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ABSTRACT 
 

In order to control anisotropic lattice distortion for application of solid-state battery 

materials, composites of chiral metal complexes (mononuclear [Cu
II
L2][(NO3)2]·nH2O 

one (L = (1R,2R)-1,2-diaminocyclohexane) or dinuclear Schiff base Gd(III)-Cu(II) and 

the related ones) and typical layered-structure metal oxide LiMnO2 (space group Pmnm) 

were prepared. Characteristic IR peaks (Mn-O bands at about 500 cm
-1

) shifted 

depending on the ratio of composites (chiral complexes: LiMnO2 = 10:0 to 0:10). 

Moreover, by changing temperature or by changing composition of these composites, we 

have measured powder XRD patterns using synchrotron radiation (8 keV) at 100-300K or 

a SmartLab (Rigaku) laboratory diffractometer with CuKα radiation at 298K. Based on 

shifts of XRD patterns by changing temperature or composition, a linear correlation (lnK 

= a/T + b) of K (= d(T)-d(0)/d(T)) values, where d(T) and d(0) are spacing of lattice 

plane, at T K and 0 K (extrapolated), respectively, indicated anisotropic structural 

changes of LiMnO2 as and its deviation from ideal correlation indicates degree of 

anisotropic lattice distortion of the composite materials. Furthermore, each (especially 

surface oxygen) atomic coordinate of LiMnO2 from Rietveld analysis (derived from a 

PDXL2 program) has moved (along the b axis) due to the changes in ratio of the 

composites directly. Therefore, that additional chiral complexes affected on anisotropic 

lattice distortion of LiMnO2, which was essentially isotropically distorted crystals, has 

been elucidated based on crystal structures successfully. 
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INTRODUCTION 
 

Social needs for rechargeable battery such as lithium ion battery and sodium ion battery 

are increasing in order to solve energy problem [1-5]. However, for solid-state inorganic 

materials of electrodes in rechargeable battery, it is stated that a regular pattern of crystal 

structures distorts due to affects from charge-discharge and prevent diffusion of ions in solid-

state. Especially, developing a sodium ion battery requires large pores more than those for 

lithium ion battery known and rigidity of crystalline lattice against repeated redox reactions 

[6]. For improvement plan we made an approach to control the distortion of crystal structure. 

To control the distortion, we mixed chiral metal complex to metal oxide such as LiMnO2 in 

order to grant anisotropy to metal oxide. We thought that by granting anisotropy to metal 

oxide, the distortion of metal oxide could be controlled to the less effective with diffusion of 

ions.  

For chiral metal complex, a Cu(II) complex was employed since it exhibits local pseudo 

Jahn-Teller distortion. To date, we have been studying on a Cu(II) complex for decade. Some 

types of Cu(II) complexes have been made and their H/D isotope effect and pseudo Jahn-

Teller was elucidated. 

For first, chiral bimetallic assemblies of discrete binuclear [CuL’2][Ni(CN)4]·2H2O or 

one dimensional cyanide-bridged [CuL’2][Pd(CN)4] and [CuL’2][Pt(CN)4]) (L’ = (1S,2S)-(+)-

N,N'-dimethyl-cyclohexane-1,2-diamine) tuned by variable number of co-crystallized water 

molecules. The diamine ligand L’ is similar to conventional (1R,2R)-(+)-diaminocyclohexane 

ligand but it has bulky methyl groups in coordinating atoms. As far as we studied on a series 

of [Cu(diamine)2]a[M(CN)b]c·dH2O complexes, such structural features was observed for the 

first time. In this study, "tuning" means being one of the dominating factors for regulating 

structures (and changing structures) in the crystals. For these complexes, crystal structures, 

variable low temperature XRD, several spectra and magnetic properties have been examined 

for comparison of (M=) Ni(II), Pd(II), and Pt(II) metal ions. Some experimental data are 

picked up as follows [7]: 

Complex [CuL’2][Ni(CN)4]·2H2O (Cu-Ni) is consisted of a discrete binuclear Cu(II)- 

Ni(II) complex linked by one cyanide-bridge and two molecules of co-crystallized water. In 

this structure, the Cu(II) ion affords a distorted five-coordinated square pyramidal [CuN5] 

coordination geometry with Cu-N = 2.195(7) Å. A conventional index of the degree of Jahn-

Teller distortion (tetragonal distortion ratios), T, is defined by the ratio of equatorial Cu-N 

bond distances / axial Cu-N bond distances [8]. The degree of tetragonal distortion of axial 

bonds can be described to be T = 0.935 for Cu-Ni. The [Ni(CN)4]2
-
 moiety affords a square 

planar coordination geometry being in accordance with other examples associated with Ni(II) 

bond radii [9] and cyanide groups. In contrast to short axial bond of Cu-N-C = 138.3(6)° and 

novel long axial semi-coordination bond of Cu-N-C = 97.5(1)° in the analogous 

[CuL2][M(CN)4]·2H2O [10], these bond angles of Cu1- N1-C1 = 157.5(6)° between linked 

two chromophores of Cu-Ni are found as a normal axial coordination bond. Hydrogen bonds 

are also formed by cyanide H-acceptors for Cu-Ni. In this network, the trans cyanide (N3) H-

acceptor connected to an amino hydrogen atom, while the cis cyanide (N2 and N4) H-

acceptor connected to two water hydrogen atoms. 

