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Abstract

An electron and joint neutron and X-ray diffraction study of the synthetic copper /
chromium phosphate NaCuCr2(PO4)s (NaCuP) is reported. A noncentrosymmetric Imm2
space group belonging to the well known a-CrPOs type is observed contrary to what is
reported in NaMCr2(POas)3 (M = Co and Ni) phosphates. The structural model is validated by
bond-valence-sums (BVS) and charge-distribution (CHARDI) calculations and supported by
complementary Infra Red and Raman spectroscopy investigations. Both Raman spectroscopy
and theoretical study by deformation density approach further suggest the presence of Cu?*
(3d®) and Cr?* (3d*) Jahn-Teller polaron effect as key factor to the centro Imma to non-centro-
symmetric Imm2 phase change.



1. Introduction

Since the lithium phosphate compound LiFePO4 was proposed as a promising
candidate for new generation of materials for energy storage applications with its advantages
of being environmentally benign and safe® 2, the research in the field of open-framework
inorganic materials with higher stability have extended dramatically and attracted the
attention of a lot of researchers, during the last decades. Lithium-ion batteries were among the
most performing battery technologies in terms of energy storage even if the known difficulty
is the scarcity of lithium resources regarding the demand. In this context, the sodium element
represents a promising solution. Indeed lithium and sodium atomic and electrochemical
properties i.e. redox potential, atomic weight, ion size and valence are quite similar.
Therefore, Na'-ion batteries start to be an alternative to lithium-ion batteries, due to the
abundance and cost effectiveness of sodium element*. A sodium-ion battery that holds as
much energy and works as well as some commercial lithium-ion battery chemistries has
indeed been optimized recently®.

In parallel to investigations for anode materials for sodium-ion batteries®’®, a
systematic study of alkali mixed transition metal phosphates compounds has been initiated for
their magnetic properties. They are related to the a-CrPOs type structure® and belonging to the
Na,0-M"O-Cr.03-P,0s systems where M a divalent transition metal cation. Among other
experimental results, a spin flop transition at 32K in NaCoCr2(PO4)3s compound due to the
magnetic superexchange interaction competitions were reported® as well as stepped
magnetization in mixed-Fe?*/Fe3* phosphates'?.

There is a large number of compounds belonging to that high-temperature polymorph
a-CrPQO4. They are identified with the general chemical formula [13M3(X0Qa)s where [ is a
vacancy that can be filled by monovalent and/or divalent cations introducing an oxidation
state decreases of the transition metal M, and XOg4 referring to tetrahedral entity respectively.
They all crystallize with centrosymmetric Imma space group®?2“. Interestingly, some of them
with the following general formula A2M?*;M**(PO4)s where A is an alkali and M are metals
able to show an oxidation equal to 2 and/or 3, were recently described as low-temperature
polymorphs of the alluaudite type structure? 26,

, We report on the synthesis process, the crystal structure and the computational
investigation of a novel mixed copper/chromium phosphate NaCuCr2(PQO4)s (NaCuP). This
work sheds light on a slight but important structural modification with respect to the Imma a-
CrPO; type structure exemplified by NaMCrz(PO4)s (NaMP) (M = Co, Ni) compounds’°.



The Imma to Imm2 phase modification when Cu?* is introduced is also supported by IR and

Raman spectroscopic investigations.

2.Experimental
2.1. Synthesis

NaCuCr2(POas)3 (NaCuP) was prepared by conventional solid-state reaction, starting
from a stoichiometric mixture of carbonate, nitrate and phosphate reactants of analytical grade
Na2COs3, Cu(NO3). - 3H20, Cr(NOz3)s - 9H20 and NH4H2PO4. This mixture was dissolved in
aqueous acid solution, stirred continuously, then air-dried overnight in an oven at 353 K to
evaporate water. The obtained dry residue was placed in a platinum crucible and heated using
stepped dwell to 473 K, 673 K and 873 K for 24 hours each. . This initial heating was done in
order to decompose carbonate with the emission of carbon dioxide gases, nitrate and
ammonia. In a second step, the product was kept over 24 hours at 1173 K in air. During this
stepped strategy, the product was quenched to room temperature with several intimately
ground in an agate mortar, after each temperature step.NaMCr2(PO4)3 (NaMP) (M = Co, Ni)

compounds were also synthesized using the same procedure as mentioned above.

2.2. Powder X-ray diffraction measurements

The XRPD patterns of the NaMP (M = Co, Ni and Cu) were recorded in the angular
range (10° < 26 < 120°) on a PANalitycal Bragg-Brentano type diffractometer using CuKa
radiation (A = 1.54178 A) with a step size of 0.008° and a fixed counting time of 2 s/step.

2.3. Neutrons diffraction measurements
Neutrons diffraction data were collected in the angular range (4° <26 < 164°) on high-
resolution powder diffractometer Echidna at the OPAL research reactor (ANSTO, Lucas

Height, Sidney, Australia )2’ using wavelengths of 1.6215 A with a step size of 0.05°.

