,Si304, lithium atoms represented by 95% probability displacement
ellipsoids. Dark and bright tetrahedra represent Sil and Si2 coordination
polyhedra, respectively. (b) Different arrangement of the layers and two
distinct orientations of the central chain in the averaged structure of
modulated Na,SizO7 [19]. Sodium atoms depicted by spheres.

located within the ‘central’ chain. Consequently the
connecting vertices of the ‘outer’ chains of one layer point
in opposite directions. The ‘central’ chain can adopt two
equivalent orientations. The sequence of these orientations
within one layer shows aperiodic order and breaks the
lattice periodicity along the & direction. A detailed
description of the incommensurate structure of the
metastable sodium trisilicate can be found in [19]. The
larger sodium atoms between the layers are coordinated by
five oxygens causing a different configuration of the
[Si¢O14] sheets in the sodium compound. An interesting
subject for further investigations is a possible solid solution
series between the sodium and the lithium compound as
found in the metasilicates (although very limited) [46].
Two more compounds are known, which may adopt
similar [SigO14] silicate sheets. Na,Cu(Si3O7), - SH,0 [47],
which shows a doubled » and c¢ lattice parameter
(compared to Li,SizO5). This could be caused by the
presence of vierer chains in the more complex layer. The
incorporation of water molecules and copper atoms
between the silicate anions may be expressed by the
increased lattice parameter a. The second compound was
described by Guth et al. [48]: a hydrated compound
(H»Si507), which is reported to show two different
modifications. Although there are good indications, that
these compounds adopt similar silicate layers, the final
evidence of structural investigations is still outstanding.
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