On the other hand, complex [CuL’2][Pd(CN)4] (Cu-Ni) is consist of cyanide-bridged 

bimetallic assemblies showing alternating arrangement of [CuL’2]2
+
 and [Pd(CN)4]2

-
 moieties 
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without co-crystallized water molecules. In this structure, the Cu(II) ion affords a six-

coordinated distorted octahedral [CuN6] coordination geometry exhibiting Jahn-Teller 

distortion of Cu-N = 2.443(4) and 2.519(2) Å. The degree of distortion of axial bonds can be 

represented as T = 0.840 and 0.814, respectively. Of course, the [Pd(CN)4]2
-
 moiety affords a 

square planar coordination geometry. The bond angle of Cu1-N1-C1 = 141.2(4)° suggests 

that the [CuL’2]2
+
 and [Pd(CN)4]2

-
 chromophores are strongly interacted via bent bridges. 

Along the one dimensional cyanide-bridges of Cu-Ni, hydrogen bonds are also formed via 

bridging cyanide (N3) H-acceptor connected to an amino hydrogen atom, and free cyanide 

(N4) H acceptor connected to another amino hydrogen atom. 

For second, we have investigated isotope effects for [Cu
II
L’’2]3[ M

III
(CN)6]2·4H2O (L’’ = 

trans- diaminocyclohexane; M = Cr, Co, and Fe) about water molecules by substituting 

H(
1
H)/D(

2
H) and 

18
O isotopes (H, D, and O) (abbreviated as Cu-CrH, Cu-CrD, Cu-CrO, Cu-

CoH, Cu-CoD, Cu-CoO, Cu-FeH, Cu-FeD, and Cu-FeO), which may be an important factor 

for the mononuclear trans-[CuL’’2(H2O)2]2
+
 moiety. For characterization, solid-state CD 

spectra, diffuse reflectance electronic spectra, and IR spectra, magnetic measurements, and 

powder and single crystal structure analyses were carried out. 

Isotope differences of Cu-Co (H, D, and O) complexes at 130 K and temperature 

dependence of Cu-CoD at 100, 130, and 296 K are observed respectively [11]. As for IR 

spectra of isotope effects caused by H/D or 
16

O/
18

O substitution, structural differences caused 

by hydrogen bonds or atomic weight of water molecules may be expected. However, 

structural evidence of isotopes of water molecules could not be detected as Jahn-Teller 

distorted Cu(II) coordination environment not other positions of non-hydrogen atoms for Cu-

Co (H, D, and O) complexes. Previously, we reported that thermally crystal changes 

associated with pseudo Jahn-Teller effect for Cu-Co and Cu-Cr could be significantly found 

in axial bond distances of the mononuclear trans-[CuL’’2(H2O)2]2
+
 moiety, while not found in 

Cu(II) moieties involved cyanide-bridged crystal lattices, {[Cu
II
L’’2]2[M

III
(CN)6]2}2-·2H2O 

[12]. Powder XRD by means of synchrotron radiation exhibited positive thermal expansion of 

crystal lattice for all compounds of Cu-Co, Cu-Cr, and Cu-Fe (H, D, and O) complexes at 100 

and 300 K normally. They exhibit positive thermal expansion as a function of temperature 

continuously without structural phase transition, and do not exhibit negative thermal 

expansion of cyanide complexes [13-16] accompanying with losing crystalline water 

molecules. In general, O-D hydrogen bonds are weaker than O-H ones. Although little 

structural differences between Cu-CrH and Cu-CrD could be observed at constant 

temperature of 130 K, temperature dependences of local geometries for Cu-CrD are 

investigated at 100 and 298 K. However, another results indicated normal structural changes 

even for Cu-CoD. In this way, differences detected by IR spectra and magnetic properties 

among H, D, and O complexes are to slight to detect crystallographically [17] in the range of 

our study by present procedures. 