For both Powder X-ray and Neutrons diffraction collected data, a full pattern
refinement was carried out by means of the Rietveld method? using the Fullprof program?°.
The purity of the three samples were confirmed using X-Ray and Neutrons Powder
Diffraction (XRPD and NPD) as seen in the first set of figures in supporting information. To
refine our structural model proposed in the manuscript, we have used a joint refinement using
both RT NPD and XRPD patterns to get the reliable Cu/Cr population over the sites and



reliable oxygen position thanks to the complementary use of X-rays and neutrons in powder

diffraction experiments. Individual analysis are proposed supporting information.

2.4. Electron diffraction measurements

The electron diffraction were carried using a JEOL 2100 Transmission electron
microscope (TEM) operating at -200kV. The microscope is equipped with an Orius SC200D
camera, able to collect electron diffraction patterns and of a double tilt specimen stage. Prior
to the observation, the compound is crushed in ethanol and a drop is placed on a copper grid

with a formvar carbon film.

2.5. FTIR and Raman spectroscopies

Fourier-Transform InfraRed (FTIR) and Raman spectroscopies were investigated for
NaMP (M = Co, Ni, Cu) compounds. The FTIR-spectra were collected at room temperature
using a Perkin Emler Paragon 1000 PC Fourier spectrometer in the range 1600400 cm™. The
measurements were performed in transmission mode. The Raman-spectra were measured in a
back scattering arrangement, at room temperature, using a Horiba Jobin-Yvon Lab RAM HR

800 Dual Spectrophotometer at 50-1200 cm™ with incident laser excitation 632nm.

3. Results and discussion
3.1. Structural model

Cell parameters, space group and atomic positions for the NaCoP compound were used
as a starting model for the refinements of the crystal structures of the NaMP (M= Ni and Cu)
as previously established®. Initially, the scale factor, two theta zero and linear interpolation
type for the background were refined. Then, the profile was fitted with pseudo-Voigt profile
function. In a succeeding step, the unit cell lattices and half width parameters were refined.
Finally, the positional parameters, the site occupation factors and individual isotropic
parameters (Biso) were allowed to refine. Rietveld refinement of the powder X-ray diffraction
pattern for the three compounds are shown in Figure SI.1 & 2. At this stage, when Imma
space group is considered for the XRPD pattern, the main intensities of the peaks related to
the PO4 groups are not well superposed with calculated ones as seen in Figure Sl.la. For
clarity, crystallographic planes of some of these (hkl) peaks with PO4 groups are depicted in
figure 2. Furthermore, thermal agitation factors (Biso) for some crystallographic sites showed

negative values in the case of NaCuP contrary to the NaCoP and NaNiP compounds.
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Figure 1. Superposed of observed NPD patterns recorded at room temperature for NaMP (M
= Co (purple), Ni(red) and Cu (blue)). Enlargement of peaks around 35° and 80° and 117°
given in the inset displays symmetry lowering leading to structural transition from Imma to

Imm2 space groups.

In order to solve these issues, a deep analysis of NPD (Fig. 1) and XRPD (Fig. 2) patterns
has been explored and leading to three interesting observations. First, the superposed NPD
patterns showed peaks splitting around 35° and 80° and 117° (see enlarged parts in the top of
Fig. 1). Second, in the 32° <26 < 34° range for XRPD patterns, two unexpected behaviors were
observed. The first one concerned the both (240) and (321) reflection peaks, which are well
overlapped with NaMP (M = Co, Ni), whereas were found clearly separated with NaCuP
compound (see the enlarged part in Fig. 2 and Fig. SI. 4). The second one concerned the
evolution of both (240) and (202) peaks position. Indeed, the Shannon ionic radii increase from
0.69A for Ni%* to 0.72A for Mg?*, to 0.74 A for Zn?*, to 0.745 A for Co?*, resulting in a

continuous evolution of both (240) and (202) peaks with the lattice parameters for



NaMCr(POs)s (M = Mg, Zn, Co and Ni)"1%15, However, when a standard Shannon ionic radius
of 0.73 A is considered for Cu®*, (202) peak positions for NaCuP clearly not support such
Vegard law but rather a high contraction cell, along (010) planes, leading to symmetry
lowering, induced by an expected Jahn-Teller type distortion for Cu?* cations®. Finally, when a
lowering symmetry was taken, the new peak appeared around 35° was indexed with a (hkl)
reflection which is systematically absent for Imma symmetry (see the enlarged part in Fig. 1
and Fig. S12c). The best results were obtained when the Imm2 symmetry was considered as

displayed in the table SI n°1.
NaCoP (Imma) NaCuP (Imm?2)

