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Single crystal EPR studies of Mn(Il) doped hexaaquazincdiaquabis(malonato) zincate [Zn(H,0)e]-
[Zn(mal),(H,0),] have been carried out at room temperature using X-band spectrometer to identify
the location of the dopant. Single crystal rotations along the three orthogonal axes show more than 30
line pattern EPR spectra indicating the presence of two types of dopant ions in the host lattice, with
intensity ratio of 6:1. However, the latter could not be followed due to its low intensity during crystal
rotations. The spin-Hamiltonian parameters, estimated from the three mutually orthogonal crystal rota-

IS(eJi/:(lilr:rsr;iltonian tions are: g = 1.972, g,, = 2.000, g, = 2.023, A, = 8.95, A, = 9.48, A,, = 9.93 mT, D, = —34.49, D,, = —3.26,
Clzystal field D,,=37.74mT and E = 15.6 mT. The direction cosines of one of the principal values of g match with that

of Zn-0 bond in the host lattice, suggesting that the Mn(II) ion entered the lattice substitutionally. The
large value of E is indicative of low symmetry of the substitutional site, in accordance with the crystal
structure of the isomorphous [Zn(H,0)s][Cu(mal);(H,0),]. Covalency of Mn-O bond, estimated from
Matamura’s plot, is 9%. Various admixture coefficients, bonding and optical parameters have also been
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calculated.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Out of all the first row transition metal ions, EPR studies of
Mn(II), high spin d® ion, plays an important role, as it has five 3d
electrons and the ground state is ®Ss;. As the resultant angular
momentum is zero, only the electron spin is responsible for the
paramagnetism. If the ground state is a pure sextet, then the EPR
spectrum would be a single line at free-spin value of 2.0023, be-
cause all the five AMs=+1 transitions have the same energy. In
addition, the S-state ions are characterized by long spin lattice
relaxation times; it gives well resolved EPR spectra even at room
temperature [1,2]. Hence, these ions have been studied in a variety
of crystal lattices [3-5] by EPR technique. Moreover, the zero-field
splitting is very sensitive even to minute distortions [6] and hence
gives explicit information about the crystal symmetry and phase
transitions of the host lattice [7-10]. The main emphasis of the
EPR studies of Mn(II) in crystals has been the determination of site
symmetries and orientations, the study of phase transitions and
the magnetic properties of the host lattices. In addition, the effect
of charge compensation is also studied in Mn(II) doped single crys-
tals. The impurity ions, such as transition metal ions, are responsi-
ble for modification of many physical properties and play a major
role in devices like wave-guides, holography and electro-optical
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devices [11]. Mn(II) ion has been used as a probe in large varieties
of host lattices because it shows no Jahn-Teller effect and hence its
EPR spectra reflect the true point symmetry.

EPR study of Mn(II) in different host lattices indicate that it can
enter the lattice either substitutionally/interstitially or both
[12,13]. Malonic acid also acts as a ligand with various dentate
abilities. Coordination polymer compounds containing malonic
acid as a ligand have been studied due to their potential applica-
tion as materials in molecular electronics, catalysts, biologically
active compounds, molecular-based magnetic materials, micropo-
rosity, electrical conductivity, non-linear optical activity, etc.
[14,15]. Coordination compounds containing malonic acid as a li-
gand have potential application as materials in molecular electron-
ics, catalysts, biologically active compounds, molecular-based
magnetic materials, etc. [14,15]. Additionally, the carboxylate
group provides an efficient pathway that couples the magnetic
centres either ferro- or antiferromagnetically [16-22], the coupling
constant being influenced by structural aspects such as the confor-
mation of the bridge or the geometry of the metal environment.
Organic complexes of manganese(ll) have studied due to their
magnetic interactions [23,24], formation of self-assemblies of
molecular rods and tubes where long distance phenomena, such
as the electron-energy transfer or magnetic coupling in transition
ions, which can be changed by structural modifications [25,26]
and in view of short or long order magnetic states [23,24].