For third, we employed K[C(CN)3] as anions having cyanide-groups instead of 

Km[M(CN)n]
m-

 and reported novel structural features. A mononuclear chiral Cu(II) complex, 

[CuL2(C(CN)3)2]·H2O (RRH), and its deuterated compounds, [CuL2(C(CN)3)2]·D2O (RRD), 

and their isomers, [CuL’’2(C(CN)3)2]·H2O (trH) and [CuL’’2(C(CN)3)2]·D2O (trD) have been 

prepared and investigated. Comparing with this typical example of Tutton’s salts ((NH4)2SO4･

MgSO4･6H2O and its related compounds), the present compound exhibited less drastic changes 

of crystal structures on changing temperature [18, 19]. As far as we know, few studies like 
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our present materials exhibiting novel thermally-accessible structural changes with phase 

transition have been reported so far. 

The ratios of positive thermal expansion of lattices (from 100 K to 296 K) are remarkable 

in the shortest axes (1.16% in the c-axis, 0.77% in the a-axis, 0.22% in the b-axis for 

orthorhombic; 1.34% in the a-axis, 1.10% in the b-axis, 0.29% in the c-axis for monoclinic). 

Nevertheless of structural changes of crystal systems, individual molecular structures and 

temperature dependence bond lengths and angles of orthorhombic are similar to that of 

monoclinic. RRH for both crystal systems is non-centrosymmetric and adopts a tetragonally 

distorted (elongated) trans-[CuN(NH2)4N(NC)2] coordination environment due to Jahn-Teller 

effect typically. Moreover, most of the geometrical features [10, 20-23] as well as possible 

conformation of ligands [24] are within common range for the related compounds. 

Isotope effects between RRH [25] and RRD are compared with single crystals better than 

for showing structural changes. Both isostructural crystals of RRH and RRD exhibited no 

phase transition. The degree of thermal expansion of the crystal lattice of RRD was larger 

than that of RRH because of weakening intermolecular hydrogen bonds by substitution from 

H to D. The ratios of positive thermal expansion of lattices (from 100 K to 296 K) are 

remarkable in the shortest axes (RRH: 1.22% in the c-axis, 0.72% in the a-axis, 0.17% in the 

b-axis; RRD: 1.29% in the c-axis, 1.06% in the a-axis, 0.22% in the b-axis). Hydrogen bonds 

are formed in the sheet of the ab-planes, and change of the c-axis (with less restraint) by 

temperature is large. 

Then we have investigated controlling static structures or dynamic distortion of crystals 

composed of metal complexes as well as coordination polymers. Their strategy is including 

(well-designed) Jahn-Teller distorting moieties [20, 26], chiral components [10, 27] and H/D-

isotopes to controlling their crystal structures [28], (novel type of) phase transition and 

anisotropy of lattice distortion. For example, thermally-accessible lattice strain and local 

pseudo Jahn-Teller distortion of [Cu
II
L2]3[M

III
(CN)6]2·4H2O (M= Co or Cr) have been 

reported [12]. In its crystal packing of one-dimensional cyanide-bridged bimetallic assemblies 

and mononuclear Cu(II) complexes, (pseudo) Jahn-Teller effect play an important role in 

flexible distortion of crystal structures especially Cu(II) coordination environment. Hence, we 

designed obviously anisotropic one-dimensional zigzag chiral coordination polymers, 

[Cu
II
L2][Cr

IV
2O7] (CuCrCr) and composite materials of the coordination polymers and a 

complex bimetallic oxide (CuCr) obtained from CuCrCr after firing. Interestingly, they have 

successfully observed that the complex bimetallic oxide as the composite exhibited 

anisotropic thermally-accessible lattice distortion by surface adsorption of the chiral one-

dimensional coordination polymer. 

XRD patterns ( = 1.54184 Å) of the composite materials showed predominant peaks of 

the CuCrCr appeared at about 21 ̊, 28 ̊, and 30 ̊, while those of the bimetallic oxide appeared 

at about 23 ̊ and 29 ̊. All the peaks showed obvious shifts by changing temperature in the 

range of 100-300 K. Especially the behavior of pure CuCrCr (10:0) is in agreement with that 

of the single crystals, and pure bimetallic assemblies (0:10) suggest isotropic positive thermal 

distortion of the crystal lattice. 

It should be noted that the complex bimetallic oxide CuCr as the composite exhibited 

anisotropic thermally-accessible lattice distortion by adsorption of the chiral one-dimensional 

CuCrCr coordination polymer. Previously, we have reported discussion of variable 

temperature XRD patterns as follows [17]: (1) Definition of K = [d (T) – d (0)]/d (0) where d 

(T) and d (0) is spacing at T K and 0 K (extrapolated); (2) Plotting a line of lnK = a/T + b 
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(linear regression); (3) Estimating of significantly distorted direction (index) of crystal lattices 

by changing temperature. Applying this method for the magnitude of deviation from the line 

of predominant XRD peaks of the bimetallic oxides (at about 28 ̊ and 30 ̊) increased as the 

ratios of bimetallic assemblies. 

