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Abstract

The MnPc(py)2 complex was obtained in the reaction of MnPc with purified and dry pyridine under non-oxidation conditions. It

crystallises in the centrosymmetric space group P21/c of the monoclinic system with two molecules per unit cell. The Mn2� cation is

coordinated by four N -isoindole atoms of phthalocyaninato(2�/) macrocycle and axially by two nitrogen atoms of pyridine

molecules into a tetragonal bipyramid. The MnPc(py)2 crystals are moderately stable under air, but in pyridine solution the

MnPc(py)2 complex undergoes oxidation by O2 yieldings the binuclear manganese(III) m-oxo complex (MnPcpy)2O as evidenced by

the UV�/Vis spectroscopy. The magnetic susceptibility measurement performed on solid sample of MnPc(py)2 shows the Curie�/

Weiss behaviour in the temperature region of 300�/15 K. The calculated magnetic moment meff indicates three unpaired electrons

(S�/3/2), thus the ground state configuration of Mn ion is (a1g)2(eg)2(b2g)1, and the MnPc(py)2 complex is the intermediate spin

complex. Below 5.5 K (TN) the magnetic susceptibility sharply decreases due to the cooperative intermolecular antiferromagnetic

interactions.

# 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

The ability of the metal(II) phthalocyanines to
coordinate additional N- or O-donor ligands or solvent
molecules with formation of the 4�/1 and 4�/2 coordi-
nated complexes is well known [1�/8]. The formation of
metallophthalocyaninato complexes with pyridine de-
pends strongly on the electronic configuration of the
central metal ion. The metallophthalocyanine molecule,
as an acceptor, and pyridine molecule with the lone
electron pair on N atom, as a donor, could attract each
other through donor�/acceptor interactions, however the
composition of the formed products is very sensitive to
the processing conditions. Lever was the first to report
the existence of the pyridine complexes in solution for
MgPc, FePc and for MnPc [9]. Moreover, later it has

been stated that the MnPc is able to form a stable
pyridine complex only in an oxidative form [10] and the

m-oxo-bis(phthalocyaninato(2�/)) manganese(III) com-

plex with the composition of (MnPc(py))2O has been

isolated and structurally characterized by X-ray diffrac-

tion technique [11]. However, we suppose that the

formation of the MnPc complex with pyridine without

oxygen as a bridging atom could be also possible. The

existence of the six-coordinated complex of iron(II)
phthalocyanine with 4-methylpyridine has also been

reported [12]. Later this bis(4-methylpyridine)-

phthalocyaninato(2�/) iron(II) complex has been struc-

turally characterized [13]. Subsequently the five- and six-

coordinated complexes of CoPc with pyridine, CoPc(py)

and CoPc(py)2, have been reported [14], however, well-

characterized solid state compound as single crystal has
been described only on the six-coordinated CoPc(py)2

complex [15]. In addition it has been reported that zinc

phthalocyanine forms some complexes with various

amines [16], and one of them, the zinc phthalocyanine
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with n -hexylamine has been characterized by the single
crystal X-ray diffraction [17].

In the course of our investigations of the metal(II)

phthalocyanines in pyridine solution, quite recently, we

have obtained the dipyridinated magnesium, cobalt and

iron phthalocyanines, MgPc(py)2, CoPc(py)2 and
FePc(py)2, in crystalline form [15,18]. Additionally, we

have stated that the crystals of MgPc(py)2 are stable

under dry atmosphere only, while under moist air this

complex interacts with water molecules and converts

into MgPc(H2O) �/2py, which has been previously struc-

turally characterized [19]. Besides this MgPc(H2O) �/2py

complex, quite recently, it has been reported that during

recrystallization of MgPc from pyridine solution, be-
sides the MgPc(H2O) �/2py, other crystals with the

composition of 2(MgPc(H2O) �/3py have been obtained

[20]. The Co and Fe dipyridinated phthalocyaninato

complexes are the low-spin complexes [15]. Our inves-

tigations of MgPc(py)2, CoPc(py)2 and FePc(py)2 shown

that the Fe-complex is the most stable and Co-complex

the least stable within these complexes. Additionally, we

have no evidence on the formation of the 1:1 complexes
(M(II):py) by the thermal dissociation as was suggested

earlier for the CoPc complex with pyridine [14].

