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ABSTRACT A novel complex, [Mn(CgH15N4)2(H,0)4][Mn(H,0)6]1[SO4], 6H,0, was synthesized and hexagonal
single crystals with centimeter-scale sizes were obtained by the method of solvent evaporation. It was characterized

by elemental analysis, infrared spectrum, thermogravimetric analysis and X-ray single-crystal diffraction. The
complex belongs to triclinic crystal system, space group P1 with a = 9.3390(8), b = 13.3520(13), ¢ = 16.3207(13) A,
o =100.7160(3)< # = 90.1020(10)< y = 109.9490(5) < V = 1874.9(3) A3, Z = 2, D, = 1.542 glem®, M, = 870.64, u =
0.876 mm™?, T = 293(2) K, F(000) = 916 and S = 0.990. The crystal structure determination displayed a distorted
octahedral geometry around the manganese atom, which is bound to two nitrogen atoms from hexamethylenetetra-

mine, acting as monodentate ligands, and to four aqua ligands. Variable-temperature magnetic measurements of the

complex indicate the presence of weak antiferromagnetic interaction between manganese centers.
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1 INTRODUCTION

Transition metal complexes have been synthesized and
studied for decades due to their remarkable magnetic,
spectroscopic and electrochemical properties™™. Several
transition metal ions, such as Mn(ll), have shown a unique
capacity to provide interesting magnetic properties by virtue
of the spin motion of d-orbital unpaired electrons and their
complexes have also been developed rapidly for the
applications in paramagnetic resonance®®, probes®*! and
contrast reagents!*>**!. The selection of organic ligands is the
key factor affecting the structures and properties of these
complexes™®. Nitrogen or oxygen-containing ligands, such as
hexamethylenetetramine, is not only structurally stable, but
also shows the relatively strong binding affinity toward
transition metal for the existence of nitrogen atoms with lone
pair electrons. A series of transition metal complexes with
hexamethylenetetramine as ligands, such as
[M(CeH12N4)2(H20)4][M(H;0)6][SO4], 6H,0 (M = Ni, Zn or

[17-19]

Co), have been published . But to the best of our

knowledge, the synthesis, structure and properties of the Mn
complex have not been reported systematically. Mn(1I) ion
has the most d-orbital unpaired electrons compared with that
of other transition metal ions, which makes its complex
usually an interesting magnetic material. However, it’s not
easy to synthesize the corresponding manganese complex for
the reason that the alkaline hexamethylenetetramine can
oxidize Mn(I) ions in aqua solution. Therefore, it's
worthwhile to explore the synthesis methods and study its
properties. Taking account of the above, we attempt to
synthesize this transition metal with sulfuric acid additive.

In this paper, a new manganese complex with hexame-
thylenetetramine as ligands was reported and its single crystal
was obtained by evaporation method. X-ray single-crystal
diffraction measurements were applied to investigate its
structure, thermogravimetric analysis and variable-tempera-
ture magnetic measurements were carried out to characterize
its physical properties.

2 EXPERIMENTAL
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2.1 Materials and physical instruments

All the materials and reagents were obtained commercially
and used without further purification. TGA and DTA curves of
the samples were tested with STA449F3 thermal analyzer.
Carbon, nitrogen and hydrogen analysis were determined on a
Vario EL-Cube element analyzer. IR spectra in the range of
4000~400 cm™ were measured on a Vertex70 infrared spec-
trometer. X-ray powder
conducted on a Miniflex600 Desktop X-ray Diffractometer
with CuKa The MMO007-Saturn724+ Small

Molecule Single-Crystal X-ray Diffractometer was used for

diffraction experiments were

radiation.

data collection. Magnetic susceptibility measurements were
performed by a SQUID-VSM magnetometer.
2.2 Synthesis of the complex

Hexamethylenetetramine (57.47 g, 0.41 mol) and monohy-
drate manganese sulfate (33.80 g, 0.2 mol) were respectively
dissolved in water and the pH of manganese sulfate solution

was adjusted to 4 with sulfuric acid additive. Hexamethylene-
tetramine solution was poured into the monohydrate
manganese sulfate solution several times in small amounts,
and the pH of the mixed solution was adjusted to 7.5 by
sulfuric acid every time. The growth solution was evaporated
at 30 <C for 72 hours to produce hexagonal transparent single
crystals, as shown in Fig. 1(a) and 1(b). Elemental analysis
calcd. for C1,HsNgMn,0,,4S, (%): C, 16.56; H, 6.44; N, 12.88.
Found (%): C, 16.33; H, 6.38; N, 12.55. Main IR frequencies
(KBr, cm™): 3416, 2965, 1658, 1465, 1243, 1112, 1005, 809,
691, 615, 506.

