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Abstract—Two Mn(II) coordination polymers, {[Mn3(Pfca)6(Phen)2] · 2DMF}n (I) and
[Mn(Pfca)2(Phen)(H2O)]n (II) (HPfca = 4-fluorocinnamic acid, Phen = 1,10-phenanthroline), were syn-
thesized and characterized by elemental analysis, IR spectroscopy, thermogravimetric analysis, and single-
crystal X-ray diffraction (CIF files CCDC nos. 967513 (I), 1542972 (II)). Complex I crystallizes in the tri-
clinic crystal system, space group  with a = 11.0821(11), b = 12.2632(12), c = 15.0288(15) Å, α =
87.3760(10)°, β = 88.4610(10)°, γ = 81.2220(10)°, V = 2016.0(3) Å3, ρc = 1.369 g/cm3, Mr = 1662.25, Z = 1,
F(000) = 853, μ = 0.543 mm–1, the final R = 0.0592 and wR = 0.1681 for 15498 observed reflections with I >
2σ(I). Complex II is of monoclinic system, space group P21/c with a = 18.0539(19), b = 8.5806(9), c =
18.758(2) Å, β = 116.5700(10)°, V = 2599.0(5) Å3, ρc = 1.491 g/cm3, Mr = 583.44, Z = 4, F(000) = 1196, μ =
0.567 mm–1, the final R = 0.0337 and wR = 0.0853 for 18139 observed reflections with I > 2σ(I). Complex I
features linear Mn(II)-trinuclear units, which form 1D chain structure through F···F weak interactions, and
complex II is 1D polymeric Mn(II)-chains. Antiferromagnetic coupling interactions exist within Mn(II)-
carboxylate trinuclear in I (J = –0.40 cm–1) and Mn(II)-carboxylate chain in II (J = –0.45 cm–1).
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INTRODUCTION

In recent years, the coordination complexes mag-
netism has been achieved much success in synthesiz-
ing a large of new magnetic materials, which provides
an effective way to design magnetic systems when
magnetic metal ions are assembled into coordination
complexes by employing suitable ligands [1, 2]. The
ligands with carboxyl groups [3–6], azaheterocyclic
structure [7–9] and short bridging groups (hydroxyl,
oxygen, cyano, and azido) are good candidates for
constructing the novel magnetic materials [10–18].
The researches show that most of them display antifer-
romagnetic or ferrimagnetic interactions. For the rea-
son that the value of the exchange coupling between
metal ions through bridging carboxylate (J) is affected
by the bridging mode of the carboxylate and the type
of M–O–C–O–M pathway involved, the synthesis of
carboxylato-bridged transition metal complexes
appeals to many researchers [5, 19, 20].

Cinnamic acid and its derivates have plentiful coor-
dinated modes, and the mononuclear, dinuclear, tri-
nuclear, 1D, 2D, 3D coordination polymers have been
synthesized and reported [21–28]. Especially the car-
boxylate group of cinnamic acid conjugates with ben-
zene ring through C=C double bond and may imple-
ment single-crystal to single-crystal (SC–SC) struc-
tural transformation of complex by photochemical
[2 + 2] cycloaddition reaction.

However the coordination polymers based on the
4-fluorocinnamic acid (Pfca) ligand are seldom
reported. Compared to the cinnamic acid, the F– sub-
stituted cinnamic acid can form F...F and F...H weak
interactions, which can reinforce the crystal packing
and construct more f lexible structures. The Co(II),
Cu(II), Ni(II) coordination polymers with Pfca ligand
were obtained in our previous work [22, 23]. In the
further research we obtained two new Mn(II) coordi-
nation complexes by the mixed-ligand strategy in the
presence of Pfca and 1,10-phenanthroline (Phen).
Complex {[Mn3(Pfca)6(Phen)2] · 2DMF}n (I) features

1P

1 The article is published in the original.
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linear Mn(II)-trinuclear units, which form 1D chain
structure through interchain F···F weak interactions.
Complex [Mn(Pfca)2(Phen)(H2O)]n (II) is 1D poly-
meric Mn(II)-chains formed by the syn-syn bridging
coordination of Pfca carboxyl groups. The magnetic
susceptibility measurements indicate the occurrence
of classic antiferromagnetic coupling interactions
within Mn(II)-trinuclear units in I and Mn(II)-car-
boxylate 1D chain in II.

