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Introduction

As a consequence of the increase in computer power and due to the obvious interest in relying more on planning than on serendipity for chemical synthesis, times are coming for the systematic prediction of the crystal structures of inorganic compounds. A fabulous example consists in the more than 1.000.000 zeolite models gathered into the hypothetical zeolites database [1], though it includes many models for a same zeotype (of which ~150 really different are known). This database should facilitate the identification and structure determination of any new real zeolite by a simple search-match against the corresponding calculated powder patterns. The recent publication of the GRINSP (Geometrically Restrained Inorganic Structure Prediction) code [2] for the building of N-connected 3D frameworks (N = 3, 4, 5, 6 and binary combinations) allows for the exploration of single or mixed frameworks. Hypothetical GRINSP models built up from corner-sharing TiO6 octahedra and SiO4 tetrahedra are reported here. Mixed frameworks, minerals and synthetic compounds, are of great interest, particularly with respect to host-guest chemistry, ion-exchange and adsorption properties, and shape selective catalytic activity. The large class of titanium silicates is represented by more than about 70 minerals, mainly with mixed cation frameworks [3]. They display very exciting crystal chemistry and open an attractive outlook to synthesize them and their analogues. Many synthetic homologues of minerals have been reported as well as some new titanium silicates showing open frameworks or bidimensional structures [4,5]. The present predictions by GRINSP have led to the inclusion of more than 1000 structure-types into the PCOD (Predicted Crystallography Open Database) [6]. 

Prediction conditions

The knowledge assumed in this study is limited to the M-O, O-O and M-M (M = Si4+, Ti4+) ideal first neighbour distances, and the exclusive corner-sharing connection mode. More generally, GRINSP makes use of the common geometrical characteristics of a well defined group of crystal structures (N-connected 3D nets with N = 3, 4, 5, 6 and possible combinations of two N values), allowing to explore the possible models, retrieving those already known (a proof of efficiency), and listing those yet to be synthesized, in a selected range of cell parameters.

Exploring titanosilicate models needed 230 days of calculation on a single 2.6 GHz processor PC, one day per space group. GRINSP is a Monte-Carlo (MC) software, applying a pseudo-random number sequence to the heuristic solution of the structural problem. Once a space group (SG) is selected, a first Ti or Si atom (random choice) is placed in a box (with cell parameters relations in agreement with the SG) whose dimensions are selected themselves at random, at a Wyckoff position selected at random. Then, a second Ti or Si atom is placed. It is checked if the model is not already fullfilling all requirements: one Ti atom should have six Ti or Si (and one Si should have four Ti or Si) first neighbours in the range of M-M distances defined by the user ± 0.6 Å, the second M-M neighbours being also considered. The fact that distances are given a large tolerance range allows many solutions to be captured which may not correspond to regular polyhedra at this stage. In other words, the model may stay far above the local minima of interest. If all geometrical requirements are not yet respected, next M atoms are inserted randomly at new (or identical) Wyckoff position, at random in the free space (delimited by the distance ranges above) in the neighbourhood of the previous M atoms and of their symmetry equivalents, if any. Then this new model is checked again, etc, until a full agreement with the geometrical specifications is reached. If after some trials, no satisfying model is found, a new first Ti or Al will be placed, and so on. For a given set of cell parameters, 300.000 MC events were performed, and at least 20.000 sets of random cell parameters were explored for each SG. In this first step, atoms do not move (this is not a simulated annealing approach), their possible positions are tested and checked, then they are retained or not. The cell is progressively filled up to completely respect the geometrical restraints, if possible. The total number of (Ti/Si) atoms placed is not predetermined. For that search, the cell parameters were not larger than 16 Å.

In a second step the O atoms were added at the midpoints of the Ti-Ti or Ti-Si or Si-Si first neighbours and it was verified by distance and cell improvements (by the Monte-Carlo method as well) that regular TiO6 and SiO4 polyhedra could really be built, i.e. that there was a deep local minima existing close to this previously selected rough arrangement of Ti/Si atoms. The cost function allowing to establish a minimum is based on the verification of the provided ideal distances Si-O (1.61Å), O-O (2.63 Å) and Si-Si (3.07 Å) for SiO4 tetrahedra, and Ti-O (1.95 Å), O-O (2.76 Å) and Ti-Ti (3.80 Å) for TiO6 octahedra. The total R factor is defined by the equation :