The phthalocyaninato complexes of manganese are of

peculiar interest because they open up the possibility of

their utilisation as sensors and are important in the field

of biological oxidative processes, coordination chemis-

try and catalysis [21]. They are also promising as

organometallic magnetic materials [22]. It has been
also shown by Miller [23], that the metallophthalocya-

nine analogue, the manganese porphyrin with tetracya-

noethylene complex, displays ferromagnetism. Those

circumstances were the reasons for the presented study,

and here we report the results.

Our aim of the present study was to obtain the

manganese(II) dipyridinated phthalocyaninato complex

in crystalline form and the information concerning its
stability and the transformation processes in the oxida-

tive conditions. Subsequently, to extend the information

about the stereochemistry and the properties of the M�/

N(py) coordination bond we compare the crystal

structure of MnPc(py)2 with the previously described

complexes of MgPc(py)2, CoPc(py)2 and FePc(py)2

[15,18].

2. Experimental

2.1. Synthesis

The substrates i.e. MnPc and pyridine were purchased

from Sigma-Aldrich. The microcrystalline powder of
MnPc (0.4 g) and purified and dry pyridine (10 ml), were

placed into a glass ampoule and next degassed and

sealed under vacuum. Than the mixture was allowed to

react at 433 K for 1 day. After that, the solid part was

removed from the mother liquor by filtration and the

well formed, parallelepiped violet crystals of a various

sizes, but identical in colour and shape, were selected.
Anal . Found: Mn, 7.65; C, 69.42; H, 3.52; N, 19.41%

indicating the composition MnPc(py)2; calculated values

for Mn(C32H16N8)(C5H4N)2: Mn, 7.57; C, 69.52; H,

3.61 and N, 19.30. It should be added that the filtrate

was evaporated to dryness at room temperature. The

precipitated solid substance was examined by X-ray

powder diffraction on a STOE powder diffractometer

with linear PSD detector. The powder diffraction
pattern was identical with the pattern of the starting

MnPc material.

2.2. Thermal measurements

Thermal analysis was carried out on a Lineis L81

thermobalance apparatus with Pt crucibles. The pow-

dered Al2O3 has been used as a standard reference. The

measurements were performed on samples of 15�/20 mg
under static air atmosphere on heating from room

temperature to about 280 8C with the heating rate of

5 8C min�1.

2.3. X-ray single crystal measurement

Data collection was carried out on a KUMA KM-4

diffractometer with a two-dimensional area CCD de-
tector. The graphite monochromatized Mo Ka radiation

(l�/0.71073 Å) and v-scan technique with Dv�/0.758
for one image were used for data collection. The 960

images for six different runs covering over 95% of the

Ewald sphere were performed. One image as a standard

was used for monitoring the stability of the intensities

after every 40 images. Integration of the intensities,

corrections for Lorenz and polarization effects were
made using a KUMA KM-4 CCD program package [24].

The face-indexed analytical absorption was calculated

using the SHELXTL program [25]; max. and min.

transmission factors being 0.956 and 0.869. 4510 in-

dependent reflections (a total of 18 779 reflections were

integrated, Rint�/0.0373) were used for crystal structure

solution and refinement. The structure was solved by

Patterson method. The hydrogen atoms of the phenyl
rings were located from the Dr maps, but in the final

refinement their positions were constrained using HFIX

43 with the isotropic thermal parameters of 1.2Ueq of the

carbon atoms linked directly to the H atoms. The

structure was refined with anisotropic thermal para-

meters for all non-hydrogen atoms by full-matrix least-

squares methods using SHELXL-97 program [26]. The

final difference map calculation showed no peaks of
chemical significance; the largest were �/0.335 and �/

0.377 e Å�3. More details of the data collection

parameters and the final agreement factors are collected

J. Janczak et al. / Polyhedron 22 (2003) 2689�/26972690



in Table 1. Selected bond lengths and angles are listed in

Table 2.