EXPERIMENTAL
Materials and physical measurements. All reagents

were of analytical grade and used as purchased without
further purification. Elemental analyses for carbon,
hydrogen and nitrogen were performed with a Flash
2000 organic elemental analyzer. The FT-IR spectra
were recorded on powdered samples using a NICO-
LET 6700 FT-IR spectrometer in the 4000–600 cm–1

range. Powder X-ray diffraction (PXRD) patterns
were recorded with a Bruker D8 ADVANCE X-ray
diffractometer at the room temperature. Thermograv-
imetric analysis (TGA) was performed on a STA449C
integration thermal analyzer in f lowing N2 with a
heating rate of 10°C/min.

Synthesis of complex I. A methanol solution (3 mL)
of MnCl2 · 4H2O (0.2 mmol, 0.040 g) was mixed with
a methanol (5 mL) solution of (E)-3-(3-fluoro-phe-
nyl)-acrylic acid (0.6 mmol, 0.099 g). Triethylamine
(0.6 mmol, 0.060 g) was added drop-wise to this mix-
ture to bring the pH of the solution to about 7 with
constantly stirring for 30 min. Then Phen (0.3 mmol,
0.059 g) was added to this mixture with constantly stir-
ring by adding about 2 mL DMF. The mixture was
refluxed for 2 h. The result solution was then filtered
and left at room temperature. Yellow rectangular
shaped single crystals suitable for X-ray diffraction
were obtained by slow evaporation for about 20 days
allowed to dry in air. The yield is 75% (based on Mn).

Synthesis of complex II. The synthesis of the com-
plex II was in a same procedure to that of complex I
besides the shorter evaporation time than I (about
7 days). Yellow rectangular shaped crystals were
obtained with 52% yield (based on Mn).

X-ray structure determination. Diffraction data
were collected on a Bruker SMART APEX CCD dif-
fractometer equipped with a graphite-monochro-

For C84H66N6O14F6Mn3

Anal. calcd., % C, 60.64 H, 3.97 N, 5.05
Found, % C, 60.76 H, 3.83 N, 4.96

For C30H22N2O5F2Mn
Anal. calcd., % C, 61.70 H, 3.77 N, 4.80
Found, % C, 61.32 H, 3.86 N, 4.87
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mated MoKα (λ = 0.71073 Å) radiation by using a ϕ–
ω scan mode at room temperature. Absorption correc-
tions were based on symmetry equivalent reflections
using the SADABS program [29]. The structures were
solved by direct methods and refined by full-matrix
least-squares on F2. All calculations were performed
using the SHELXTL-97 program package [30]. All
non-hydrogen atoms in complexes I and II were
refined with anisotropic thermal parameters. The
hydrogen atoms were placed in the calculated posi-
tions and refined isotropically with a riding model
except for those bound to water molecules and
hydroxyl groups, which were initially located in a dif-
ference Fourier map and included in the final refine-
ment by use of geometrical restraints. The crystal data
as well as the details of data collection and refinements
for I and II are listed in Table 1. Selected lengths and
angles parameters are given in Table 2.

Supplementary materials for two compounds have
been deposited with Cambridge Crystallographic
Data Centre (CCDC nos. 967513 (I), 1542972 (II);
deposit@ccdc.cam.ac.uk or http://www.ccdc.cam.ac.
uk/data-request/cif).

RESULTS AND DISCUSSION

The asymmetric unit of complex I contains one
and a half Mn(II) atoms located at the crystallo-
graphic center, one Phen, three Pfac ligands, one lat-
tice DMF molecule (Fig. 1a). The structure displays a
linear trinuclear Mn(II) unit (Fig. 1b). All the Mn2+

ions are six-coordinated with a distorted octahedral
geometry. The coordination sphere of Mn(1) is coor-
dinated by six O atoms from six different Pfca anions
(Mn–O 2.144(3)–2.192(3) Å). The coordination
sphere of Mn(2) is defined by four O atoms from three
different Pfca anions (Mn–O 2.094(3)–2.204(3) Å)
and two N atoms from one Phen molecule (Mn–N
2.250(3)–2.287(3) Å).

The linear trinuclear unit is completely assembled
in such a way that the central Mn(1)O6 octahedron is
connected to two Mn(2)O4N2 octahedra at two ends
by one bidentate Pfca anion with a μ3-η1:η2 bridging
coordination mode and two tridentate Pfca
anions with a μ2-η1:η1 bridging coordination mode.
The distance between the two adjacent Mn2+ ions is
3.5587(6) Å within the trinuclear unit.