R = ( [(R1+R2+R3)/ (R01+R02+R03)],

where Rn and R0n for n = 1, 2, 3 are defined by the expressions :

Rn = ( [wn(d0n-dn)]2,

R0n = ( [wnd0n]2,

where the d0n values for n = 1 to 3 are the ideal first interatomic distances M-O (n=1), O-O (n=2) and  M-M (n=3), whereas the dn values are the corresponding observed distances in the structural model for these atom pairs. The selected wn being w1= 2.0, w2 = 0.61 and w3 = 0.23, attributing more weight to the respect of the M-O first distances. When Si-Ti neigbours occur, the ideal distance is estimated as being half the sum of the Si-Si and Ti-Ti distances. Models were retained if R < 0.02, they may need further optimizations by using bond valence rules, or energy calculation (as shown below), however, in many cases the predicted cell parameters differ by less than 3% from the real ones when the real compounds are built up from ideal polyhedra, which was the case with dense SiO2 polymorphs or zeolites previously studied by GRINSP [2] and AlF3 phases [7]. During this second step, the atoms are moving, but no jump is allowed because a jump would break the coordinations established at the first step. This is a simple routine for local optimization. The change in the cell parameters from the rough structure candidate to the final model may be quite considerable (up to 30%). During the optimization, the original space group may not be conserved, so that the final structure is always proposed in the P1 space group, presented in a CIF file. The final choice of the real symmetry has to be done by using a program able to detect missing symmetries, like PLATON [8]. 

One given model can be identified in different space groups with sligthly different or equal R values. For the automatic recognition that a model is known or was already obtained in previous predictions, tools are needed. An algorithm for the efficient comparison of periodic structure (CMPZ) was recently presented [9]. The way GRINSP recognizes a structure-type is by comparing the coordination sequence (CS) [10] of any model with a list of previously established ones (as well as with the other CS already stored during the current run). That CS, originally developed for zeolites was extended to the N-connected frameworks inside of the GRINSP algorithm. Only one model was retained corresponding to one structure-type, selecting the model with best R value and higher symmetry. 

GRINSP is available via http://www.cristal.org/grinsp/. The software is free of charge for non-profit organizations and is delivered with the Fortran source code under the GNU Public Licence. Parallelization of the code is in project.

Results

The built > 1000 hypothetical models exclude structures where edge- or face-sharing polyhedra would occur, and also the structures built up from TiO5 polyhedra (a survey of the TiO5/SiO4 combinations by GRINSP is in progress). A vast majority of the hypothetical models proposed by GRINSP has the general formula [TiSinO(3+2n)]2-. The most numerous models are those with n = 1, 2, 3, 4 and 6, with respectively 93, 179, 174, 205 and 158 models corresponding to the satisfaction of a reliability criterion R < 0.02 (based on the close respect of ideal interatomic distances, and used as a cost function during the prediction Monte Carlo process). These models are not electrically neutral. For existing, their framework will have to accomodate additional cations or charged molecules. Many existing structures are recognized among the predicted models, some of them are listed in the next paragraph where it is demonstrated that the lack of consideration of an electrical neutrality has limited consequences on the cell parameters. 

The search by GRINSP is not exhaustive since a new campaign on 230 days would allow many of the models to be find again but would also certainly disclose new ones. Moreover, extending the cell parameter limit to more than 16 Å would also allow for the disclosure of many new models. The capacity of GRINSP was recently extended to models with a maximum of 192 cations instead of 64 at the time when these calculations were made.