2.4. Magnetic susceptibility measurements

The temperature dependence of the magnetic suscept-

ibility of MnPc(py)2 was recorded from 300 to 1.8 K on

Quantum Design SQUID magnetometer (San Diego,

CA) on the sample of 115 mg. The magnetization on

magnetic field dependence was recorded from 0 to 5 T at

1.9 K.

2.5. Spectroscopic measurements

Measurements of the electronic spectra were carried

out at room temperature using a Varian Cary 5E UV�/

VIS�/NIR spectrometer. The UV�/Vis spectra were

recorded from pyridine solution in 0.5-cm quartz cell.

3. Results and discussion

3.1. Synthesis and characterization

The preparation method of the single crystal of the

dipyridinated manganese(II) phthalocyaninato(2�/)

complex, MnPc(py)2, is very fast and simple. A suspen-

sion of b-MnPc in purified and degassed pyridine was

heated at 160 8C for 1 day. During the heating process in

non-oxidation conditions the molecule of MnPc inter-
acts by its positively polarized metal atom with the lone

electron pair of nitrogen atom of pyridine molecules. As

a result of this interaction the dipyridinated mangane-

se(II) phthalocyaninato complex is formed. The ob-

tained crystals of MnPc(py)2 are moderately stable

under air condition, but in pyridine solution the

MnPc(py)2 molecules interact with the oxygen and

transform into the known m-oxo-bis[phthalocyanina-
to(2�/)]manganese(III) complex [11] as a result of the

oxidation of MnPc(py)2 complex by oxygen. The

crystals of MnPc(py)2 are soluble in pyridine, DMF,

DMSO and other N- and O-donor solvents. The two

other dipyridinated Fe and Co complexes FePc(py)2 and

CoPc(py)2 are significantly more stable in air than this

MnPc(py)2 complex, are stable significantly under air

condition [15], whereas the third known dipyridinated
complex*/MgPc(py)2 is less stable under moist atmo-

sphere [18]. The MgPc(py)2 interacts with a water

molecule and transforms into aqua complex with the

composition of (MgPcH2O) �/2py [18], in which the water

molecule is coordinated directly to the central magne-

sium cation and pyridine molecules as acceptors are

joined to the MgPc(H2O) molecule by the O�/H/� � �/N(py)

hydrogen bonds [19]. The contact of MnPc(py)2 with
non-oxidising dilute acid lead to the demetallation, leads

metal-free phthalocyanine in the a-form [27].

Table 1

Crystal data and structure refinement for MnPc(py)2

Chemical formula C42H26N10Mn

Formula weight 725.67

Temperature (K) 295(2)

Wavelength (Å) 0.71073

Crystal system monoclinic

Space group P21/c

Unit cell dimensions

a (Å) 9.650(2)

b (Å) 19.958(4)

c (Å) 9.171(2)

b (8) 111.66(3)

V (Å3) 1641.6(6)

Z 2

Dcalc (Mg m�3) 1.468, 1.46

Absorption coefficient (mm�1) 0.453

Crystal size (mm) 0.32�/0.18�/0.10

qmax for data collection 29.85

Limiting indices �/125/h 5/12

�/255/k 5/27

�/105/l 5/12

Reflections collected/unique/observed

[F2�/2s (F2)]

18 779/4510/3211

[Rint�/0.0373]

Refinement method full-matrix least-squares

on F2

Data/restraints/parameters 4510/0/242

Goodness-of-fit on F2 1.018

Final R a indices [I �/2s (I )] 0.0455

wR b indices (all data) 0.1142

Largest peak and hole on D map (e Å�3) 0.335 and �/0.377

a R�/ajjFoj�/jFcjj/aFo.
b wR�/{a[w (Fo

2�/Fc
2)2]/awFo

4}1/2; w�1�/[s2(Fo
2)�/(0.0481P )2�/

0.7299P ] where P�/(Fo
2�/2Fc

2)/3.