High lattice
@ T @ E:> distorsion
——

| | » Cu_experimental

1 Cu_simulated (/mm2)
Ni_simulated (Imma)
—— Mg_simulated (Imma)
—— Co_simulated (Imma)
Zn_simulated (Imma)

| I ' I I |
32.0 ‘ 32.5‘ 20(°) 33.0 33.5 34.0
Figure 2. Superposed of observed diffraction patterns for NaCuP (crosses) with simulated
diffraction patterns for NaMCrz(PQ4)s (M= Mg, Zn, Co and Ni)*%12 (full color lines) and
simulated diffraction patterns for Imm2 symmetry (Full black line). The reflection planes (240),
(202) and (321) and their intersection with the POy tetrahedra in the two symmetries Imma and
Imm2 were represented at the top of the figure.
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Electron diffraction study was further performed in order to confirm the symmetry
lowering from Imma to Imm2. The electron diffraction pattern obtained along the [001] zone
axis show weak reflections corresponding to (110), (310) (Figure 3). The observation of these
reflections, which are systematically absent for Imma due to a particular condition on hk0
reflections, indicates the absence of the "a" glide plane which is consistent with our analysis
proposing a compound crystallizing in the Imm2 space group. Even if further investigations
are needed to understand the weakness of the considered reflection as well as the diffusion
observed on the pattern, note nevertheless that this pattern is representative of all the observed

crystals.

Figure 3: Representative electron diffraction pattern along the [001] zone axis. The red
circles emphasis the presence of reflections forbidden in the Imma space group. The red

arrows underlines the presence of diffusion

As an intermediate step of our analysis, extracted from a joint NPD-XRPD refinement,
the crystal data and structure refinement parameters are presented in Table 1. Furthermore, the
final refined atomic position, site occupancy and thermal parameters are given in Table 2. The
final residuals (R-values) for the room temperature NPD/XRPD joint refinement are the
following: Rp = 2.81%, Rg = 2.91% for XRPD pattern (3.84% for NPD pattern), x> = 2.77 for
NaCuCrz(PO4)s compounds.



Table 1. Crystal data and structure refinement parameters for NaMP (M = Co ; Ni and Cu) extracted from joint
NPD-XRPD refinement.

Compound
Method
Chemical Formula
Crystal system

Space Group

alA
b /A
c/A
VIR
z
Data acquisition
Wavelength (A)
Angular range (°)
Step scan incremet
Structural
refinement
Program refinement
N. of refined
parameters
Continuous
background
Profile function
n
Zeropoint (20)
N. of reflections
Profile settings
U
\%
w
Scale factor

Asymmetryparameter

Pref. orientation
parameter
XZ
Ry, %
Ruwp, %
Rexp, %
Rs, %
Rr, %

NaCoP NaNiP NaCuP
XRPD NPD XRPD NPD XRPD NPD
NaCoCrz(PO4)3 NaNiCl'z(PO4)3 NaCUCF2(PO4)3
Orthorhombic Orthorhombic Orthorhombic
Imma Imma Imm2
10.411(4) 10.386(4) 10.411(1)
13.028(4) 12.965(8) 13.102(2)
6.376(1) 6.358(2) 6.302(1)
864.82(1) 856.24(1) 859.61(2)
4 4 4
1.5417 1.6215 1.54178 1.6215 1.54178 1.6215
10<26<120 4<20<164 10<26<120 4<20<164 10<26<120 4<206<164
0.008° 0.05° 0.008° 0.05° 0.008° 0.05°
FULLPROF FULLPROF FULLPROF
46 46 71

Linear interpolation

Pseudo-Voigt

Linear interpolation

Pseudo-Voigt

Linear interpolation

Pseudo-Voigt

0.93(1) 0.20(4) 0.47(6) 0.27(5) 0.95(1) 0.25(3)
0.0178(1)°  0.3007(2)° 0.0138(1)°  0.2711(2)° 0.0327(1)°  -0.2590(9)°
734/2 468 73012 463 809/2 503
0.021(1)  0.221(1) 0012(4)  0.202(1) 0.033(6) 0.217(6)
-0.016(4)  -0.649(6) -0.005(1)  -0.603(4) -0.023(4) -0.658(1)
0.006(1)  0.686(3) 0.005(1)  0.655(1) 0.010(7) 0.688(3)
0.74(2)x10%  0.2589(2) 0.73(2)x10°  0.4264(3) 0.45(1)x10°3 0.6625(2)
0.148(1)  0.207(1); 0.072(1);  0.136(5); 0.107(1); 0.095(1);
0.067(4)  0.056(1) 0.039(6)  0.049(1) 0.046(8) 0.037(5)
1.024(2)  0.990(6) 1.008(1)  -0.0138(1) 1.003(1) 0.976(3)
3.04 3.88 2.77
1.28 3,51 4.47 3.30 2.81 2.81
1.87 4.43 6.19 4.23 3.65 355
1.01 2.73 3.05 2.32 2.47 1.95
5.85 6.54 2.66 4.21 2.01 3.84
4.97 3.83 2.48 2.36 2.56 2.36




Table 2. Atomic coordinates and isotropic thermal displacement parameters for NaMP (M = Co; Ni and Cu)
extracted from joint NPD-XRPD refinement.