Models corresponding to real structures

Identifying the hypothetical models which have a real counterpart is not an easy task, despite of the existence of tools like the CMPZ program [9 and references therein], or of the efforts in order to standardize inorganic crystal structures [9’], no easy-to-use program can compare >1000 models to the whole ICSD or reduced SICS databases. The technique applied here was to make a list of the known titanosilicates from the ICSD database and to analyze them one by one, seeing first if they were built up exclusively from corner-sharing TiO6 octahedra and SiO4 tetrahedra, then calculating their coordination sequences (using the satellite program GRINS, optimizing as well the structure according to the geometrical restraints just as in GRINSP) and comparing to the full list of CS characterizing the hypothetical models. Unfortunately, for a complete association of the titanosilicate models to known structures, the check should be extended to all other corner-sharing MX6 octahedra and M’X4 tetrahedra-based structures, in general (M = Zr, Nb, V, Ga, etc, M’ = Si, P, etc). Table 1 gives an idea of the number of real structures in ICSD (version 1-4-1, 2005-2, 89368 entries) having formula which could fit with the large series of [TiSinO(3+2n)]2- models proposed by GRINSP, taking account of one or two possible additional cations, respectively charged 2+ or 1+, (i.e. ABX5, ABCX5, ABC2X5, ABCDX5) but neglecting the presence of water molecules which could modify the formula in ICSD (ABX6 corresponding to ABX5(H2O, etc), so that the list is incomplete. That imperfect search includes of course everything, not only the mixed frameworks of corner-sharing octahedra and tetrahedra, this is why the task is difficult. During these trials for identification, several independent optimizations of the structures were done, providing better R values and slightly different cell parameters than from the general prediction study during which generally only one model was built (the Monte Carlo method needs several tests for approaching the minimal R for these predictions). A selected list of frameworks having real titanosilicate counterparts is presented in Table 2. Some have low framework densities such as the nenadkevichite structure (FD = 16.4) shown on fig. 1 with a three-dimensionnal channel system with 8- and 6-ring apertures, or the umbite structure adopted by K2TiSi3O9(H2O (FD = 17.2) shown on Fig. 2.    

Considering that GRINSP estimates the cell parameters from the Ti06/SiO4 framework only, without any cations or water molecule (etc) inside of the cages or tunnels, the accuracy of the predictions appears not so bad, as defined by ((( < 3% (the average absolute value of the difference in percentage between the observed and predicted cell parameters), with the exception of titanite. The global average for the ten cases in Table 1 is close to 1.5%.

Sometimes, the identification by the coordination sequence may be correct but the model initially predicted corresponds to a subcell of the real structure. Ti-AV-11 [21] (another variety of K2TiSi3O9 not listed in Table 2) shows the same CS as the GRINSP-predicted model PCOD2200095, same space group R3, same a and b axis but half c axis and inversion of the y coordinates. The consequence is that GRINSP in its current version, when building one of these two structures, will reject (unless the R factor is better) the second one as beeing already predicted. Such a case corresponda to a tolerable error, since the real structure shows a supercell with weak deviations from the basic structure. But It is well known for zeolites that two different structures may present a same CS, even calculated up to ten shells. This is the case for the narsarsukite mineral framework which was found first predicted in a smaller tetragonal cell having a/(2 (Fig. 3). At a first glance this is the only difference, but looking more accurately shows that there are more differences concerning the orientations of the 4 tetrahedra connected to the octahedra chains in the ab plane. These 4 tetrahedra are alternately pointing up and down for the model, and either all pointing up or all pointing down for the real structure. In this last case, the similitude remains high, but worse situations may probably occur. This insufficiency as a fingerprint of the coordination sequence limited to the ten first shell will lead to errors in the identification. The need for infaillible identification tools is clearly a prerequisite for crystal structure prediction on a large scale. The identification criteria has to be independent from the cell parameters (like the CS is), it must characterize the structure type. In spite of not being totally reliable on several points, GRINSP appears to be already a formidable structure generator. Making a second campaign of prediction (enlarging the cell parameter limit to more than 16 Å) would produce even more models.

Along this survey, it appeared that a lot of minerals with different names are indeed topologically equivalent, presenting the same CS. For instance, there is one case with Kieserite, Lacroixite, Montebrasite, amblygonite, titanite (etc), to be expanded with many synthetic compounds such as Ni0.5TiPO4, NaVOPO4, VPO4(H2O, etc, having the same CS as PCOD2200002.

# PCOD2200002

#   2

#   4  4

#    6  16  40  64 104 144 200 256  

#    4  16  38  64 102 144 198 256   

Table 1 – Numbers of compounds in ICSD version 1-4-1, 

2005-2 (89369 entries) potentially fitting structurally with 

the [TiSinO(3+2n)]2-  series of GRINSP predictions, adding 

either C, C2 or CD cations for electrical neutrality.
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Table 2 – A selection of observed and predicted (italics) [TiSinO(3+2n)]2- frameworks. ((( is the average of the absolute discrepancies between observed and predicted cell parameters.