Table 2

Comparison of the coordination of the central metal ion in dipyridinated phthalocyaninato(2�/) complexes

Compound MnPc(py)2 MnPc FePc(py)2 FePc CoPc(py)2 CoPc MgPc(py)2 MgPc

M�/Niso (Å) 1.954(2) 1.933(4) 1.938(2) 1.926(2) 1.930(2) 1.908(3) 2.006(2) 2.011(3)

M�/N(py) (Å) 2.114(2) 2.039(2) 2.340(2) 2.376(2)

Rotation angle (8) 34.5(2) 36.1(2) 28.6(2) 26.6(2)

C�/Niso (Å) 1.382(2) 1.394(8) 1.377(5) 1.378(3) 1.376(2) 1.368(4) 1.367(2) 1.376(2)

C�/Naza (Å) 1.330(2) 1.317(8) 1.328(4) 1.323(3) 1.329(2) 1.318(4) 1.343(2) 1.334(2)

Reference This work [28] [15] [29] [15] [29] [18] [30]
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As can be seen from the thermogram (Fig. 1) the

MnPc(py)2 complex is stable up to about 180 8C. Above

this temperature two axial equivalent Mn�/N(py) bonds
break simultaneously giving MnPc in powdered form.

The X-ray powder diffraction pattern indicates the b-

modification. The thermogravimetric analysis gives no

evidence on the formation of the 1:1 adduct (MnPc:py)

by the thermal dissociation. The axial M�/N(py) bonds

in MnPc(py)2 complex are stronger than the correspond-

ing ones in CoPc(py)2 (both Co�/N(py) bonds break at

�/140 8C) and weaker than in the FePc(py)2 (both Fe�/

N(py) bonds break at �/225 8C) [15]. Above 250 8C the

sublimation process of MnPc begins (see Fig. 1).

3.2. Description of the structure

The molecular structure of the dipyridinated

phthalocyaninato(2�/) manganese(II) complex is illu-

strated in Fig. 2. The manganese cation lies at the

inversion center, thus the MnPc(py)2 molecule is cen-

trosymmetric. The coordination polyhedron around the

central Mn ion approximates to a tetragonal bipyramid.

The central metal ion (Mn2�) and the four isoindole
nitrogen atoms of the phthalocyaninato(2�/) macro-

cycle lie on a plane. The pyridine molecules are

coordinated by their lone electron pair at the nitrogen

atoms to the central Mn atom in the axial positions. The

orientation of the axially coordinated pyridine in rela-

tion to the phthalocyaninato macrocyclic ring is well

described by the torsion angle of N3�/Mn�/N5�/C17.

The rotation of the pyridine molecule around the Mn�/

N5 axis would reduce the steric effect; i.e. the non-

bonding distances between the ortho-hydrogen atoms of

the axial pyridine ligand and the atoms of phthalocya-

ninato ring. In particular, if the rotation angle is equal

to 0, the plane of pyridine ring is parallel to the Mn�/N3

bond, or at the equivalent position rotated by 908, the

pyridine molecule is parallel to the Mn�/N1 bond,

making the non-bonding C/� � �/H distances greater than
2.5 Å. The second orientation, with the rotation angle of

458, makes the axial pyridine plane parallel to the Mn�/

N(azamethine) axis and this orientation reduces the

non-bonding distances between the ortho-H atoms of

pyridine and the azamethine nitrogen atoms of

phthalocyaninato(2�/) macrocycle. Such conformation

of MnPc(py)2 complex is the most stable due to the

greatest interaction (attractive forces) between the
ortho-hydrogen atoms of pyridine molecules and the

azamethine nitrogen atoms. However, the intermolecu-

lar interactions and the crystal packing forces present in

the crystal make the rotation angle of the axial pyridine

molecule plane 34.5(2)8. This angle is comparable to

that observed in FePc(py)2 (36.1(2)8) [15] and is greater

than in CoPc(py)2 (28.6(2)8) [15] and in MgPc(py)2

(26.6(2)8) [18]. The main difference between the
MnPc(py)2 and other dipyridinated phthal-