Hence the present study of Mn(II) in hexaaquazincdiaquabism-
alonato zincate (hereafter abbreviated as HZBMZ) was carried out
to ascertain site symmetry, location and also to predict the extent
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of distortion. Also, the relative signs of the zero-field parameters
have been ascertained and the percentage covalency of the me-
tal-ligand has been estimated.

2. Experimental
2.1. Materials and methods

Malonic acid, basic zinc(II) carbonate and zinc acetate were pur-
chased from commercial sources and used as received. The EPR
studies were performed on a JEOL JES-TE100 ESR spectrometer
operating at X-band frequencies, having a 100 kHz field modulation
to obtain the first-derivative EPR spectrum at room temperature.
1,1-Diphenyl-2-picrylhydrazyl (DPPH) with a g-value of 2.0036 is
used as a reference for g-factor calculations. FT-IR spectra of doped
and undoped materials in the frequency range of 4000-400 cm™!
were recorded on a Shimadzu FT-IR-8300/8700 spectrometer with
the samples prepared as KBr pellets. UV-Vis absorption spectrum of
the powder sample in the range of 200-1200 nm was recorded on a
Varian Cary 5000 ultraviolet-visible (UV-Vis) near-infrared spec-
trophotometer. The powder XRD studies were carried out for doped
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and undoped materials on a PANalytical X'pert PRO diffractometer
with Cu Ko radiation of wavelength 2 = 0.15406 nm, 20 values be-
tween 5° and 75°, at room temperature.

2.2. Preparation of single crystal of Mn(Il) doped [Zn(H,0)s][Zn(mal),
(H20);]

Solid zinc(Il) basic carbonate is added to an aqueous solution of
malonic acid under continuous stirring. The suspension is heated
at 50-60 °C until a clear solution is obtained. This solution is fil-
tered and mixed with an aqueous solution of the zinc(II) acetate.
The solution is concentrated to 25 cm?® in a steam bath and then
it is allowed to grow single crystals doped with five different con-
centrations of manganese sulfate (0.1%, 0.5%, 1.0%, 2.0%, 5.0%) at
room temperature. Well shaped, colorless single crystals suitable
for EPR studies are obtained with in fifteen days.

3. Crystal structure

[Zn(H;0)6][Zn(mal);(H,0),] is isostuctural with [Zn(H,0)g]-
[Cu(mal)y(H0),] (hereafter referred as HZBMC) [27]. HZBMC
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Fig. 1a. Single crystal EPR spectrum of Mn(I)/HZBMZ at room temperature when B is parallel to axis ¢". Frequency = 9. 34716 GHz.
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Fig. 1b. Single crystal EPR spectrum of Mn(II)/HZBMZ at room temperature when B is parallel to axis a’. Frequency = 9. 32995 GHz.
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Fig. 1c. Single crystal EPR spectrum of Mn(II)/HZBMZ at room temperature when B is parallel to axis b. Frequency = 9. 34079 GHz.

belongs to triclinic crystal system with space group P1, having unit
cell parameters a=0.5274nm, b=0.7504nm, c=1.0314nm,
o =106.92°, f=99.15° 7y =95.81° and Z = 2. The coordination poly-
hedron of the copper atom in the anionic unit [Cu(mal),(H,0)]? is
that of an elongated octahedral CuOg. Four carboxylate oxygens
from two bidentate malonate ligands build the equatorial plane,
whereas two water molecules occupy the axial sites. The zinc(II)
ion in the cationic units [Zn(H,0)]** is coordinated to six water
molecules with a slightly distorted octahedral geometry.

4. Results and discussion
4.1. Single crystal EPR spectra

The ground state of Mn(II) ion, with a d® configuration is unique
among d" configurations, in that there is only one state with max-
imum spin multiplicity (°S). This splits into three Kramers’ dou-
blets (+5/2, +3/2 and %1/2) in an orthorhombic crystalline field,
which are further split in the presence of an applied magnetic field.
These six levels give rise to five fine-structure transitions. Each
fine-structure transition splits into six levels, due to nuclear spin
of >>Mn (I =5/2) giving rise to 30 allowed transitions. However,
in polycrystalline samples, only |+1/2) «» |-1/2) transition is gen-
erally observed, since the other four transitions have large anisot-
ropy [1]. If zero-filed splitting parameter (D) is very small
compared to hyperfine coupling constant (A), the 30 line pattern
will be so closely packed that one could see only six lines. On the
other hand, if D is very large, one would expect five bunches of res-
onance lines, each splits into a sextet.