Compounds Site Point Atom X Y Y4 Biso(A?) Occupancy
[Wyckoff] symmetry factor
NaCoP  X(1) [4e] mm2 Na 0 1/4  0.4056(7) 1.660(2) 1
NaNiP  X(1) [4e] mm2 - - 0.4068(5) 2.880(9) 1
NaCuP  X(la) [2a] mm2 - 0 0.4727(1) 1.645(5) 1
X(1b) [2b] mm2 - 12 0.6611(1) 4.363(7) 1
NaCoP M(1) [4a] 2/m .. Cr 0 0 0 0.255(6) 1
NaNiP M(1) [4a] 2im .. - - - 0.394(3) 1
NaCuP  M(1) [4d] m.. - 0.7463(7) 0.0623(1) 0.230(5) 1
NaCoP  M(2) [8q] 2. 05Cr+05Co  1/4  0.6334(3) 1/4  0.180(3) 0.5/0.5
NaNiP M(2) [89] 2. ggg:ggg‘& - 0.6338(1) - 0.601(2) 0.5/0.5
NaCuP M(2) [8e] 1 ' ' 0.2517(8) 0.3831(2) 0.3197(1) 0.944(3) 0.5/0.5
NaCoP P(1) [4e] mmz2 P 0 1/4 0.9163(5) 0.259(7) 1
NaNiP P(1) [4e] mm2 - - 0.9197(3) 0.275(4) 1
NaCuP P(1a) [2a] mma2 - 0 0.0013(1) 1.137(3) 1
P(1b) [2b] mm2 - /2 0.1632(2) 0.209(3) 1
NaCoP P(2) [8¢] 2. P /4 0.4254(1) 14  0.157(5) 1
NaNiP P(2) [8¢] 2. - 0.4262(4) - 0.346(3) 1
NaCuP P(2) [8e] 1 0.2521(1) 0.1765(2) 0.3224(1) 0.408(4) 1
NaCoP 0O(1) [8h] m.. ° 0 0.6530(4) 0.9486(7) 0.379(7) 1
NaNiP 0(1) [8h] m.. 0.6528(1) 0.9484(4) 0.298(4) 1
NaCuP  O(la) [4d1] m.. - 0.4057(9) 0.0147(4) 1.371(3) 1
O(1b)[4d2] m.. - 0.0983(9) 0.1158(2) 0.946(2) 1
NaCoP 0(2) [8i] .m. © 0.8823(3)  1/4  0.7672(6) 0.712(7) 1
NaNiP 0(2) [8i] .m. 0.8806(2) - 0.7714(1) 0.316(4) 1
NaCuP  O(2a) [4cl] .m. 0.3843(2) 0 0.8040(2) 2.099(3) 1
O(2b) [4c2] .m. 0.6192(2)  1/2  0.3366(5) 0.311(2) 1
NaCoP  O(3) [16] 1 ° 0.2143(1) 0.3637(2) 0.4372(3) 0.402(4) 1
NaNiP  O(3) [16] 1 0.2164(3) 0.3631(1) 0.4394(2) 0.493(2) 1
NaCuP  O(3a) [8el] 1 0.2228(6) 0.1160(5) 0.5107(2) 0.118(9) 1
0(3b) [8e2] 1 0.7875(7) 0.3897(6) 0.6261(1) 0.869(2) 1
NaCoP  O(4) [16]] 1 ° 0.1370(2) 0.5064(1) 0.2131(3) 0.474(4) 1
NaNiP  O(4) [16f] 1 0.1391(5) 0.5080(1) 0.2113(2) 0.432(3) 1
NaCuP  O(4a) [8el] 1 0.1340(8) 0.2522(6) 0.2781(2) 1.159(1) 1
O(4b) [8e2] 1 0.8598(7) 0.2408(5) 0.8559(1) 0.226(2) 1

3.2 Structural description
The structural description is mainly limited to the specific change observed in NaCuP

that is close to those previously reported for Nai+xMgi+xCrax(PO4)s (x = 0; 0.2)* and
9



NazZnCr2(P0O4)3'®, NaCoCr2(PO4)s!°, NaNiCro(PO4)s” and crystallizing with the known o-
CrPOg4 structure. Changes from Imma to Imm2 space group are illustrated in Figure 4 and sum
up in Table 2. Both the C> rotation axis and the plan elements passing through M(2) and P(2)
crystallographic sites are suppressed. It can be noticed that P(1), Na and O(n) sites can be
splitted into P(1la) & P(1b) ; Na(la) & Na(1b) and O(na) & O(nb) (1 < n < 4), respectively.
From a terminological viewpoint, the term “phase change” is better used than “phase
transition” because one did not study any stimulus dependence as temperature in
LiSnz(PO4)3L. The solid solution NaCuixCoxCr2(POa4)s or NaCui.xNixCr2(POa)s as not being
studied yet to evidence for which x values the Imma space group is stable with respect to
Imm2.
NaCoP and NaNiP (Imma) NaCuP (Imm2)

M(2) [Point symmetry (. 2.)] M(2) [Point symmetry (. 1.)]