ocyaninato(2�/) complexes is found in the axial M�/

N(py) coordination bond distances. The coordination

geometries of the central metal ions in the dipyridinated

complexes are collected in Table 3, which also contains

the parameters of non-ligated M(II)Pc complexes, MnPc

[28], FePc [29] and MgPc [30]. The M�/N(py) axial bond

in MnPc(py)2 with a distance of 2.114(2) Å is longer
than corresponding one in FePc(py)2, but shorter than

in CoPc(py)2 [15] (see Table 3). The long M�/N(py) axial

bond distance in CoPc(py)2 is likely due to the unpaired

electron, which is essentially localised on the dz
2 orbital

of the Co2�, thus the ground state configuration of the

CoPc(py)2 can be expressed as (eg)4(b2g)2(a1g)1 in

accordance to the EPR and magnetic measurements

[15]. The lengthening of the axial Co(II)�/N(py) bond by
about 0.3 Å in CoPc(py)2 is supported by the molecular

orbital calculation performed by Little and Ibers that

gave a value of 2.05 Å for Co(III)�/N(sp2) bond (in the

absence of the electron localization on the dz
2 orbital)

Fig. 1. Thermogram of the solid state sample of MnPc(py)2.

Fig. 2. View of the MnPc(py)2 molecule with labeling scheme.

Displacement ellipsoids are shown at the 50% probability level.
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[31]. The shorter Fe�/N(py) bond distance in FePc(py)2

is in agreement with the EPR measurement results

(FePc(py)2 is not EPR active) indicating that the

FePc(py)2 is the low-spin complex [15]. The ligation of

FePc by two pyridine molecules leads to the change of

the ground state from (eg)3(b2g)2(a1g)1 or (eg)4(b2g)1(a1g)1

in FePc [32,33] to the (eg)4(b2g)2 in FePc(py)2 [15]. In the

present structure of MnPc(py)2 complex the M�/N(py)

bond is intermediate between those found in iron and

cobalt analogues (Table 3). This implicates the inter-

mediate ground state (a1g)2(eg)2(b2g)1, with the localisa-

tion of the unpaired electron on dz
2 orbital (more details

in the next section). The values of the M�/N(py)

coordination bond distances in the dipyridinated

phthalocyaninato(2�/) complexes indicate on their

strength and correlate well with the stability of these

complexes. Among known dipyridinated transition

metal complexes, MnPc(py)2, FePc(py)2 and CoPc(py)2,

the axial pyridine molecules are coordinated strongest in

Fe-complex as shown the thermogravimetric analysis

[15]. The dipyridinated Mn-complex is more stable than

the Co analogue, this is likely due to the different

ground state configuration of the central metal cation. A

similar correlation between the short, in Pc-plane, and

long, perpendicular to the Pc, M�/N bond lengths is

observed in cobalt(II) phthalocyaninato(2�/) complex

with axially coordinated 4-methylpyridine molecules

[13] and in the isostructural crystal of MgPc(py)2 [18].

The long M�/N coordination bonds have also been

observed in several axially coordinated porphyrinato

magnesium complexes [34�/37] and in axially coordi-

nated porphyrinato cobalt(II) complexes [38].

The C�/C and C�/N bond lengths of the

phthalocyaninato(2�/) macrocycle in MnPc(py)2 com-

plex are normal and the values of the chemically

equivalent bond lengths are not different from the

corresponding values in several metallophthalocyani-

nato complexes, including metal-free phthalocyanine

[27]. However, it should be noted that the good accuracy

of the present structure determinations and relatively

low standard deviations indicate the small differences

between the average values of C�/Niso and C�/Naza bond

lengths (see Table 3). These differences indicate an

accumulation of the charge density on the outer carbon

atoms of pyrrole rings as well as on the bridging
azamethine nitrogen atoms of phthalocyaninato macro-

cycle. This can be explained by an important role of the

electron back donation from the metal d(p) orbitals to

the ligand p*(eg) anti-bonding orbital, since the calcu-

lated maximum charge density is mainly located on

those atoms [39�/41]. The accumulation of the charge

density on the outer carbon atoms of pyrrole rings and

on the bridging azamethine nitrogen atoms has also

been evidenced from the experimental density maps

derived form the low temperature high resolution X-ray

experiments [42�/45].