For next, we report on preparations of composite materials composed of LiMnO2, a 

typical electrode material for lithium ion battery, and a chiral cyanide-bridged coordination 

polymer [Ni
II
L2][Fe

III
(CN)6]·4H2O (Ni-FeH, H-form) [29] or its deuterium isomer, 

[NiL2][Fe(CN)6]·4D2O (Ni-FeD, D-form) by the various ratios (w/w) of Ni-Fe:LiMnO2 = 

10:0 (pure Ni-Fe), 9:1, 8:2, 7:3, 6:4, 5:5, 4:6, 3:7, 2:8, 1:9 and 0:10 (pure LiMnO2). And 

variable temperature powder XRD (X-ray diffraction) patterns at 100-300 K of the composite 

materials exhibited thermally-accessible lattice distortion along the b axis with different 

ratios. 

Ni-FeH or Ni-FeD was prepared according to the literature procedure by using normal 
1
H2O [29] or deuterium isomer 

2
H2O instead of 

1
H2O. Composite materials of Ni-Fe and 

LiMnO2 were prepared by mixing with grinding in the solid states by the various ratios (w/w) 

of Ni-Fe:LiMnO2 = 10:0 (pure Ni-Fe), 9:1, 8:2, 7:3, 6:4, 5:5, 4:6, 3:7, 2:8, 1:9 and 0:10 (pure 

LiMnO2). 

Layered crystal structure of LiMnO2 is known to be Pmnm, a = 2.807, b = 5.756 and c = 

4.557 Å [30], in which layers possessing Li
+ 

ions are stacked along the b axis ((010) 

direction). The (002) planes stacked perpendicular to the c axis direction, while the (011) 

planes crossed the a and b axis between the layers. Moreover, crystal structures of Ni-FeH 

were also determined by using single crystals to be chiral space group. 

LiMnO2 appeared the predominant peaks of (002), (010) and (110), while Ni-Fe appeared 

the predominant peaks of (010), (1-21) and (110). Since XRD patterns of Ni-FeH are similar 

to that of Ni-FeD, H/D isotope effect could not be observed with XRD at constant 

temperature obviously. 

The full raw data are omitted about variable temperature XRD patterns of LiMnO2, 5:5 

composite materials of LiMnO2 and Ni-Fe, and Ni-FeH or Ni-FeD, respectively. All samples 

indicated positive thermal expansion smoothly and normally. It suggested little H/D isotope 

effect due to Ni-FeH or Ni-FeD as 5:5 composite materials. 

Each lattice constant was evaluated using extracted data of LiMnO2 peaks form raw XRD 

data for the 5:5 composite materials. (a) pure Ni-FeH and (b) the corresponding data for Ni-

FeD at 300 K. The b axis direction is identical to the “soft” or “flexible” interlayer direction 

in the crystal structure of LiMnO2. To examine deviation from “smooth” positive thermal 

expansion, we employ an evaluate function for temperature dependence of lattice strain [17].  

As for Ni-Fe, scattering plots revealed anisotropy of thermally-accessible lattice strain of 

the molecular crystals. As for LiMnO2, the largest deviation from the “ideal” line was 

observed for (010) peaks, which is attributed to added Ni-Fe into LiMnO2 of which b axis 

direction is also easy to exhibit strain. Therefore, the added Ni-Fe played an effective role in 

tuning degree of structural changes of LiMnO2 along the flexible interlayer direction to cause 

thermally-accessible lattice strain. 

In this context, herein, we have prepared and measured composite materials with 

complex side [Cu
II
L2](NO3)2 (Cu) (Figure 1), and Schiff base chiral metal 3d-4f complex 

(cyGdCu) (Figure 2), or another Schiff based chiral metal 3d-4f complex (Gd-Ni) (Figure 3) 

and LiMnO2 metal oxide (Figure 4). Also to determine the effect of composite materials, 
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some inorganic materials (NaCl, TiO2, Sn, NiCl2･6H2O, Cu(CH3COO)2･H2O, and NaHCO3) 

was carried out to combine with LiMnO2. 

 

1. Forming of composite materials with the molar ratios of metal complex : LiMnO2 = 

0:10 (pure metal complex), 1:9, 2:8, 3:7,4:6, 5:5, 6:4, 7:3, 2:8, 1:9, 10:0 (pure 

LiMnO2). Adsorption complex to LiMnO2 are confirmed with the shift of IR bands 

of LiMnO2. 

2. Observing the anisotropic lattice distortion of LiMnO2 affected from chiral metal 

complex, and which plane indices shows most anisotropy. Also the fractional 

coordinate of LiMnO2 was analyzed using Rietveld method. 