Mineral/formula

n
SG/FD

  a

  b

  c

(/(/(
((( (%)
R(%)
Ref.
PCOD entry

Titanite



1
A2/a

7.050
8.681
6.539
113.90




[11]

  CaTiSiO5




21.2

7.365
8.284
6.853
115.85
 3.9

0.62


2200002

Batisite




2
Ima2

10.4
13.85
8.1

90.





[12]

  BaNa2Ti2Si4O14


20.8

10.633
14.005
7.730
90.

 2.6

0.76
  

2200021

Nenadkevichite

2
Pbam

7.350
14.153
7.124
90.





[13]

( NaTiSi2O7(2H2O

16.4

7.278
14.219
7.090
90.

 0.6

0.59


2200042

Benitoite



3
P-6c2

6.641
6.641
9.760
120.




[14]

  BaTiSi3O9



20.9

6.724
6.724
9.783
120.
 0.9

0.52
  

2200032

K2TiSi3O9



3
P63/m

6.774
6.774
9.922
120.




[15]








19.6

6.946
6.946
9.775
120.
 2.2

0.44


2200017

K2TiSi3O9(H2O

3
P212121

7.136
9.908
12.941
90.





[16]








17.2

7.221
9.967
12.929
90.

 0.6

0.92


2200207

Penkvilskite 1M

4
P21/c

8.956
8.727
7.387
112.74




|17]

  Na2TiSi4O11(2H2O

19.4

8.890
8.426
7.469
112.78
 1.3

0.76
  

2200114

Narsarsukite


4
I4/m

10.723
10.723
7.948
90.





[18]

  Na2TiSi4O11



21.6

10.881
10.881
7.816
90.

 1.5

0.54


2200033

K2TiSi6O15



6
P21


6.916
12.812
7.661
106.25




[19]








21.6

6.906
12.914
7.604
107.35
 0.7

0.65


2200208

Cs2TiSi6O15


6
C2/c

13.386
7.423
15.134
107.71




[20]








19.0

13.369
7.597
15.256
107.98
 0.9

0.65


2200209

SG = Space Group ; FD = Framework Density

Models with the smallest R values

Those models presenting the smallest R values are built up from perfect octahedra and tetrahedra. Not all of them were identified as corresponding to a real titanosilicate (or to a given structure-type, whatever the formula) counterpart. The identification problem, manually simple for only one structure (an extended search in ICSD by using cell and formula criteria), becomes extremely time-consuming when more than 1000 structures have to be analyzed.

Most of these models are simple, small cell volume, have a small number of different Si or Ti nodes (different coordination sequences), generally one node for each of them or 2 Si nodes and one Ti node, maximum, the cell volumes are relatively small. Their framework density is in the range 18 to 24 Si/Ti per 1000 Å3. They contain small cages only. Models showing the largest cavities and/or tunnels will be now be analyzed. 

Identification was made by using the cell parameters of the models with large tolerance (°-0.5 A and +-10° on angles). This may have failed for several reasons : incorrect cell parameters (if a subcell, or if description in incorrect space group – P21/c instead of P21/n, etc).

Table 3 – The 20 hypothetical titanosilicate frameworks with smallest R factors.
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Si
Ti

Si2TiO7


2200001
0.30
20.3
5.168
12.421
5.172
117.0
2
P21/m

1
1

SiTiO5


2200002
0.30
21.9
7.481
7.500
7.534
119.7
4
P21/c

1
1
titanite

SiTiO5


2200003
0.32
24.0
6.544
6.544
7.793
90.

4
P-421c

1
1
(-VPO5
Si2TiO7


2200004
0.33
20.0
6.587
7.314
6.583
108.6
2
P 2/m

1
1

SiTi2O8


2200005
0.33
19.1
9.822
9.824
6.522
90.

4
Pnma

1
1

Si2TiO7


2200006
0.35
19.8
7.141
5.174
8.965
113.7
2
P21/c

1
1
keldyshite

SiTiO5


2200007
0.37
21.7
7.561
7.484
6.522
90.

4
P212121

1
1
(-VPO5
Si3TiO9


2200008
0.37
18.0
9.751
6.491
7.008
90.

2
Pma2

2
1

Si3TiO9


2200009
0.38
18.0
9.755
14.012
6.512
90.