The arrangement of MnPc(py)2 molecules in the unit

cell is illustrated in Fig. 3. The crystal is built up from
isolated MnPc(py)2 molecules that form alternating

sheets, with molecules related by a screw axis and glide

plane. Within one sheet the phthalocyaninato(2�/)

macrocycles are parallel to each other and between the

sheets the phthalocyaninato(2�/) planes are perpendi-

cular. The neighbouring MnPc(py)2 molecules within

one sheet overlap by their two phenyl rings which are

separated by �/3.15 Å. This value indicates the p�/p
interaction between these phenyl rings of the

phthalocyaninato(2�/) macrocycles within the sheet,

since this distance is shorter than the van der Waals

distance of �/3.4 Å for aromatic carbon atoms [46].

Table 3

Selected bond lengths (Å) and angles (8) for MnPc(py)2

Bond lengths

Mn�/N1 1.953(2)

Mn�/N3 1.955(2)

Mn�/N5 2.115(2)

C�/N(pyrrole) C�/N(azamethine)

C1�/N1 1.382(2) C8�/N2 1.336(2)

C8�/N1 1.381(2) C9�/N2 1.329(2)

C9�/N3 1.382(2) C16�/N4 1.327(2)

C16�/N3 1.383(2) C1i �/N4 1.327(2)

Bond angles

N1�/Mn�/N3 90.08(6)

N1i �/Mn�/N3 89.92(6)

N1�/Mn�/N5 90.67(6)

N3�/Mn�/N5 89.72(6)

Symmetry code: i�/�/x , �/y , �/z .

Fig. 3. Arrangement of the MnPc(py)2 molecules in the unit cell.
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3.3. UV�/Vis spectroscopy

The UV�/Vis spectroscopy was used for estimation of

the stability of MnPc(py)2 in pyridine solution as well as

of the oxidation and reduction reactions of this com-

plex. The electronic absorption spectrum of starting

MnPc(py)2 in pyridine solution is shown in Fig. 4 (solid

line). This spectrum is quite similar to that reported for

MnPc in pyridine solution [47], thus it should be stated

that the pyridine molecules very easily coordinate to the

MnPc even at room temperature with the formation of

MnPc(py)2 complex. However, this spectrum is different

in comparison with the spectrum of MnPc obtained on

the thin film of MnPc prepared by sublimation in

vacuum [48] which shows the relatively broad Q band

at �/705 nm. In the spectrum of MnPc(py)2 in pyridine

solution the Q band is observed at 660 nm and

corresponds to the excitation between the HOMO(a1u)