J-T effect

Figure 4. Imma to Imm2 phase change on the a-CrPOj4 lattice type in NaCuP (b, d), showing
the suppression of C; rotation axis and a plane symmetry elements passing through M(2) and

P(2) crystallographic sites (a, c).

The projected NaCuP structure along a & b crystallographic directions is shown in
Figure 5. This representation is similar to the previous ones reported with an open character of
the 3D framework forming intersecting tunnels where the Na* countercations are located. The
framework can be described by a 3D assemblage of PO, tetrahedra, Cr(1)Os and M(2)Os
(M(2) = 0.5Cu + 0.5Cr) octahedra. The M(2)O¢ octahedra share an edge to form M2(2)O10
dimer units. The dimer units share corners and edges with PO tetrahedra to form sheets in the

10



(100) plane. The sheets are interconnected through the [CrPOg]® infinite chain (figure 6) to
form the 3D-framwork of NaCuP. Such sheets are linked along (100) direction through the
infinite chains [CrPOg]® leading to [CuCrz(PO4)s]. 3D framework (see Figure 7).

(b)

& Cr(n0s kM(z)oﬁ A ro. (nNata  @Namp

Figure 5. Projections along the a-axis (a), b-axis (b) of the structure of NaCuCrz(POa4)3,

showing the intersecting tunnels in which the Na* countercations are located.

} The [M(2)2P2012]* infinite chain

W\w } The [CrPOs]® infinite chain
C |

L.

+ Cr(1)0s k M(2)0s ‘ P(12)04 ’ P(1b)0s A reo,

Figure 6.Views of the two infinite chains parallel to b-axis: chains of corner-sharing Cr(1)Os
octahedra- POq tetrahedra and those of edge-sharing [M(2)Os] octahedra linked by PO4
tetrahedra in NaCuCrz(POa)s.

11



r-v Cr(1)0s

k M(2)0s

Figure 7. (a) Sheets of edge and corner-sharing M(2)2010 units and PO4 tetrahedra along
(100) ; (b) Association of sheets by infinite chains [CrPOg]® leading to [CuCr2(POa4)3]»

framework.

’ P(12)0;

(b)

{. . P(1b)Os

A reo,

The structural models for the three NaMP componds (M = Co, Ni and Cu) were also
validated by Bond Valence Shell (BVS) and CHARDI calculations that are reported on Table
3. For the BVS method, from the observed bond lengths (Rj;) and BV parameter b and R,

given by Gagne & Hawthorne®!, the valences of the individual bonds Sij, were calculated,

using the procedure described by Brown & Altermatt®.

Table 3. CHARDI and BVS calculations of the cation polyhedral in three compounds NaMP (M = Co, Ni, Cu).

. ECoN(i) . V(i).sof(i)
CN() ) qa() i
o o effective o computed valence Qi) o
Site(i) coordination o formal oxidation . . q(@i)/Q(i)
coordination * site occupation | computed charges
number number
number factor
Nala 7.61 1.00 0.77 0.96 1.04
Nal 8 792|792 1.00 | 1.00 0.84 |1 0.83 0.98 | 0.99 1.02 | 1.01
Nalb 7.88 1.00 0.94 1.05 0.96
Crl 6 5971599 | 588 | 3.00 [ 3.00300]|290]|291|297|315]3.04 313095099 ]| 0.96
M2 =0.5Cr Co Ni Cu | Co Ni Cu | Co Ni Cu | Co Ni Cu | Co Ni Cu
6
+05M 6.00 | 5.99 | 5.85 | 2.50 | 250 | 250 | 245 | 251 | 242 | 2.46 | 2.48 | 2.46 | 1.02 | 1.01 | 1.02
Pla 3.80 5.00 4.90 4.98 1.00
P1 4 3.99 | 3.97 5.00 | 5.00 4.94 | 4.99 4.99 | 4.97 1.00 | 1.01
P1b 3.94 5.00 5.15 511 0.98
P2 4 381|389 |383]500(500]|500|496|496| 495|498 ]5.02( 495|100 100 1.01
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Let us note that this model is based on the convention that only the nearest neighbors
contribute to the BVS. The postulate that the BVS surrounding the i ion is equal to the
oxidation state Vi, as shown in equation (2), has been checked for these 3 compounds.