 

 

Figure 1. Chemical structure of Cu. 

 

 

Figure 2. Chemical structure of cyGdCu. 
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Figure 3. Chemical structure of Gd-Ni. 

 

Figure 4. Schematic layered structure of LiMnO2. 

 

 

EXPERIMENTAL SECTION 
 

Preparations 
 

[Cu
II
L2][(NO3)2]·nH2O (Cu) was prepared according to the literature procedure [9, 10]. 

Schiff base chiral metal 3d-4f complexes cyGdCu and Gd-Ni were prepared according to the 

literature procedure [31]. Composite materials of metal complexes and LiMnO2 were 

prepared by mixing with grinding in the solid states by the molar ratios of complex : 

LiMnO2= 10:0, 9:1, 8:2, 7:3, 6:4, 5:5, 4:6, 3:7, 2:8, 1:9, 10:0. Composite materials of LiMnO2 
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with NaCl, TiO2, Sn, NiCl2·6H2O, Cu(CH3COO)2·H2O, or NaHCO3 also have been prepared 

by 0:10, 1:9, 2:8, 3:7, 4:6, 5:5, 6:4, 7:3, 8:2, 9:1, or 10:0 molar ratios. 

 

 

Physical Measurements 
 

Infrared spectra (IR) were recorded as KBr pellets on a JASCO FT-IR 4200 plus 

spectrophotometer at 298 K. Powder XRD patterns were also measured by using synchrotron 

radiation beamline at KEK PF BL-8B (2012G552) with 8 keV (λ= 1.54184 Å) under variable 

temperature (100-300 K) apparatus of nitrogen stream equipped with a RIGAKU imaging 

plate. All the samples were measured for 3 min and constant ring current (440 mA). Another 

Powder XRD patterns were measured by with a RIGAKU RINT 2500 diffractometer with 

CuKα radiation (λ= 1.54184 Å) and Rigaku Smart Lab at The University of Tokyo with 

CuKα radiation. Lattice constants were evaluated by a Rietveld method. 

 

 

RESULTS AND DISCUSSION 
 

Preparations of composite materials. Figures 5-7 exhibit IR spectra of Cu (Figure 5), 

cyGdCu (Figure 6), or Gd-Ni (Figure 7) and their composite materials with the molar ratios of 

complex : LiMnO2 = 0:10 (pure complex), 1:9, 2:8, 3:7,4:6, 5:5, 6:4, 7:3, 2:8, 1:9, 10:0 (pure 

LiMnO2). Low-wave number shifts of IR spectra of LiMnO2 around 611 cm
-1

 due to 

increasing in ratios of Cu or metal complexes was observed. In a similar way, low-wave 

number shifts of spectra of LiMnO2 around 620 cm
-1

 due to increase in ratios of cyGdCu was 

observed. Also for Gd-Ni the shift, these results indicate adsorption of Cu to surface of 

LiMnO2. 

 

 

Figure 5. IR spectra of the Cu and LiMnO2 composite materials of various ratios at 298 K. 
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0  

Figure 6. IR spectra of cyGdCu and LiMnO2 composite materials of various ratios at 298 K. 

 

 

Figure 7. IR spectra of Gd-Ni and LiMnO2 composite materials of various ratios at 298 K. 

 LiMnO
2
: Gd-Ni 

0:10 

1:9 

2:8 

3:7 

4:6 

5:5 

6:4 

7:3 

8:2 

1:9 

10:0 
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Figure 8 shows IR spectra of composite materials LiMnO2-Cu(CH3COO)2·H2O with 

from 0:10 to 10:0 ratios. Similar data were also obtained for the other samples, which were 

confirmed by gradual changes of intensity of XRD peaks. Besides LiMnO2-NaCl and 

LiMnO2-NaHCO3, the Mn-O band around 600 cm
-1

 of IR spectra exhibits low-wavenumber 

shift on increasing LiMnO2, which proved well-adsorption on the surface of LiMnO2.  

 

 

Figure 8. IR spectra for LiMnO2-Cu(CH3COO)2·H2O composite materials of (above) 0:10, 1:9, 2:8, 3:7, 

4:6, 5:5, 6:4, 7:3, 8:2, 9:1, or 10:0 (below) molar ratios at 298 K. 

The present study does not deal with magnetic properties [32] or chiroptical properties 

[33] of composite materials as well as metal complexes. Our proceeding study suggests that 

both magnetic interaction and induced CD observation may provide a suitable proof for 

adsorption on the surface when ferromagnetic metal oxides and chiral coordination polymers 

are employed [34]. The spectral and diffraction data are good agreement with characteristic 

features of adsorption and composites containing metal oxides [35]. 