and LUMO (eg) orbitals. Several theoretical calculations

for the D4h symmetry of the metallophthalocyaninato

and metalloporpyrinato complexes predict five distinct

bands (Q, B, N, L and C) in the spectral region of 200�/

800 nm [49]. In the spectrum of starting MnPc(py)2

complex in pyridine solution the B band which is mostly

an a2u0/eg transition is observed at �/360 nm. Both Q

and B bands are characteristic for the

phthalocyaninato(2�/) macrocyclic ligand. The Q band

in the spectrum of MnPc(py)2 splits into two bands at

�/660 and �/692 nm. The splitting of the Q band is

characteristic and common feature for most metal-

lophthalocyaninato complexes [50,51]. The splitting

value is not too great and is likely due to the vibronic

coupling in the excited state [52]. The N and L bands

resulting mainly from contributions of b2u0/eg and

a1u0/eg transitions [53�/55] are observed at �/328 and

307 nm, respectively. In summary, the spectrum of

starting MnPc(py)2 complex in pyridine solution in the

absence of air has absorption peaks at 692, 660, 643,

605, 360, 328 and 305 nm (see Fig. 4, solid line). On

exposure to air, the bands in the Q region decrease

quickly with simultaneous increase of the bands in the B

spectral region. Additionally, the new band appears at

�/620 nm that very quickly increases. This band is

assigned to the transition in the dinuclear mangane-

se(III) m-oxo-complex, (MnPcpy)2O, that is formed by

oxidation of the MnPc(py)2 by O2 (see Scheme 1,

complex III). This assignment is in agreement with the

suggestion of Yamamoto et al. [48]. From the comple-

tely oxidised solution (the band at 620 nm, o is twice that

for the starting MnPc(py)2 complex) a purple compound

was obtained, which elemental analysis is in agreement

with the dinuclear manganese(III) m-oxo-complex (com-

plex III, Scheme 1). Elvidge and Lever [56] studying the

MnPc in a pyridine solution under exposure to air

observed an absorption band at 712.5 nm. In this region

we observed initially slight decreasing and next the

increasing of the background. Finally after 75 h the

band at �/716 nm appeared. This band is characteristic

for the hydroxopyridine phthalocyaninato mangane-

se(III) complex (see Scheme 1, complex IV). This

complex is formed by a hydrolysis of the dinuclear

manganese(III) m-oxo-complex. The MnPc(OH)(py)

complex can be also obtained from the MnPc(py)2

complex in solution of pyridine/H2O under exposure

to air. Our investigations clearly evidenced that the

MnPc(py)2 complex in dry pyridine and in the absence

of air is stable (the characteristic band at 660 nm), but

under exposure to air the very quick oxidation process

Fig. 4. Electronic absorption spectra of the starting MnPc(py)2 complex in pyridine solution (solid line) and the oxidation products (dashed and

dotted lines).
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of MnPc(py)2 to the dinuclear manganese(III) m-oxo-

complex, (MnPcpy)2O (the characteristic band at 620

nm) takes place, which is the most stable complex in the

used conditions. In the spectrum of the starting

MnPc(py)2 complex in pyridine solution (solid line on

the Fig. 4) at the region about 620 nm a weak broad

band is observed, which indicates that during the
preparation of the solution of MnPc(py)2 in pyridine

the oxidation process begins.

3.4. Magnetic properties

A plot of the reciprocal molar susceptibility versus

temperature for MnPc(py)2 complex is shown in Fig. 5.

The corrections for diamagnetic susceptibility of the

phthalocyaninato(2�/) macrocycle (�/290�/10�6 cm3

mol�1) and pyridine molecules (44�/10�6 cm3 mol�1)

have been included to the molar susceptibility [57]. The

experimental data in the region of 300�/15 K are well

approximated by a Curie�/Weiss law with the value of

U$/�/4.5 K for the Curie constant. A temperature

dependence of the effective magnetic moment down to

1.9 K is shown in Fig. 6. At room temperature the

effective magnetic moment calculated for MnPc(py)2 is

meff$/3.62mB and it is constant from room temperature

down to �/60 K. This value (meff$/3.62mB) indicates the

intermediate-spin MnPc(py)2 complex with the three

unpaired electrons per molecule arising from the ground

state configuration of (a1g)2(eg)2(b2g)1. However, this

value is slightly lower than the value of 3.88mB

calculated for the spin-only magnetic moment for S�/

3/2. The slightly lower value of meff than the calculated is

likely due to the fact that the starting MnPc(py)2 solid

sample used for the magnetic measurement was not

Scheme 1.

Fig. 5. Plots of the xM (insert top) and 1/xM of the MnPc(py)2 solid

sample versus T and magnetization versus magnetic field strength

(insert bottom).

Fig. 6. Temperature dependence of magnetic moment of MnPc(py)2

and MnPc for a comparison.
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entirely pure, since the MnPc(py)2 complex is moder-

ately stable in air and some amount of dinuclear

manganese(III) m-oxo-complex, (MnPcpy)2O, is present.

This dinuclear manganese(III) m-oxo-complex with four

electrons on Mn3� cation exhibits diamagnetic char-

acter due to the complete spin pairing which is unusual

for this ion but is possible under two conditions: (1)

antiferromagnetic interactions between oxygen-bridged

manganese(III) ions that often occurs for m-oxo-com-

plexes of Mn(III) and (2) by pairing of the electrons on

the dxz, dyz orbitals (eg) that are the lowest lying of the

manganese(III) d-orbitals as have been suggested by

Yamamoto et al. [48].