It is clear that halogen–halogen contacts are char-
acterized by the fact that the interhalogen distance is
less than the sum of van der Waals radii (rvdW) of the
corresponding halogen atoms. The rvdW of the fluoro
atom is 1.47 Å, and the shortest F···F distance is
2.6566(66) Å in complex I (Fig. 1c). So the F···F inter-
actions exist in this complex. Furthermore, the trinu-
clear Mn(II) units are connected to form a 1D chain
along the b direction through the F···F interactions.
The 1D chains are cohered together by weak
  Vol. 44  No. 5  2018
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Table 1. Crystallographic and structure refinement data for complexes I and II

Parameter
Value

I II

Temperature, K 296(2) K 296(2) K
Crystal system Triclinic Monoclinic
Space group P21/n

a, Å 11.0821(11) 18.0539(19)
b, Å 12.2632(12) 8.5806(9)
c, Å 15.0288(15) 18.758(2)
α, deg 87.3760(10) 90
β, deg 88.4610(10) 116.5700(10)
γ, deg 81.2220(10) 90

Volume, Å3 2016.0(3) 2599.0(5)

Crystal size, mm 0.35 × 0.27 × 0.10 0.33 × 0.25 × 0.17
Z 1 4

ρcalcd, g cm–3 1.369 1.491

μ, mm–1 0.541 0.567

F(000) 853 1196
θ Range, deg 2.31–25.50 2.43–25.50
Reflections collected 15498 18139
Independent reflections (Rint) 7455 (0.0266) 4833 (0.0275)
Parameters 513 361
Goodness-of-fit 1.004 1.108
Final R indices (I > 2σ(I)) R1 = 0.0592, wR2 = 0.1681 R1 = 0.0337, wR2 = 0.0853
R indices (all data) R1 = 0.0879, wR2 = 0.1932 R1 = 0.0458, wR2 = 0.0938

Largest diff. peak and hole, e Å–3 0.790 and –0.684 0.479 and –0.259

1P
van der Waals force to form a 3D supermecular net-
work (Fig. 1d).

In complex II, the asymmetric unit contains one
crystallographic Mn(II) atom, one Phen, two Pfca
anions, one water molecule (Fig. 2a). The Mn(II)
center is octahedrally coordinated by three carboxylate
O atoms from three different Pfac ligands, one water
O atom and two Phen N atoms. The N(1), N(2),
O(2A), O(3) are in the equatorial plane, leaving two
apical positions occupied by O(5) and O(1) atoms.
The Mn–O bond lengths are between 2.141(1) and
2.243(1) Å, and two Mn–N bond lengths are 2.291(2)
and 2.334(2) Å. The adjacent Mn2+ ions are con-
nected by Pfca anions adopting a μ2-η1:η1 bridging
coordination mode to form a 1D linear chain along y
direction with the Mn…Mn distance of 5.2640(6) Å
(Fig. 2b). The further assembly among the 1D chains
to form its final 3D supermolecular structure is com-
pleted through weak van der Waals force.

The both complexes are further characterized by
the IR spectra, which were consistent with their struc-
tures as determined by single-crystal X-ray diffraction.
RUSSIAN JOURNAL OF C
The strong absorptions at 1640, 1388 cm–1 for I and
1646, 1402 cm–1 for II are attributed to the asymmetric
stretching vibration νas(COO–) and the symmetric
stretching vibration νs(COO–), respectively. The
strong absorptions at 1415 cm–1 for I and 1420 cm–1 for
II can be ascribed to C=N stretching modes of Phen.
The absorptions at 1268 cm–1 for I and 1275 cm–1 for
II are attributed to C–F characteristic absorptions.

PXRD of complexes I and II have been studied at
room temperature, which are in good agreement with
the patterns simulated from the respective single-crys-
tal data, implying the good phase purity of two com-
plexes.2

The experiments of TGA of complexes I and II
were performed on the crystalline samples from 25 to
850°C at a heating rate of 5°C min–1 under nitrogen
atmosphere (Fig. 3). There are two steps in the
decomposition process for complex I. The first weight
loss of 8.3% from 110 to 150°C corresponds approxi-

2Additional experimental data can be requested from authors.
OORDINATION CHEMISTRY  Vol. 44  No. 5  2018
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Table 2. Selected bond lengths (Å) and angles (deg) for complexes I and II*

* Symmetry codes for complexes: #1 –x, –y + 1, –z + 1 (I); #1 –x + 3/2, y – 1/2, –z + 1/2 (II).