S = exp [R”;fi] 1)

Vi= X5 ()

The second validation tool, i.e. the CHARDI method, exploits only the experimental
bond lengths to compute the effective coordination number (ECoN) (a non-integer
coordination number) and distributes the formal oxidation number weighted by the site-
occupation factor (q) of each atom among all its bonds as a function of the ECoN. By
labelling Q the computed charges, the g/Q ratio for the cations is the internal criterion for such
an evaluation®. This model has been successfully used to validate numerous crystal
structures®26:3537 The convergence of the result is evaluated by the mean absolute
percentage deviation (MAPD), which measures the agreement between Q and g for the
complete sets of the polyhedron-centering atoms and the vertex (corner) atoms. The MAPD

parameter was calculated using equation (3)%:

100 oy (-
mapp = 12T, [£30 ®)

Where N is the number of polyhedron-centering or vertex atoms in the asymmetric unit. The
CHARDI computations were carried out with the CHARDI2015 Fortran program®®-4° and

summed up in Table 3 with BVS calculations outputs.

Table 4. Distortion Index of d(M(1 & 2)-O) distances in NaMP (M = Co, Ni, Cu) compounds.

Compounds NaCoP NaNiP NaCuP
DI (M(2)-0) with M(2) = 0 0 0

0.5M + 0.5Cr 0.42% 0.51% 2.38%

DI (Cr(1)-0) 1.09% 0.72% 2.06%

Even if CHARDI and BVS calculations confirm that the formal oxidation number/
computed charges ratios (q(i)/Q(i)) converge towards 1 in NaMP (M= Co, Ni and Cu)
validating our approach, refined main interatomic distances were also finely considered to
support the symmetry lowering. First, a significant distortion index is shown for both
octahedral environments in NaCuP regarding NaMP (M = Co, Ni) as reported in Table 4. The
Imma to Imm2 symmetry lowering can be likely assigned to a Jahn-Teller distortion in Cu?*Os

and Cr?*Og octahedra. A charge compensation equilibrium Cu?* + Cr3* <> Cu®* + Cr?* with an
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hoping mechanism from one to another transition metal crystallographic site through O(4a)
and/or O(4b) need then to be considered.

Table 5. Selected interatomic distances (A) and in NaCoP, NaNiP and NaCuP extracted from
the joint X-Ray & Neutron powder Diffraction.

NaCoP NaNiP NaCuP
XRPD & NPD XRPD & NPD XRPD & NPD
Cr(1)-0O(4) x4 1.971(5) 1.976(1) Cr(1)-O(4a) x2 1.967(1)
Cr(1)-0(1) x2  2.020(5) 2.008(1) Cr(1)-O(4b) x2 1.936(1)

Cr(1)-O(1a) x1 2-016(1)
Cr(1)-0(1b) x1  2071)

<Cr(1)-0> 1.987 1.987 <Cr(1)-0> 1.982
M(2)-O(3) x 2 2.029(2) 2.006(1) M(2)-O(3a) x1 1.972(1)
M(2)-0(4) x 2 2.044(1) 2.012(1) M(2)-0(3b) x1 1.998(1)
M(2)-0(2) x 2 2.053(3) 2.032(1) M(2)-O(4a) x1 2.123(1)

M(2)-O(4b) x 1 1.992(1)
M(2)-0(2a) x 1 2.089(3)
M(2)-0(2b) x1 20413

<M(2)-0> 2.042 2.017 <M(2)-0> 2.036

P(1)-0(1)x2  1529(1) 1.514(1) P(1a)-O(lb) x 2  1.493(5)

P(1)-0(2) x 2 1.551(1) 1.558(1) P(la)-O(2b) x2  1.599(1)
<P(1)-0> 1.540 1.536 <P(la)-0> 1.546

P(1b)-O(la) x 2  1.556(1)
P(1b)-O(2a) x 2 1.493(1)

<P(1b)-O> 1.525
P(2)-0(3) x 2 1.486(2) 1.498(1) P(2)-O(3a) x1 1.467(5)
P(2)-0(4) x 2 1.599(1) 1.584(1) P(2)-0(3b) x1  1.524(1)

P(2)-O(4a) x1  1.599(4)
P(2)-0(4b) x1 1579(2)

<P(2)-O> 1.543 1.541 <P(2)-O> 1.542
Na(1)-O(1) x2 2.588(4) 2.587(1) Na(1a)-O(1b) x 2 2.554(2)
Na(1)-0(2) x2 2.610(5) 2.629(1) Na(1a)-O(2b) x 2 2.641(4)
Na(1)-O(3) x4 2.685() 2.692(1) Na(la)-O(3a) x 4 2.785(3)

<Na(1)-0> 2.642 2.650 <Na(la)-O> 2.691

Na(1lb)-O(la) x 2 2.528(2)
Na(1b)-O(2a) x 2 2.569(1)
Na(1b)-O(3b) x 4 2.649(2)