Table 1 summarized effects on shifts of IR peaks (Mn-O (cm
-1

)) as constants [a, b] of 

approximate lines [y = a x + b] as peaks [y] a function of ratios of LiMnO2 [x = 0, 1, 2, 3, 4, 

5, 6, 7, 8, 9, 10 for LiMnO2 : inorganic compounds = 0:10, 1:9, 2:8, 3:7, 4:6, 5:5, 6:4, 7:3, 

8:2, 9:1, or 10:0 molar ratios, respectively].  

Besides LiMnO2-TiO2, other preliminary results are as follow: (1) Contrary to little shift 

for LiMnO2-NaCl and LiMnO2-NaHCO3, increasing doping ratios of LiMnO2-TiO2, LiMnO2-

Sn, LiMnO2-NiCl2·6H2O, and LiMnO2-Cu(CH3COO)2·H2O resulted in high-wave number 

shift of Mn-O IR bands.  

XRD patterns of various molar ratios. Figure 9 depicts XRD patterns of the composite 

materials of Cu and LiMnO2. 
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Table 1. Shifts of IR peaks for the composite materials 

 

Compounds with LiMnO2 IR shift (differences between max 

and min)/cm
-1 

IR a, b constants 

NaCl 31 -0.34, 38 

TiO2 83 -0.55, 69 

Sn 61 -0.30, 45 

NiCl2·6H2O 40 -0.49, 47 

Cu(CH3COO)2·H2O 15 -0.13, 19 

NaHCO3 3.0 -0.016, 0.36 

 

 

Figure 9. XRD patterns of the Cu and LiMnO2 composite materials of various ratios at 300 K measured 

at KEK PF BL-8B. 

 

Figure 10. XRD patterns of the cyGdCu and LiMnO2 composite materials of various ratios at 300 K 

measured with a Rigaku Smart Lab. 
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From the powder XRD patterns of mixtures (composite materials), we analyzed lattice 

constants, volume, and fractional coordinates of LiMnO2 for Cu, cyGdCu, and Gd-Ni using 

Rietveld method after separation of information of each components. When Rietveld method 

was carried out, we changed the θ cut values, to match the quantitative value of LiMnO2 with 

the ratio we had prepared in order to decrease the effect from overlapping of neighborhood 

peaks. 

 

 

Figure 11. XRD patterns of the Gd-Ni and LiMnO2 composite materials of various ratios at 300 K 

measured with a Rigaku Smart Lab. 

With Cu complex, variation in the lattice constant and fractional coordinates of LiMnO2 

due to changing ratio of complex could not be observer with significant values. Table 2 shows 

the lattice constants of LiMnO2 in 100K and Table 3 shows it in 300K. Then in Table 4 and 5 

y fractional coordinate of LiMnO2 atoms are shown for 100K and 300K. Only in volume, we 

could observe the significant variation. In reason volume variation in 100K was few 

compared to the variation in 300K. The variation in volume is listed on Table 6.  

 

Table 2. Lattice constants (a, b, and c axes, Å) of LiMnO2 at 100K for the Cu-LiMnO2 

composite materials 

 

Li ratios a axis b axis c axis 

20 2.797(6) 5.747(14) 4.563(6) 

40 2.843(2) 5.703(4) 4.551(2) 

50 2.8020(11) 5.726(7) 4.5595(18) 

60 2.789(5) 5.851(6) 4.581(6) 

80 2.796(3) 5.708(6) 4.564(4) 

100 2.795(2) 5.716(4) 4.549(4) 
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Table 3. Lattice constants (a, b, and c axes, Å) of LiMnO2 at 300K for the Cu-LiMnO2 

composite materials 

 

Li ratios a axis b axis c axis 

40 2.799(3) 5.708(5) 4.579(3) 

50 2.799(2) 5.733(11) 4.5718(19) 

60 2.803(4) 5.827(6) 4.594(3) 

80 2.7923(10) 5.7114(16) 4.565(2) 

100 2.7960(18) 5.720(3) 4.566(3) 

 

Table 4. Fractional coordinates for y axis of LiMnO2 atoms at 100K for the Cu-LiMnO2 

composite materials 

 

Li ratios Mn1 Li1 O1 O2 

20 0.62(13) 0.1(13) 0.1(5) 0.6(5) 

40 0.61(4) 0.1(4) 0.20(9) 0.63(11) 

50 0.62(6) 0.1(6) 0.1(2) 0.6(2) 

60 0.64(2) 0.12(15) 0.08(3) 0.65(4) 

80 0.638(16) 0.11(14) 0.14(5) 0.65(4) 

100 0.627853 0.1(2) 0.11(3) 0.64(3) 

 