4
Pnna

2
1

Si6TiO15

2200010
0.41
22.8
10.049
10.049
14.066
120.
4
P6/mcc

1
1
sogdianite

Si2TiO7


2200011
0.43
20.9
7.626
8.642
8.701
90.05
4
P21/c

1
1

SiTiO5


2200012
0.44
24.2
6.513
6.513
7.783
90.

4
P-4c2

1
1

Si6TiO15

2200013
0.44
19.3
14.070
7.266
7.082
90.

2
Pmma

2
1
elpidite

Si2TiO7


2200014
0.44
19.1
7.277
7.277
10.505
90.

4
P42/mmc
1
1

SiTiO5


2200015
0.44
24.2
5.004
9.212
7.782
113.0
4
P2/m

1
1

Si6TiO15

2200016
0.45
22.2
12.776
12.776
6.690
120.
3
R-3


1
1

Si3TiO9


2200017
0.45
19.3
7.000
7.000
9.776
120.
2
P63/m

1
1
wadeite

SiTiO5


2200018
0.46
20.2
11.361
6.630
5.260
90.

4
P212121

1
1
Na2ZrSiO5
Si4TiO11

2200019
0.46
22.4
15.511
7.565
7.622
90.

4
Pbcn

1
1

Si3TiO9


2200020
0.47
21.4
9.411
9.411
9.757
120.
4
P6cc

1
1

Models with the largest porosity

The models were classified according to their framework density (FD = number of Si/Ti atoms for 1000 Å3), providing a list starting at FD = 10.6, close to the smallest known values for zeolites. The determination of the pore volumes for the first 20 models of that list was made by using the option SOLV of the program PLATON which was recently shown to be applicable to studies of microporous inorganic crystals []. The porosity P and the volume of pores VP (according to the definitions in []) are presented in Table 3. This evidence that  

Do these hypothetical titanosilicates can behave as clathrates (DP = 0, pores are only cages) or zeoates (pores haves infinite extension in one direction – becoming a channel – DP = 1, or in 2 or 3 directions – DP = 2 or 3, then the pores form a “channel system”) is a question that will be examined

Option SOLV or VOID in PLATON

H. Küppers, F. Liebau and A.L. Spek, J. Appl. Cryst. 39 (2006) 338-346.

ri  : radius attributed to the host atoms

In titanosilicates, the pore are confined by the surfaces of the oxygen atoms. The radius r(O) = 1.35 was retained. Si and Ti atoms are not used for dtermining the envelope of the pores, their radius were respectively 0.5 and 0.6. 

(r : probe radius  = default 1.2 = radius of a, supposedly spherical, guest individual

It has to be chosen properly with respect to the size of possible guests (if too large, small pores will not be found, if too small, pores will coalesce in larger pores)

A continuous variation of (r allows one to estimate the penetrability of a window by the determination of the maximum diameter of a spherical guest that is able to penetrate the window.

GRID step  : 0.2 (default)  named s in the text   

Use : s = 0.12 instead of 0.2

CGP = Cloud of Grid Points

Final augmented CGP

The pore space is delimited by rolling a sphere of radius (r over the surfaces of the host atoms

Volume of the pore VP obtained by adding the number of grid points within the pore. 

Porosity P defined as the ratio of the sum of the volumes of the pores per unit cell and the unit cell volume. If expressed in % : one has to multiply by 100.

Table 4

Pore volumes VP (Å3) and pore dimensionalities DP as derived by SOLV for the ten predicted titanosilicates with smallest framework densities.

Formula
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DP = 1

DP = 0
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Si6TiO15
1.82
10.6
70.2
P4132

2644
1855











1.25

3200086




69.2





1830











1.50

Si2TiO7

1.33
12.0
61.7
Imma

998

616












1.25

3200867




60.5





603












1.50

Si6TiO15
1.82
13.0
61.8
Pn-3

2152
1305







2x13


1.25

3200081




59.8





1288











1.50

Si4TiO11
1.75
13.0
59.6
P42/mcm
1535
915












1.25

3200026




58.6





899












1.50

Si2Ti3O13
1.04
13.3
50.8
P-3


752

383












1.25

3200037




47.7








2x179








1.50

Si4TiO11
1.72
13.3
59.4
Cccm

1502
892












1.25

3200837




58.0





871












1.50

Si4Ti3O17
1.94
14.2
47.3
Pmc21

983







358, 104




1.25



3200518




43.2











346



2x42

1.50

Si6TiO15
0.99
14.9
52.3
Pmma

937

490












1.25

2200205




50.2





470












1.50

Si6TiO15
0.97
14.9
52.3
P2/m

468

245












1.25

2200199




50.3





236












1.50

Si12TiO27
1.07
15.2
53.7
P-31c

1710
919












1.25

3200052




50.8











2 x 378

2 x 56


1.50


Not surprisingly, models with the larger porosity have a Si/Ti ratio ( 2, however, a Si2Ti3O13 hypothetical compound is in fifth position, showing octahedra compacted into HTB (hexagonal tungsten bronze) planes connected by tetrahedra. One Si12TiO27 model is number ten in the list.