<Na(1b)-O> 2.599

Secondly, as expected for a monophosphate*!, all P-O distances have an overall value of
1.537 A (Table 5) and PO distortion indexes are lower than 5.4% (table 6). However, all
14



coordination polyhedra P(i)Os are strongly distorted in NaCuP in opposite to NaMP (M = Co
and Ni) phosphates. Consequently, the infinite chain [Cr(1)POg]® priory illustrated in Fig. 6
shows a kind of breathing mode with an alternative sequence of highly distorted P(1a)O4 and
less distorted P(1b)O4 with respect to NaMP (M= Co, Ni). This phenomenon is in contrast
with the [M(2)2P2012]° with M2 = 0.5 Cr + 0.5 Cu infinite chain for which the involved
P(2)O4 polyhedra are in average slightly modified. If one focuses on the P(1a)O4 and P(1b)O4
polyhedra, both show a distortion index of d(P-O) distances relatively higher in NaCuP than
those in NaMP (M= Co Ni). Whereas the two shorter distances become shorter when the two
larger becoming larger in P(1a)O4, the tendency is reversed in P(1b)Os with the shorter
becoming the larger ones and vice versa. It results then in a second kind of breathing mode
type between P(1b)-O(2a)-M(2) occurring perpendicular to the [M(2)2P2012]° infinite chains.
That is why, the consideration of Cu?"Os and Cr?*Og Jahn-Teller octahedra would also be

indirectly supported by an enhancement of the distortion index of d(P(1la & b)-O) distances.

Table 6. Distortion Index of d(P-O) distances in NaMP (M = Co, Ni, Cu) compounds.

Compounds NaMgP* | NaznP* NaCoP NaNiP NaCuP
DI (P(1a)-O) [4e] 0.91% 0.81% 0.71% 1.43% 3.43%
DI (P(1b)-O) [4€] 0.91% 0.81% 0.71% 1.43% 2.06%
DI (P(2)-0) [8q] 2.75% 2.31% 3.66 2.79% 3.03%

* d(P-O) distances given by®®

In addition, contrary to NaMP (M= Co, Ni) where sodium occupies a single type of
site, the Na* ions in NaCuP are distributed over two distinct sites within the tunnels, namely
Na(la) and Na(1b) (Fig. 8). The polyhedral coordination was determined assuming cation-
oxygen distances below the limit Lmax = 3.13 A, suggested by Donnay and Allman®.
However, none of the considered Na-O distances are higher than the one’s proposed for
Na(1a)-O(3a) equal to 2.785 A (see table n°5) allowing us not to consider possible Na...O
interactions within our polyhedral. Polyhedral coordination does not change in number with
the space group modification: still consisting of eight oxygen atoms with Na(1a)-O distances
between 2.554(2) A and 2.785(3) A and Na(1b)-O distances between 2.528(2) A and 2.649(2)
A (see Table 5). Interestingly, it is the polyhedral size that is impacted giving two different
channel sizes with one larger and the other’s smaller than the one’s depicted for NaMP (M=

Co, Ni).
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Figure 8. The oxygen environments of the sodium atoms in NaMP (M= Co, Ni and Cu).

3.2. IR spectroscopy

Infrared absorption spectra were recorded in order to examine the presence of
monophosphate groups*+#4. Figure 9 shows spectra measured for the three compounds
NaCoP, NaNiP and NaCuP. The attribution of the observed bands to corresponding
vibrational modes was performed on the basis of previous studies on phosphates*®“¢. The
observed bands in the wave-number ranges 1275-1020 cm™ and 1020-822 cm™ are attributed
to asymmetric (v3) and symmetric P-O stretching (vi), respectively. The bands observed
between 712 and 400 cm™ can be assigned to both asymmetric (v4) and symmetric (v2) of O-
P-O bending, and the stretching vibrations of the MOg octahedra. Interestingly, the observed
bands at 1020-822 cm™ show the same bands vibrations type (vi) for NaCoP and NaNiP
compounds assigned to both symmetric stretching vibration P(1)-O and P(2)-O of the two
distinct crystallographic tetrahedral P(1)O4 and P(2)O4. This observation is in good agreement
with previous studies of NaM''Cr2(PO4)s (M"' = Zn, Mg)*®. However, broader bands and less
intense are observed at 1020-822 cm for the NaCuP compound. These measurements could
supported our structural analysis predicting three distinct types of crystallographic tetrahedra
P(1a)O4, P(1b)O4 and P(2)O4 and then resulting in a P-O stretching mode redistribution with
the symmetry lowering. However, a precise assignment is complicated*’ and a group
theoretical analysis would be necessary. Indeed, the internal mode splitting might be a

consequence of a change in the site-symmetry as one proposed as well as correlation effect®,
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Figure 9. Top: The subdivision of P(1) site into two distinct crystallographic sites P(1a) and
P(1b) deduced from lowering of symmetry. Bottom: IR spectra of NaCoP, NaNiP and
NaCuP. the green rectangle shows (v1) vibration changes
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3.3. Raman spectroscopy

In order to further consolidate our structural analysis, Raman spectroscopy for the
three compounds NaMP (M= Co, Ni and Cu) were also carried out at room temperature. As

known the scattered Raman intensity is obtained after division by the Bose-Einstein
population factor n (@) +1 associated with the first - order Stokes scattering with