Table 5. Fractional coordinates for y axis of LiMnO2 atoms at 300K for the Cu-LiMnO2 

composite materials 

 

Li ratios Mn1 Li1 O1 O2 

40 0.62(4) 0.1(4) 0.17(14) 0.66(14) 

50 0.64(4) 0.1(4) 0.16(12) 0.61(11) 

60 0.662(14) 0.12(8) 0.09(3) 0.66(2) 

80 0.644(15) 0.08(7) 0.09(3) 0.65(3) 

100 0.62645 0.1(3) 0.11(4) 0.64(4) 

 

Table 6. Volumes(Å
3
) of LiMnO2 atoms at 100 and 300 K for the Cu-LiMnO2  

composite materials 

 

Li ratios 100K 300K 

20 73.3(3)  

40 73.78(8) 73.17(12) 

50 73.16(10) 73.37(16) 

60 74.76(18) 75.04(15) 

80 72.83(13) 72.80(5) 

100 72.66(10) 73.04(8) 

 

With cyGdCu complex, variation in the lattice constant and fractional coordinates of 

LiMnO2 due to changing ratios of complex was observer with significant values. Figures 12-
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14 show the lattice constants of LiMnO2. Table 7 shows y fractional coordinates of LiMnO2 

atoms are shown for 300K. We could also observe the significant variation for volume. The 

variation in volumes is listed in Table 8. 

 

Figure 12. Lattice constants (a axis) of LiMnO2 for the cyGdCu -LiMnO2 composite materials at 300 K. 

 

Figure 13. Lattice constants (b axis) of LiMnO2 for the cyGdCu-LiMnO2 composite materials at 300 K. 

 

Figure 14. Lattice constants (c axis) of LiMnO2 for the cyGdCu-LiMnO2 composite materials at 300 K. 
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Table 7. Fractional coordinates for y axis of LiMnO2 atoms at 300K for the cyGdCu-

LiMnO2 composite materials 

 

Li ratios Mn Li O1 O2 

20 0.6054 0.1340 0.1540 0.6630 

50 0.6202 0.1191 0.1536 0.6778 

80 0.6256 0.1241 0.1273 0.6236 

100 0.6244 0.1238 0.1156 0.6298 

 

Table 8. Volumes(Å
3
) of LiMnO2 for the cyGdCu-LiMnO2 composite materials at 300 K 

 

Li ratios V 

100 73.96(2) 

80 73.80(3) 

50 73.88(5) 

20 73.81(7) 

 

With Gd-Ni complex, variation in the lattice constant of LiMnO2 due to changing ratios of 

complex was observer with significant values. Figures 15-17 show the lattice constants of 

LiMnO2. We could not observe the significant variation for volumes.  

 

 

Figure 15. Lattice constants (a axis) of LiMnO2 for the Gd-Ni-LiMnO2 composite materials at 300 K. 

 

Figure 16. Lattice constants (b axis) of LiMnO2 for the Gd-Ni-LiMnO2 composite materials at 300 K. 
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Figure 17. Lattice constants (c axis) of LiMnO2 for the Gd-Ni-LiMnO2 composite materials at 300 K. 

Figure 18 shows XRD patterns of composite materials of LiMnO2-Cu(CH3COO)2·H2O 

with from 0:10 to 10:0 ratios. Similar data were also obtained for the other samples, which 

were confirmed by gradual changes of intensity of XRD peaks. Table 9 summarized effects 

on shifts XRD peaks (the a, b, and c-axis lengths of LiMnO2 (Å)) as constants [a, b] of 

approximate lines [y = a x + b] as peaks [y] a function of ratios of LiMnO2. It should be noted 

that LiMnO2-TiO2 (anatase) indicated characteristic and remarkable (namely slight 

expansion) changes of the b-axis lengths expected to be most flexible direction. For clarity 

this results, Figure 19 also exhibits composition dependences of the b-axis lengths of LiMnO2 

or all composite compounds. Also for XRD, beside LiMnO2-TiO2, other preliminary results 

are as follow: (2) Contrary to expected strain of LiMnO2 in LiMnO2-NaCl, LiMnO2-Sn, 

LiMnO2-NaHCO3, the a,b-axes of LiMnO2-NiCl2·6H2O and the c-axis of LiMnO2-

Cu(CH3COO)2·H2O exhibited slightly irregular changes. 