Single crystals of optimum size are selected for crystal rotations
along the three mutually perpendicular crystallographic axes, i.e.,
a’, b and c". Axis ¢’ is perpendicular to the crystal axis b in the bc
crystal plane and axis a is orthogonal to b and ¢". In other words,
a’bc” corresponds to orthogonal xyz coordinate system. As the crys-
tals were grown with five different concentrations, crystals with
0.1 and 0.5 concentration show weak lines, where as crystals with
2.0% and 5.0% gave relatively broad lines. Hence, in all the further
EPR measurements, crystals with concentration of 1.0% are used.
However, 2.0% concentration samples are used for powder XRD
measurements and 5.0% samples are employed for optical mea-
surements. Single crystal EPR measurements of Mn(II)/HZBMZ at
room temperature show a variety of complicated spectra. A typical
EPR spectrum of Mn(II)/HZBMZ, when the applied magnetic field
(B) is parallel to axis c’, is shown in Fig. 1a. It clearly indicates a
30 line pattern. In addition, a few resonances are seen at the centre
of the spectrum suggesting a second site, with relatively small
zero-field value. This second site could not be followed during
crystal rotations, due to its low intensity and overlap with the tran-
sitions of the other site. The transitions are marked in the figure.
Another spectrum, when B is parallel to axis a is shown in
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T T T T — T T T T T T
0 20 40 60 80 100 120 140 160 180

Degrees (0)

Fig. 2a. Iso-frequency plot of Mn(I1)/HZBMZ for a’c” plane. Here |+5/2) < |+3/2) and
|£3/2) < |+1/2) transitions only shown because |+1/2) < |-1/2) transition is
difficult to follow. Solid circles indicate experimental values; solid lines correspond
to theoretical values. v =9.34716 GHz.

Fig. 1b. Here, all the transitions are merged indicating a very low
value of zero-field splitting (see below). Generally, one expects
the intensity of fine-structure lines for Mn(II) system to be in the
ratio of 5:8:9:8:5. However, in the present case, this ratio is ran-
domly distributed in all the three planes. This may be due to the
overlap other site, which shows at random orientations. Fig. 1c
showing the single crystal EPR spectrum of Mn(II)/HZBMZ when
the applied magnetic field (B) is parallel to axis b.

Crystal rotations are carried out in the three mutually orthogo-
nal planes and iso-frequency plots in a’c” and bc” planes are shown
in Fig. 2a and b, respectively. In these figures, maximum spread is
noticed at 0 = 0° and the spread between two extreme fine-struc-
tures decreases as 0 increases. At 0 = 54.7°, the fine-structure lines
collapse. This orientation roughly corresponds to the magic angle,
where D becomes zero. Further increase of 0, again increases the
spread and the pattern is repeated. This shows that the angular
variation of fine-structure follows a (3cos? § — 1) variation. In the
two iso-frequency plots, only the resonance lines corresponding
to (|£5/2) <> |+3/2)) and (|+3/2) « |+1/2)) are given, and resonance
lines due to |+1/2) < |-1/2) transition, which are independent of
D, are not given because of invariant. In Fig. 2a, it was noticed that
the maxima in angular variation of |5/2) « |3/2) is shaper, whereas
|-5/2) < |—3/2) is broad. A similar observation is noticed in Mn(II)
doped malonato ligand complexes [28]. The reason is not yet
known. From these iso-frequency plots, the spin-Hamiltonian
parameters are calculated as mentioned below.
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Fig. 2b. Isofrequancy plot of Mn(Il) resonances in the bc plane of crystal lattice
HZBMZ. Solid circles indicate experimental values, whereas solid lines correspond
to theoretical values. v = 9.34079 GHz.