Fig. 1(c) shows the precipitates of by-product in solution
without sulfuric acid additive, which seriously degrade the
quality of crystallization. PXRD measurement carried out on
the collected by-product revealed the formation of oxidation

product Mn3;0, (Fig. 1(d)).
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Fig. 1. (a) Crystal of [Mn(CsH12N4)2(H20)4][Mn(H20)s][SO4]> 6H,0 with the size of 13mm x<12mm x<3mm. (b) Growth solution with sulfuric acid
additive. (c) Growth solution without sulfuric acid additive. (d) Powder X-ray diffraction patterns for by-product (red) and MnzO, (blue)

2.3 Structure determination

A transparent single crystal with dimensions of 0.25mm x
0.1mm > 0.1mm was mounted on a glass fiber for data
collection on a MMOO7-Saturn724+ Small
Single-Crystal X-ray Diffractometer operated at 45 kV and 16

Molecule

mA using MoKa radiation. Lorentz polarization corrections
and an empirical absorption were applied to the data. The
structure was solved by direct methods and refined by
full-matrix least-squares method with SHELXL (2018/3,
Sheldrick, 2015) program packagel???. Residual electron
densities in the solvent-accessible void due to disordered
solvent molecules were treated with the PLATON SQUEEZE

program®!. The final R = 0.0423 and wR = 0.1186 (w
1[6*(F,2) + (0.0614P)?], where P = (F,2 + 2FA/3), (Ap)max
0.699 and (Ap)min =—0.571 e A, Mercury and Crystal Maker
were used to prepare the material for publication(®* 2!,

3 RESULTS AND DISCUSSION

3.1 PXRD pattern

Powder X-ray diffraction experiments were carried out to
confirm the phase purity of the complex. As displayed in
Fig. 2a, the single phase of the corresponding material can be
seen from matching the peak position of the as-synthesized
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PXRD pattern with the simulated peak pattern. For
comparison, the PXRD of [M(CgH12N4)2(H20)4] {IM(H20)6] -
6H,0 (M = Zn, Ni and Co) was also presented in Fig. 2b. The
diffraction peaks of the obtained material show a shift to low
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angles compared with that of Zn, Ni and Co complexes,
corresponding with the fact that the title crystal has the
largest unit cell volume (as listed in Table 1).
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Fig. 2. (a) Powder X-ray diffraction patterns for the title complex (simulated, red; experimental, bule).
(b) The selected diffraction peaks for the title complex and [M(CgH12N4)2(H20)4] {M(H20)s] 6H20 (M = Zn, Ni and Co)

Table 1. Cell Parameters and Unit Cell Volume for [M(CgsH12N4)2(H20)4] {M(H20)6] 6H.0 (M = Mn, Zn, Ni, Co)

M alA b/A c/A al® pl° e VIA3

Mn 9.339(8) 13.352(13) 16.321(13) 100.72(3)  90.10(1) 109.95(5) 1874.9(3)
Zn 9.255(1) 13.376(1) 16.085(1) 65.50(1) 89.76(1) 89.69(1) 1812.0(2)
Ni 9.253(1) 13.313(1) 16.037(1) 65.98(1) 89.79(1) 89.68(1) 1804.6(3)
Co 13.394(3) 16.077(3) 9.282(2) 89.71(2) 90.42(2) 114.02(2) 1825.6(7)

3.2 Structure of the crystal

The perspective view of the molecular structure of the
complex is illustrated in Fig. 3. Selected bond lengths and
bond angles are reported in Table 2. It was different from
some other manganese complexes where typically the Mn ions
are coordinated in a single environment(?® 271 This complex
comprises two cationic complexes with different coordination
geometry (distorted octahedron for [Mn(CgH1oN4)2(H20)4]%"
and almost regular octahedron for Mn(H,0)s*") co-crystalli-
zing with the sulfate anions. There are, besides, six crystalline
water molecules in its molecule.

As be 3, the of
[Mn(CgH12N,)2(H,0),]%" units shows the Mn(l1) ion is bound
by four oxygen atoms from aqua ligands and two nitrogen

can seen in Fig. structure

atoms from the hexamethylenetetramine ligands. Atoms O(1),
O(1a), O(2), O(2a) and Mn(1) occupy the equatorial plane,
while N(1) and N(1a) locate at the axial positions to form a
six-coordinated octahedral configuration. The axial angle
O(1)-Mn(1)-N(1) is 89.48(6) < which deviates from the ideal
90< By symmetry imposition, the two Mn(1)-N (Mn(1)-N(1),
Mn(1)-N(1a)) bond lengths are equal to each other, 2.443(16)

A, significantly greater than that of Mn(1)-O (range from
2.136(15) to 2.138(16) A). Based on the above discussion, the
geometry around Mn(1) can be best described as a slightly
distorted octahedral configuration. This distortion can be
caused by steric and electronic effects of the ligands combined
with the presence of the Mn(I1) ion lone pair of electrons.