— [ ohw/KT -1 . L . . .
n(w)= (e —1) "4 This correction is obviously significant and necessary for high

temperature and low wavenumber where it allows discarding additional bands as artifacts
within the fitting process®®. In our case, this correction have been applied for the three
compounds NaMP (M= Co, Ni and Cu) to extract the scattered Raman intensity contributions
as shown in Figure 10. A high enhancement of the scattered intensity observed at
wavenumber around 100cm™ for NaCuP is shown with respect to the corrected spectra of
NaMP (M= Co, Ni) (Figure 10d).
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Figure 10. Measured and Corrected Raman spectra of NaMP (M = Cu (a); Co (b) and

Ni(c)) compounds at a 298 K and corrected ones (d). Corrected spectra are obtained after

dividing the measured ones by the Bose—Einstein population factor.
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Having in mind that optical phonon due to lattice vibrations can be detected in the low
wavenumber range, the scattered intensity enhancement shown by NaCuP supports the lattice
symmetry lowering. It would especially suggests a strong coupling effect between phonon and
electronic continuum®! as already been proposed for interpreting fine structure between 70
and 140 cm™ for mixed Cu®*/Cu?* oxidation states®>®3. That is why, even if data collection on
single crystal allowing to perform polarization analysis would be better, the present Raman
spectroscopy study corroborate the charge transfer Cu?* + Cr¥* « Cu®" + Cr?* previously
pointed out from joint XRPD and NPD study.

3.4. Deformation density

Among chemical feedbacks that can be deduced from density deformation studies, the
effective charge on each atom and experimental determination of the population of the d
orbitals are very interesting parameters®**°, Especially, Sakai et al.>® have demonstrated the
possibilities to obtain theoretical deformation maps for 5d compounds, which is quite similar
to the experimental results reported by Takazawa et al.%’. Indeed, the experimental d electrons
distribution gives 1.9(7) for the eq orbital population and 6.14(8) for the tyg close to the
theoretical values are 1.90 and 5.93 respectively®®®’. The joint XRPD and NPD analysis
highlights higher distortion indexes values in the two type of transition metal polyhedra than
those calculated in NaMP (M= Co, Ni). In order to study the spatial distribution of the
electrons involved in the chemical bonding in our noncentrosymetric phosphate, 3D
deformation density for the dimer CrCuOio surrounded by the four next neighbor CrOg
octahedral has been plotted over the electron density iso-surface (with 0.008 e.au®) using
Crystal Explorer 17.5% and the TONTO system®®. As starting point, ab initio wave
functions were obtained from a Hartree-Fock approximation in the 6-31G(d-p) basis sets.
Figure 11 shows the distribution of charge depletion (CD) region in red color and charge
concentration (CC) region in blue color on each atom in M2019 dimer with their environment
octahedral CrOs at the crystal geometry respectively. Interestingly, a large region of charge
concentration (CC) was observed on both O(4a) and O(4b) oxygens, which could not be
observed on the others oxygen of the cluster dimmer-octahedral (Figure 11). This behavior
could be explained by polaron Jahn-Teller formation suggested by the high distortion shown
in MOs polyhedral containing Cu?* and/or Cr?*%, The hopping from one to another transition
metal crystallographic site would occurs through both O(4a) and O(4b) oxygen definitively.
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Figure 11 : D-deformation density map showing the presence of CD regions (in red) and CC
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regions (in blue) on the CrCuO1o units with their environment octahedral CrOe leading to
evidence Jahn-Teller polaron formation as observed on O(4a/b) oxygens. The isosurfaces are
drawn at 0.008 e/au>.

4. Conclusion

A mixed copper/chromium phosphate NaCuCr2(POas)s3, related to the known a-CrPO4
type structure, has been synthesized using high temperature solid state reaction and
thoroughly structurally explored by an electron and combining X-rays and neutron powder
diffraction, Fourier transform infrared and Raman spectroscopies. Our study shows the first
phosphate belonging to the a-CrPO4 type and crystallizing in the noncentrosymmetrical space

group Imm2. The occurrence of charge compensation equilibrium Cu?* + Cr¥* <> Cu®* + Cr?*
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with a hopping phenomenon from one to another transition metal crystallographic site through
O(4a/b) is proposed as a key factor to the centro Imma to noncentro-symetric Imm2 phase
change as suggested by deformation density approach and Raman spectroscopy. Our work
proposes that a new phosphates family can be explored starting from o-CrPOs type
framework and introducing Jahn-Teller cations to reach optical activity, pyroelectricity and/or

piezoelectricity properties with single crystal growth.
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Synopsis : Combination of X-ray powder diffraction, neutron powder diffraction and electron
diffraction allow us to suggest a noncentrosymmetric Imm2 space group for synthetic copper /

chromium phosphate NaCuCr2(POa4)3 (NaCuP) belonging to the well known a-CrPO4 type.
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