4.2. Spin-Hamiltonian parameters

The spin-Hamiltonian for a spin sextet, including second order
effects is given by [1]

H = B(BxSx + 8,yBySy + 8,:B:5:) + (AxSxlx + AySyly + AzS.;)
1

+D[S§—3

S(S+ 1)} +E(s§ - sj)

Here the first term represents the electron Zeeman interaction,
the second represents the hyperfine interaction, the third term
represents zero-field splitting and the fourth term represents devi-
ation from axial symmetry. The spin-Hamiltonian parameters, ob-
tained by using the resonance data in all the three planes with
program EPR-NMR [29] are given in Table 1, along with the direc-
tion cosines. The direction cosines of metal-oxygen bonds have
been calculated from the single crystal XRD data of the HZBMC
and are given in Table 2. A few set of spin-Hamiltonian parameters,
taken from literature are given in Table 3, for comparison, where a
good agreement is noticed. As suggested earlier, deviation from ax-
ial symmetry is seen and the calculated E value is 15.6 mT.

Using the g and A values obtained in the EPR-NMR program, the
iso-frequency plots are simulated for a’c” and bc” planes and are
also given in Fig. 2a and b. In these figures, solid lines correspond

Table 1

Table 2
The direction cosines of Zn-O bonds for HZBMC, obtained from the crystallographic
data [27].

Zn-0 bonds in HZBMC Direction cosines

a b €
Zn-0 (1w) 0.7389 ~0.1537 ~0.6559
Zn-0 (2w) —0.3862 0.6280 —-0.6756
Zn-0 (3w) 0.5328 0.7394 0.4117
Zn-0 (1 0.6448 —0.7395 —0.1934
Zn-0 (3) -0.4591 -0.1025 —0.8825
Zn-0 (4w) 0.0000 0.8275 -0.5614
Table 3

Spin-Hamiltonian parameters for Mn(II) in some related host lattices (D and A are in
units of mT).

System g A D Ref.

MHMH? 1.997 —-8.8 31.20 [31]
2.013 -8.8
2.013 -8.8

MMHHP 1.995 -9.6 33.44 [5]
2.013 -10.6 32.17

ZAPH® 2.002 -9.2 53.52 [32]
2.001 -9.2 —35.41
2.001 -9.3 -18.11

HZBMZ 1.972 -8.95 —34.49 Present work
2.000 -9.48 -3.26
2.023 -9.93 37.74

Powder values 1.994 9.07 46.23

2 MHMH - magnesium bis(hydrogen maleate) hexahydrate.
® MMHH - magnesium maleate hexahydrate.
¢ ZAPH - zinc ammonium phosphate hexahydrate.

to theoretical variation and the solid circles correspond to the
experimental data. A good agreement is observed in both the
planes, confirming the accuracy of our calculated spin-Hamiltonian
parameters (note the agreement in Fig. 2a at maxima).

Since the isotropic hyperfine coupling constant arises by the use
of the polarization of the inner s-electrons, the sign of A for high
spin Mn(Il) complexes is always assigned as negative [30]. The sign
of D is assigned relative to A by considering the separation between
hyperfine lines at low field and high field. If the separation be-
tween hyperfine lines in the low field is greater than the high field,
then the ratio D/A becomes positive or negative for the reverse
case. In the present case, the separation increases from lower filed
to higher field, D/A is negative. Since A is negative, D becomes

The spin-Hamiltonian parameters obtained from the single crystal rotations for Mn(Il) doped in HZBMZ using the program EPR-NMR [29].

Principal values

Direction cosines

a b €
g matrix
2.012 0.007 0.008 1.972 0.6028 0.1049 0.7909
1.973 0.006 2.000 —-0.7972 -0.1197 0.5917
2.016 2.023 —-0.0326 —0.9872 0.1558
A matrix (mT)
9.50 0.62 0.10 8.95 0.2366 0.0239 0.9713
8.95 0.02 9.48 -0.9716 0.0109 0.2363
9.90 9.93 —0.0049 —0.9996 0.0258
D matrix (mT)
37.68 -2.72 -2.16 —34.49 0.9995 0.0028 —0.0302
-3.73 -3.79 -3.25 0.0065 —0.9925 0.1224
—33.95 37.74 —0.0297 -0.1225 —0.9920
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Fig. 3. Crystal structure of HZBMZ, assuming identical crystal structure of HZBMC
[27], indicating the substitutional position of Mn(ll) in HZBMZ and angle of
deviation of Mn-0O bond direction from g direction.

positive. This is also confirmed by measuring the spectra at lower
temperature.