The shape of the curve of the temperature dependence

of magnetic susceptibility below 15 K down to the 1.9 K

(the lowest temperature of the measurement) suggests

the cooperative intermolecular antiferromagnetic inter-

action below TN$/5.5(2) K. The calculated magnetic

moment at the lowest temperature (1.9 K) is meff$/

0.28mB. In the crystal of MnPc(py)2 the distances of

9.171(2) and 10.982(2) Å between the magnetic Mn2�

ions in one sheet and between the sheets, respectively,

are too large for a direct interaction of 3d-orbitals to

contribute significantly to the magnetic exchange phe-

nomenon. Thus, the possibility of spin�/spin coupling

between the magnetic centres (Mn2� ions) via a super-

exchange mechanism, which involves the p electron

system of the MnPc(py)2 itself it should be considered.

The distance of �/3.15 Å between adjacent and partially

overlapped phthalocyaninato(2�/) macrocycles within

one sheet is sufficient to ensure the cooperative inter-

molecular interactions yielding the antiferromagnetic

orientation of magnetic moments of neighbouring

MnPc(py)2 molecules within the sheet and quick de-

creasing of the meff. The magnetic susceptibility of

MnPc(py)2 is independent of the magnetic field strength

in the range of 300�/15 K, but below 15 K the

susceptibility depends on the magnetic field strength.

The magnetization curve at the lowest temperature (1.9

K) versus magnetic field strength (0�/5 T) is shown in

Fig. 5. For a comparison, the effective magnetic

moment, meff, for non-ligated manganese(II) phthalo-

cyaninato complex (MnPc) at room temperature is equal

to 4.33mB per one molecule [58,59], and is greater than

spin-only magnetic moment for S�/3/2 (3.88mB). The

greater meff for non-ligated manganese(II) phthalocya-

nine is likely due to a mixing of the ground state

configuration of (b2g)2(eg)2(a1g)1 (4A2g) with the excited

state of (b2g)1(eg)2(a1g)1(b1g)1 (4Eg) as well as by a

standard perturbation treatment mixing into the ground

term via spin�/orbit coupling [59]. Additionally quite

different temperature dependence of meff for MnPc has

been observed. With decreasing of the temperature from

300 K to 14 K the increasing of the effective magnetic

moment from 4.33 to 7.30mB was observed which was

explained by the ferromagnetic interactions. Below 14 K

the meff for MnPc decreases to the value of �/3.10mB.

4. Conclusions

The ligation of MnPc by pyridine with the formation
of the 4�/2 coordinated complex of MnPc(py)2 takes

place only under non-oxidation conditions and in

purified and dry pyridine. The formed crystals of

MnPc(py)2 are moderately stable in air, but in pyridine

solution under air condition the oxidation process of the

MnPc(py)2 complex by oxygen takes place rapidly and

yields the dinuclear manganese(III) m-oxo complex with

the composition of [MnPc(py)]2O. Under moist atmo-
sphere or by adding a small amount of water the

dinuclear manganese(III) m-oxo complex undergoes

hydrolysis with the formation of another mangane-

se(III) complex*/MnPc(OH)py. The ligation of the

MnPc complex by pyridine changes its magnetic proper-

ties. The meff of MnPc(py)2 and MnPc are almost

constant in the wide temperature range (300 to �/50

K). At lower temperatures the meff of MnPc increases to
the value of 7.30mB at 14 K due to ferromagnetic

interactions. Further decreasing of the temperature

sharply decrease the meff to the value of 3.10mB. The

MnPc(py)2 exhibits below 5.5 K (TN) sharp decreases of

magnetic susceptibility and meff due to the cooperative

antiferromagnetic interactions.

5. Supplementary materials

Details on data collection and refinement, fractional
atomic coordinates, anisotropic displacement para-

meters and full list of bond lengths and angles in CIF

format has been deposited at the Cambridge Crystal-

lographic Data Centre, CCDC No. 206149. Copies of

this information may be obtained free of charge from

The Director, CCDC, 12 Union Road, Cambridge, CB2

1EZ, UK (fax: �/44-1223-336033; email: deposit@ccdc.

cam.ac.uk or www: http://www.ccdc.cam.ac.uk).
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