The hydrogen bonding analysis displayed in Fig. 4 reveals
that [Mn(CgH1Ng)o(H,0),]?" cation is related to the
neighboring groups in such a way that the spatial orientation of
the groups is directed through the hydrogen bonding
interactions. Atoms O from the [Mn(H,O)¢]*" unit act as
H-donor to the N atoms from the hexamethylenetetramine
ligands, forming the hydrogen bonds O—H--*N listed in Table 3.
Moreover, classical intermolecular O—-H-**O hydrogen bonds
between [Mn(CgH1,N,),(H,0),]% cations and SO, anions,
[Mn(H,0)¢]*" cations and lattice water molecules, as well as
S0,% anions and lattice water molecules, were also observed.
Thus, the crystal structure of the complex shows an extensive
hydrogen-bonding network interconnecting its constituent
component and can be considered as a hydrogen-bonded

assembly.
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Fig. 3. View of the coordination environment of Mn(l1) ion of the complex, shown with 30% probability displacement ellipsoids.
H atoms have been omitted for clarity. Symmetry codes: (a) 2—x, 2-y, 2-z; (b) 1-x, -y, 1-z
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Fig. 4. Packing diagram for hydrogen bonds of the complex viewed along a axis

Table 2a. Selected Bond Lengths (A)

Bond Dist. Bond Dist.

Mn(1)-0(1) 2.136(15) Mn(3)-0(5) 2.186(15)
Mn(1)-0(2) 2.138(16) Mn(3)-0(6) 2.178(16)
Mn(1)-N(1) 2.443(16) Mn(3)-0(7) 2.196(15)
Mn(2)-0(3) 2.144(16) Mn(3)-0(8) 2.178(16)
Mn(2)-0(4) 2.129(16) Mn(3)-0(9) 2.190(15)
Mn(2)-N(5) 2.443(16) Mn(3)-O(10) 2.186(15)

Table 2b. Selected Bond Angles (9

Angle 9 Angle 9

O(1)-Mn(1)-0(2) 93.41(7) O(3)-Mn(2)-0(4) 94.40(7)
O(1)-Mn(1)-0(2)* 86.59(7) 0(3)-Mn(2)-0(4)" 85.60(7)
O(1)-Mn(1)-N(1) 89.48(6) O(3)-Mn(2)-N(5) 90.37(6)
O(1)>Mn(1)-N(1) 89.48(6) 0(3)"-Mn(2)-N(5) 89.63(6)
O(2)-Mn(1)-N(1) 87.33(6) O(4)-Mn(2)-N(5) 92.24(6)
0(2)-Mn(1)-N(1) 92.67(6) 0(4)’-Mn(2)-N(5) 87.76(6)

Symmetry codes: (a) 2-x, 2-y, 2-z; (b) 1-x, -y, 1-z
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Table 3. Selected Hydrogen Bond Lengths and Bond Angles

D-H-A d(D-H)/ A d(H~A) A d(D~A) A ZDHA/®
0(5)-H(5D)-N(2)° 0.86 2.04 2.864(2) 161
0(8)-H(8D)N(4)’ 0.86 2.03 2.826(2) 155
0(10)-H(10D)-~N(3) 0.85 2.05 2.858(2) 158
0(9)-H(@D)N(6)" 0.86 2.03 2.835(2) 158
0(6)-H(6D)*N(7) 0.86 207 2.868(2) 155
O(7)-H(7D)-N(8)* 0.86 2.04 2.864(2) 160
O(1)-H(1A)--0(15)° 0.85 1.82 2.667(2) 178
O(1)-H(1B)--0(13)' 0.85 2.06 2.804(3) 145
0(2)-H(2A)-0(11) 0.85 1.87 2.697(3) 164
0(2)-H(2B)-0(13)" 0.85 1.98 2.737(3) 148
0(3)-H(3C)-0(16) 0.85 1.86 2.693(2) 165
0(3)-H(3D)-+0(18)' 0.85 1.98 2.762(3) 153
O(4)-H(4C)-0(12) 0.85 177 2.618(3) 173
O(4)-H(@D)--0(18)" 0.85 222 2.994(3) 152

Symmetry codes: (a) 2—-x,2-Y,2-2; (b) 1 —x,

-y, 1-z(©)1-x1-y,2-7;(d)-1+xy,z;(€)1-x1-y 1-7

M1+xy,z@1+x1+y,z,(N)1-x2-y,2-7z(1) %y, 1-z({x-1+y,z

3.3
IR is effectively used to approve the structure determined

IR spectra

by X-ray diffraction. Hexamethylenetetramine and obtained

material were measured by the Vertex70 infrared spectrome-

ter to qualitatively analyze the main functional groups in
these compounds. Infrared data were collected in the range of
4000~ 400 cm™. Selected absorption peaks of hexame-

thylenetetramine and the obtained material are given in Table 4.