Generally, Mn(II) ions enter the lattice either substitutionally or
interstitially. A survey of literature shows that Mn(II) ion invariably
enters the Zn(Il) host lattices substitutionally and this may be
attributed to comparable ionic radii of Mn(II) (0.08 nm) and Zn(II)
(0.08 nm). So it is reasonable, here also, to assume that the Mn(II)
ions enter substitutionally at Zn(II) sites in the HZBMZ lattice.

4.3. Location of the impurity

The location of the impurity can be detected by comparing the
direction cosines of the principal values of g and A tensors with any
of the metal-ligand bond directions (Zn-0). The direction cosines
of g, A and D are tabulated in Table 1 and that of metal-ligand bond
direction cosine of HZBMC crystal lattice are given in Table 2. It is
evident from the table that one of the direction cosines of the one
of the principal g-values (2.0236) are found to match fairly well

25mT

with that of the metal-oxygen (Zn-01w) bond direction. The devi-
ation between these directions is around 5°. This suggests that the
Mn(II) ion has entered the lattice substitutionally and the location
of g is shown in Fig. 3.

4.4. Polycrystalline EPR spectrum

In order to reconfirm the single crystal analysis, powder spec-
trum of the Mn(Il)/JHZBMZ is recorded at room temperature. The
room temperature powder EPR spectrum is given in Fig. 4. Here
one can notice clearly six lines (corresponding to |+1/2) « |1/
2) transition) indicating a single site of Mn(II) ion. Generally,
due to large anisotropic effects in D, the other four transitions
corresponding to (|£5/2) < |+3/2)) and (|+3/2) < [£1/2)) are weak.
The powder spectrum is not symmetrical with respect to central
portion of the spectrum indicating the presence of deviation from
axial zero-field terms. This means that D,x and D,, are different.
The powder EPR spectrum has been recorded at higher gain and
modulation values to get the D value. Actually, the separation be-
tween second and fourth fine-structure lines is approximately
equal to 4D, from which D has been estimated. The spin-Hamilto-
nian parameters (g, A and D) obtained from the powder spectrum,
are also given in Table 3. These values agree well with the crystal
data. Here, it is to be noted that D obtained from powder spec-
trum is related to D,, by the equation, D=(3/2)D,, and E=1/
2|(Dy — Dyy).

4.5. Covalency of the metal-ligand bond

The percentage of covalency of the Mn-0 bond has been calcu-
lated using Matamura’s plot [33]. The covalency of the bond be-
tween manganese and its ligands depends on the isotropic
hyperfine coupling constant A. The empirical relationship for the
covalency of a bond between the p and g and their electronegativ-
ities yp, and g is given by

c=1/n[1-0.16(y, - x,) — 0.035(x, — %,)°]

Here, n is the number of ligands around Mn(II) ion. The percent-
age of covalency obtained from the above equation, assuming
%mn = 1.55 and yo=3.44 is around 9.5%. The value of hyperfine
splitting constant predicted from the graph (89.5 x 1074 cm™') is
in reasonable agreement with the observed value from powder
spectrum.

Fig. 4. Powder EPR spectrum of Mn(II) doped HZBMZ at room temperature. Frequency = 9.35505 GHz.
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Fig. 6. FT-IR spectra of pure and Mn(II) ion doped HZBMZ at room temperature.

4.6. Optical absorption studies

Optical absorption spectrum of Mn(II) ion doped in HZBMZ, re-
corded at room temperature, is shown in Fig. 5. Mn(Il) d-d absorp-
tion transitions are difficult to be seen as these are spin and parity
forbidden in octahedral symmetry. However, charge transfer (CT)
bands are parity allowed [34]. The sharp band at 211 nm is as-
signed to 5A;4(S) — *Ay,(F), the weak band at 273 nm is assigned
to ®A;4(S) — “Toe(D) of Mn(1l) ion, which exits in the UV-region in
absorption spectrum. The band at 273 nm is low in sharpness
and intensity compared with 211 nm band. The strong and weak
bands at 211 and 273 nm, respectively, have been attributed to
the transitions of electron from ground state to excited states
4Ax(F), “T24(D), respectively.