Bond d, Å Bond d, Å

I

Mn(1)–O(3) 2.144(3) Mn(1)–O(3)#1 2.144(3)

Mn(1)–O(5)#1 2.186(3) Mn(1)–O(1) 2.192(3)

Mn(2)–O(4) 2.094(3) Mn(2)–O(2) 2.096(3)

Mn(2)–N(2) 2.250(3) Mn(2)–N(1) 2.287(3)

Mn(1)–O(5) 2.186(3) Mn(1)–O(1)#1 2.192(3)

Mn(2)–O(5) 2.204(3) Mn(2)–O(6) 2.370(3)

II

Mn(1)–O(3) 2.1408(14) Mn(1)–O(2)#1 2.1606(14)

Mn(1)–O(5) 2.2429(14) Mn(1)–N(2) 2.291(2)

Mn(1)–O(1) 2.1755(14) Mn(1)–N(1) 2.334(2)

Angle d, deg Angle d, deg

I

O(3)Mn(1)O(3)#1 180.0(2) O(3)Mn(1)O(5) 91.22(11)

O(3)Mn(1)O(5)#1 88.78(11) O(3)#1Mn(1)O(5)#1 91.22(11)

O(3)Mn(1)O(1) 89.89(12) O(3)#1Mn(1)O(1) 90.11(12)

O(5)#1Mn(1)O(1) 89.50(11) O(3)Mn(1)O(1)#1 90.11(12)

O(5)Mn(1)O(1)#1 89.50(11) O(5)#1Mn(1)O(1)#1 90.50(11)

O(4)Mn(2)O(2) 95.83(13) O(4)Mn(2)O(5) 104.50(12)

O(4)Mn(2)N(2) 91.57(12) O(2)Mn(2)N(2) 108.89(12)

O(4)Mn(2)N(1) 164.04(12) O(2)Mn(2)N(1) 87.43(13)

O(5)Mn(2)N(1) 90.60(12) N(2)Mn(2)N(1) 72.63(12)

O(2)Mn(2)O(6) 152.48(12) O(5)Mn(2)O(6) 56.90(10)

O(3)#1Mn(1)O(5) 88.78(11) O(2)Mn(2)O(5) 96.47(11)

O(5)Mn(1)O(5)#1 180.0(2) O(5)Mn(2)N(2) 148.46(11)

O(5)Mn(1)O(1) 90.50(11) O(5)Mn(2)N(1) 90.60(12)

O(3)#1Mn(1)O(1)#1 89.89(12) O(4)Mn(2)O(6) 97.65(12)

O(1)Mn(1)O(1)#1 180.00(16) N(2)Mn(2)O(6) 94.64(11)

N(1)Mn(2)O(6) 86.16(12)

II

O(3)Mn(1)O(2)#1 107.96(6) O(3)Mn(1)O(1) 89.11(5)

O(3)Mn(1)O(5) 85.97(5) O(2)#1Mn(1)O(5) 86.44(5)

O(3)Mn(1)N(2) 157.72(6) O(2)#1Mn(1)N(2) 93.37(6)

O(5)Mn(1)N(2) 89.09(6) O(5)Mn(1)N(2) 89.09(6)

O(2)#1Mn(1)N(1) 165.02(6) O(1)Mn(1)N(1) 98.20(6)

O(2)#1Mn(1)O(1) 84.74(5) O(3)Mn(1)N(1) 86.83(6)

O(1)Mn(1)O(5) 168.06(6) O(5)Mn(1)N(1) 92.39(6)

O(1)Mn(1)N(2) 99.44(6) N(2)Mn(1)N(1) 71.67(6)
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Fig. 1. View of the asymmetric unit showing the coordina-
tion environment of Mn2+ cation in complex I (symmetry
codes: A = –x + 2, –y, –z) (a); view of the trinuclear
unit (b); details of F…F interactions between adjacent tri-
nuclear units (c); view of 3D supermolecular structure (d).
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Fig. 2. View of the asymmetric unit showing the coordina-
tion environment of Mn2+cation in complex II (symmetry
codes: A = –x + 3/2, y – 1/2, –z + 1/2; B = –x + 3/2, y +
1/2, –z + 1/2) (a); view of 1D polymeric chain (Pfca
ligands omitted for clarity) (b).
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mately to release the two lattice DMF molecules per
formula unit (calcd. 8.8%). The second mass weight
loss takes place over 270°C, being attributed to the
decomposition of organic components. The final res-
idue cannot be specifically identified and may be a
mixture. For complex II, a 3.12% weight loss in the
region of 110–165°C corresponds to the loss of one
coordinated water molecule per formula unit (calcd.
3.1%). Over 245°C, the residue starts to decompose
and does not stop until the heating end at 850°C.