Ring apertures :

I -  PCOD3200086 : 9x9x9

II – PCO3200867 : 10x8x8

III – PCOD3200081 :  12x12x12 +10 +6

IV – PCOD 3200026 :   12x10x10

I to IV + VI + VIII + IX : three-dimensional channels conserved with guest > 3 Å diameter

V -   PCOD3200037 : 8x8x6  -   three-dimensionality lost for a guest with 3 Å diameter.

VI – PCOD3200837 : 12 x 10 x 10 + 6

VII – PCOD 3200518 : 16+8x6x6  : two channels one-dimensional  for D = 2.5 Å, the smaller channel becoming two pores for D = 3 Å. 

VIII – PCOD2200205 : 10x8x6

IX – PCOD2200199 : 10x8x6  very similar to VIII both three dimensional system of channels

X – PCOD3200052 : 8+6 x 6 x  8 – three-dimensionality lost for D = 3 Å.

Number of models with FD < 0.17,    

                                            < 0.18,    

                                            < 0.19

Building units

Isolated octahedra with 6 corners shared by 6 tetrahedra in two groups of 3 tetrahedra eitther cyclo-three-connected (case of I and III) , or part of silicate chain with 2 connections (case of IV, VI, VIII and IX), or 3 groups of 2 tetrahedra (X).

Chains of octahedra trans-connected, the 4 remaining corners satisfied by tetrahedra (case of II)

Octahedra organized in sheets (HTB) interconnected by Si2O7 groups (case of V)

Cis-connected chains of either octahedra or trigonal prisms (VII)

One (PCOD3200518) presents the largest pore aperture 16-membered ring… However, some TiO6 polyhedra are trigonal prisms (Fig), which may haves chances to occur with other cations… (???).

Knowledge of pore size may give ideas about the choice of the host which could help to realize the structure.

Extension to isomorphous hypothetical compounds

Using GRINS, a satellite program inside of the GRINSP package, the feasibility of isomorphous compounds obtained was tested readily. GRINS can read a multiple CIF issued from GRINSP and try the cationic/anionic replacement much faster (a few hours for one thousand models) than if a full prediction was undertaken. Series of zircono-, niobio-, vanadyl-silicates as well as gallo-, vanadyl-, and titano-phosphates, as well as sulfates, were built starting from the titanium silicates and inserted into the PCOD. Containing now more than 10.000 entries.

Conclusions

In spite of its limitations, GRINSP appears as an efficient generator of hypothetical crystal structures. Improvements would consist in the consideration of other linkage modes than only by corner-sharing (edge and face-sharing) and in the increase of the complexity to combinations of 3 different polyhedra, so as to be able to explore the large domain of the mixed octahedral-pentahedral-tetrahedral framework silicates, for instance. The usefulness of the PCOD will be maximal when powder patterns will be calculated and inserted into search-match tools for identification. This will need to fill some frameworks by cations in order to attain electrical neutrality and so as to calculate correct intensities of diffraction. All this appear to be attainable with automatization (locating holes, filling them with appropriate ions, optimizing by following bond valence rules). Then, some ill-crystallized compounds, with unindexable powder paterns, may well be finally characterized, more or less. Identification will be equivalent to a structure determination, when crystal structure prediction will attain total efficiency, in some future, the present paper being only a small step in this long route.
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Figure captions

Fig. 1 – Nenadkevichite mineral framework, as retrieved by GRINSP (PCOD2200042).

Fig. 2 – Umbite mineral framework adopted by K2TiSi3O9(H2O, as retrieved by GRINSP (PCOD2200207).

Fig. 3 – Narsarsukite mineral structure (top) and the subcell framework (bottom) as retrieved by GRINSP (PCOD2200033)
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