 

 

Figure 18. Powder XRD patterns for LiMnO2-Cu(CH3COO)2·H2O composite materials of (above) 0:10, 

1:9, 2:8, 3:7, 4:6, 5:5, 6:4, 7:3, 8:2, 9:1, or 10:0 (below) molar ratios at 298 K. 
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Table 9. Changing ratios of lattice constants (a, b, c-axis, Å) and a and b constants (y = 

ax+b) of LiMnO2 for LiMnO2 -compounds composite materials at 300 K 

 

Compounds 

with LiMnO2- 

a-axis, 

a, b constants 

b-axis, 

a, b constants 

c-axis, 

a, b constants 

NaCl -5.90×10
-5

, 2.81 -1.01×10
-4

, 5.75 -1.36×10
-4

, 4.59 

TiO2 -4.73×10
-5

, 2.81 +2.50×10
-5

, 5.74 -1.53×10
-5

, 4.58 

Sn -1.14×10
-4

, 2.82 -6.81×10
-5

, 5.76 -1.09×10
-4

, 4.60 

NiCl2·6H2O -3.02×10
-4

, 2.84 -1.31×10
-3

, 5.88 +2.47×10
-4

, 4.56 

Cu(CH3COO)2·H2O +2.01×10
-4

, 2.79 -4.52×10
-4

, 5.79 +1.28×10
-3

, 4.49 

NaHCO3 -1.29×10
-4

, 2.82 -3.89×10
-5

, 5.76 -1.19×10
-4

, 4.60 

 

 

Figure 19. Composition dependence of the b-axis lengths along (010) planes and inter-layered 

directions of LiMnO2 at 298 K for LiMnO2-NaCl (gray circle), LiMnO2-TiO2 (diamond), LiMnO2-Sn 

(triangle), LiMnO2-NiCl2·6H2O (black circle), LiMnO2-Cu(CH3COO)2·H2O (square), or LiMnO2-

NaHCO3 (cross) composite materials. 

XRD patterns at various temperature. Figure 20 depicts variable temperature XRD 

patterns at 100-300 K for the 5:5 composite materials of Cu and LiMnO2, respectively. It 

indicated typical positive thermal expansion, which can be confirmed shift of several XRD 

peaks by changing temperature. We have reported and discussed some factors and effects on 

thermally structural changes of lattice for cyanide-bridged bimetallic assemblies of Jahn-

Teller Cu(II) moiety [15]. In the case of molecular crystals of pure metal complexes or pure 

MOF’s, there are several important factors for structural changes derived from this 

proceeding study:  

 

1. Size of metal ions containing in bimetallic assemblies 

2. Composition of metal ions 

3. Isotope effect for example H/D substitution (if any) 
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4. Global lattice constant and local bond distances (namely Jahn-Teller distortion of Cu 

(II) units). 

 

The difference of pure Cu and the 5:5 composites or other ratios may be ascribed to 

structural effect of surface adsorption on the surface of LiMnO2. In this context, we employ 

sophisticated method to discuss structural changes in view of anisotropy of a certain index in 

the following paragraph. 

 

 

Figure 20. Variable temperature XRD patterns of the Cu:LiMnO2=5:5 composite material at 100-300 K 

measured at KEK PF BL-8B. 

The complex bimetallic oxide as the composite exhibited anisotropic thermally-

accessible lattice distortion by adsorption of the chiral MOF (Cu-Co is a two-dimensional 

coordination polymer). Previously, we have reported discussion of variable temperature XRD 

patterns as follows [15]: 

 

1. Definition of K = [d(T)-d(0)]/d(0) where d(T) and d(0) is spacing at T K and 0K 

(extrapolated) for surface separation.  

2. Plotting a line of ln K = a/T + b (linear regression). 

3. Estimating of significantly distorted direction (index) of crystal lattices by changing 

temperature. 

 

Figures 21-23 summarized temperature dependence of lattice strain by predominant 

peaks of LiMnO2 in Cu : LiMnO2 = 5 :5 and in pure LiMnO2. Judging from the d-values 

results, it suggests that the area of LiMnO2 wrapped by metal complexes is reasonably 

effective to improvement of surface by this method. 
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Figure 21. Deviation from isotropic lattice distortion(of LiMnO2) about the d-values of (002) planes. 

 

Figure 22. Deviation from isotropic lattice distortion(of LiMnO2) about the d-values of (011) planes. 

 

Figure 23. Deviation from isotropic lattice distortion(of LiMnO2) about the d-values of (010) planes. 
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CONCLUSION 
 

We had investigated the affect of composite between chiral metal complex and LiMnO2. 

By changing the complex to combine, variation had been observed in lattice constant and IR 

spectra. Cu had affect to the volume of LiMnO2 and couldn’t see the variation of lattice 

constant in contrast to Gd-Ni. With cyGdCu, both in lattice constant and volume had variation 

due to the ratio change. Variation of plane separation of (010), (002), and (011) plane due to 

the temperature change was discovered. (011) plane had most affected by combining chiral 

metal complexes, suggesting that Cu complexes gets into between the layer of LiMnO2. 
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