Table 4. Selected Absorption Peaks (cm™) of Hexamethylenetetramine and the Obtained Material

Compound Ven Ve, dcH, PCH, Von Vso,
Hexamethylenetetramine 1238, 1008 2945, 1370 1457 671 3458 -
Obtained material 1243, 1005 2965, 1381 1465 691 3416, 1658 1112, 615

Infrared spectra of hexamethylenetetramine and obtained
material are quite similar. Absorption peaks at 2945, 1457
and 671 cm™ for hexamethylenetetramine are assigned to C—
H antisymmetric stretching, bending and rocking vibrations,
respectively. For obtained material, the C—H vibration occurs
at 2965, 1465 and 691 cm™, which is reasonable due to the
presence of hexamethylenetetramine molecules in the
structure of the complex. The C-N vibrations of obtained
material are found at 1243 and 1005 cm, and the clear shifts

(1243 to 1238 cm™, 1005 to 1008 cm™) are observed

compared to those of hexamethylenetetramine. These shifts
are attributed to the coordination of hexamethylenetetramine
to Mn(ll) ions. In summary, the results of IR are in good
agreement with the structure determination.
3.4 Thermogravimetric analyses

Thermal analyses (Fig. 5), including thermal gravimetric
analysis (TGA) and differential thermal analysis (DTA)
measurements, were performed to examine the thermal
stability of as-synthesized samples at a heating rate of 10
K/min from 30 to 800 °C in flowing N,?%,
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Fig. 5. TGA and DTA curves of the complex

The first step in the TGA of the compound agrees with the
removal of six uncoordinated and ten coordinated water
molecules (obsd. 33.41%, calcd. 33.09%), which appears
between 66 and 202 °C. This is consistent with the fact that
the complex is stable at room temperature. Further heating
leads to the destruction of hexamethylenetetramine ligands.
The second is attributed to the collapse of the framework,
which falls in the range of 202 ~543 °C. A gradual
weight-loss step of 17.49% (543~651 °C), corresponding to
the decomposition of MnSO, into Mn3;0O, (calcd. 17.17%).
Above 651 °C, the final product of thermal decomposition,
Mn3z0,, is being formed. The experimental residual mass for
the compound is close to the calculated ones, exp. 17.31%,
calcd. 17.52%. DTA measurements give out the same results:
the energy absorption peaks of the complex at 100 and 198
°C correspond to dehydration process, while the absorption
energy peak corresponding to the skeleton decomposition is
nearly 272 °C.

3.5 Magnetic properties

Molar susceptibility (yy) measurements of the sample were
performed in a temperature range of 2~300 K with an
external magnetic field of 1000 Oe. Fig. 6 displays the plot of
magnetic susceptibility data (ymT, ym and yw™) versus
temperature T. The value of yuT at 300 K is 11.49
cm® K mol?, slightly higher than the expected spin-only
value of 8.76 cm® & mol™ for two uncoupled Mn(ll) ions.
Upon cooling, the yuT value first increased slowly to 11.73
cm® K mol™, and then decreased to 11.48 cm® K mol™ at 2 K.
The observed behavior is the outcome of combined action of
a variety of reasons, such as magnetic interaction between
paramagnetic centers, the spin orbital coupling of Mn(ll), the
crystal field effect, magnetic interactions between molecules,
and so on. In the temperature range of 2~300 K, the value of
xw increased linearly with the increase of T, indicating
that the thermal evolution of 1/yy obeys the Curie-Weiss law
with C, = 11.57 cm® K mol™ and 6 = —0.430 K. The negative
value of @ indicates that weak antiferromagnetic interactions
take place between the adjacent manganese centers.
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Fig. 6. Plots of temperature-dependent xy (bule), xmT (red) and yw™ (black)
under a 1 kOe dc field between 2 and 300 K for the complex
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4 CONCLUSION relatively weak antiferromagnetic interaction between the
Mn(ll) centers. Comprehensive thermal analysis revealed

A novel manganese complex, [Mn(CgH15N,4)2(H,0)4] compound a dehydration temperature of 66 <C, which can
[Mn(H,0)6][SO4], 6H,0, was prepared and characterized. conclude that the complex is an explorable magnetic material
High quality single-crystals were obtained from solution with at room temperature. As far as future perspectives are
sulfuric acid additive by evaporation method. This com- concerned, we shall try to prepare other metal (such as Cu, Sr)
pound comprises two different cationic complexes co-crystall complexes with hexamethylenetetramine as ligands.

izing with the sulfate anions. Magnetic studies indicate a
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