4.7. FT-IR spectral studies

The infrared spectra of carboxylic acids display two important
features: first due to very strong hydrogen bonding between the
carboxyl groups of acid molecules, the bands will appear as strong

Table 4

Observed FT-IR band positions and their tentative assignments for HZBMZ and Mn(II)

ion doped HZBMZ.

Band positions (cm™!) Assignments
HZBMZ Mn doped HZBMZ
719 719 Zn-0
791 793 Zn-0 +0-C-0
860, 945 862, 945 Zn-0-H
1170, 1280 1170, 1280 -C-H
1370, 1386 1370, 1386
1428, 1408 1428, 1408 -0-H (bending)
1654 1654 (C=0) +(C-H)
1570, 2340 1570, 2340 H-O-H
2920 2920 -CH,-
3030, 3190 3030, 3190 -OH,
3470 3470 -OH
400
3004
2
S
3 2004
o
100

10 20

Angle (260)

Fig. 7. Powder XRD pattern of Mn(Il) doped HZBMZ at room temperature.

Table 5

The calculated lattice parameters of HZBMZ and Mn(Il) doped HZBMZ from powder
XRD, along with single crystal XRD of HZBMC [27].

Lattice parameters (nm) of HZBMC
from single crystal XRD

Lattice parameters (nm) calculated
from powder XRD

HZBMZ Mn doped HZBMZ
a=0.5274 a=0.5382 a=0.5382
b=0.7504 b=0.7424 b=0.7424
c=1.0314 c=1.1293 c=1.1293

and broad from 3400 to 2500 cm™! stretching frequencies of the
0O-H single bond and second, the stretching frequency for the car-
bonyl group of the carboxylic acid appears in one of the two re-
gions [35-37]. FT-IR spectra of HZBMZ and Mn(Il) doped HZBMZ
at room temperature are shown in Fig. 6. The infrared band posi-
tions and their tentative assignments for HZBMZ sample observed
in the present work are given in Table 4.

4.8. Powder XRD studies

Powder XRD pattern of Mn(Il) doped HZBMZ at room tempera-
ture is shown in Fig. 7. According to powder XRD measurements,
Mn(II) doped HZBMZ powder sample has identical lattice parame-
ters as HZBMZ powder sample, as expected from the low impurity
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concentration. The lattice parameters are tabulated in Table 5 with
the single crystal XRD parameter of HZBMC [27]. It is clear from the
table that the parameters of HZBMZ and Mn(Il) doped HZBMZ
matched with reported values of copper complex [27], confirming
that the zinc complex is isomorphic with copper complex and the
low dopant concentration of Mn(Il) in HZBMZ does not alter the
symmetry of host lattice.

5. Conclusion

EPR spectra of Mn(Il) doped HZBMZ have been studied at room
temperature. The angular variation reveals the presence of more
than one site, which correspond to distinct sites of Mn(II). The de-
tailed EPR analysis of one site indicates that Mn(II) ion has entered
the lattice substitutionally. The evaluated spin-Hamiltonian
parameters reflect orthorhombic symmetry. The magnitude of
the hyperfine splitting constant A indicates that the bonding be-
tween the paramagnetic ion and the ligand is ionic in nature. The
large D and E values reveal the distortion present in the crystal lat-
tice due to steric effects of the crystal packing caused by malonate
ligands. From the observed band positions assigned to charge
transfer transition in the UV-region, the Mn(II) ions are in a dis-
torted octahedral symmetry. The observed bands in the FT-IR spec-
trum have been assigned to Zn-0, O-H, -C=0, -C-0, -CH,- and
H,0 bonds. Powder XRD confirms the formation of HZBMZ which
is isomorphous with HZBMC.
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