The magnetic properties of Mn(II) complexes have
attracted much attention due to the characteristics of
RUSSIAN JOURNAL OF C
intramolecular electron transfer and magnetic
exchange. So the magnetic susceptibilities (χM) of I
and II were investigated in the 2.0–300.0 K range at
2000 Oe applied field. The results are shown as χMT
and χM versus T plots in Fig. 4.

Complex I is a symmetrical linear Mn(II) trinu-
clear and the magnetic interactions can be considered
to occur between the adjacent metal ions within the
trinuclear unit. The reason to ignore the magnetic
interactions between the adjacent trinuclear units is
that the center-to-center distances between the two
trinuclear units are larger than 11 Å. The χMT value is
12.12 cm3 mol–1 K at 300 K, close to the value of
13.125 cm3 mol–1 K, which corresponds to three
uncoupled Mn2+ ions. When the temperature
decreases, the χMT values fall until reaching 5.97 cm3

mol–1 K at 2 K, which are higher than the expected
value of 4.375 cm3 mol–1 K for a spin ground state ST =
5/2 and g = 2, indicative of an antiferromagnetic cou-
pling. The magnetic susceptibility obeys the Curie–
Weiss law [  = (T – θ)/C] above 8 K with a Weiss
constant θ of –3.07 K and a Curie constant C of
13.03 cm3 mol–1 K. The negative θ value further sug-

−χ 1
M

OORDINATION CHEMISTRY  Vol. 44  No. 5  2018
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Fig. 3. TGA curve of complexes I and II.
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gests the antiferromagnetic coupling within the trinu-
clear unit.

In order to evaluate the magnetic interactions
quantitatively, the experimental data for I were mod-
eled using Eqs. (1) and (2) with S = 5/2 [31–33]. The
least-squares analysis of magnetic susceptibilities data

led to J = 0.39 cm–1, g = 2.10, R = 8.93 × 10–4.

, (1)

A = 14x44 + 5x40 + 31x36 + 14x34 + 5x32 + x30

+ 105x26 + 5x22 + 19x20 + 30x18 + 69x16

+ 91x14 + 30x12 + 55x8 + 91x4 +140,

βχ =
2 2

M

2Ng A
KT B
  Vol. 44  No. 5  2018
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B = 7x44 + 5x40 + 12x36 + 7x34 + 6x32 + 3x30

+ 35x26 + 5x22 + 12x20 + 9x18 + 18x16

+ 13x14 + 9x12 + 11x8 + 13x4 + 15,

x = exp(−J/KT)

. (2)

For II the smallest Mn···Mn separation is
5.2640(6) Å in the intrachain, which is shorter than
that (8.6517 Å) between chains. So, the possible mag-
netic superexchange pathway is mainly inside the 1D
chain. The experiment shows that the χMT value at

300 K in 2 of 4.40 cm3 mol–1 K is close to spin-only

value (4.38 cm3 mol–1 K, S = 5/2) expected for an iso-

lated high-spin Mn2+ ion. As the temperature is low-
ered to 2 K the χMT values decrease, reaching a mini-

mum of 0.96 cm3 mol–1 K. This behavior suggests the
existence of weak antiferromagnetic exchange behav-

ior between the Mn2+ cations. The temperature
dependence of the reciprocal susceptibilities (1/χM)

obeys the Curie–Weiss law with θ = –4.66 K, C =

4.17 cm3 mol–1 K above 4 K. The intramolecular anti-
ferromagnetic coupling is confirmed by the negative
θ value. With the purpose of quantitatively evaluating
the magnetic interactions, for similar 1D chain
Mn(II) complexes, the experimental data for II were
modeled using Eq. (3) with S = 5/2 [34]. The least-
squares analysis of magnetic susceptibilities data led to

J = –0.45 cm–1, g = 2.02, R = 4.78 × 10–5. The J value
reveals further that weak antiferromagnetic interac-

tions between the adjacent Mn2+ ions mediating
through the syn-syn carboxylate bridging mode.

(3)
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