
This article was downloaded by: [Renmin University of China]
On: 13 October 2013, At: 10:35
Publisher: Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered
office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH, UK

Journal of Coordination Chemistry
Publication details, including instructions for authors and
subscription information:
http://www.tandfonline.com/loi/gcoo20

Intermolecular interaction and
magnetic coupling mechanism on a
mononuclear CoII complex
Shi-Guo Zhang a , Hong Li a , Long-Miao Xie b , Hu Chen b , Li Yu b

& Jing-Min Shi b
a Department of Chemistry and Chemical Engineering, Binzhou
Key Laboratory of Material Chemistry , Binzhou University ,
Binzhou 256603 , P.R. China
b Department of Chemistry , Shandong Normal University , Jinan
250014 , P.R. China
Accepted author version posted online: 04 May 2012.Published
online: 22 May 2012.

To cite this article: Shi-Guo Zhang , Hong Li , Long-Miao Xie , Hu Chen , Li Yu & Jing-Min Shi (2012)
Intermolecular interaction and magnetic coupling mechanism on a mononuclear CoII complex,
Journal of Coordination Chemistry, 65:12, 2211-2220, DOI: 10.1080/00958972.2012.688961

To link to this article:  http://dx.doi.org/10.1080/00958972.2012.688961

PLEASE SCROLL DOWN FOR ARTICLE

Taylor & Francis makes every effort to ensure the accuracy of all the information (the
“Content”) contained in the publications on our platform. However, Taylor & Francis,
our agents, and our licensors make no representations or warranties whatsoever as to
the accuracy, completeness, or suitability for any purpose of the Content. Any opinions
and views expressed in this publication are the opinions and views of the authors,
and are not the views of or endorsed by Taylor & Francis. The accuracy of the Content
should not be relied upon and should be independently verified with primary sources
of information. Taylor and Francis shall not be liable for any losses, actions, claims,
proceedings, demands, costs, expenses, damages, and other liabilities whatsoever or
howsoever caused arising directly or indirectly in connection with, in relation to or arising
out of the use of the Content.

This article may be used for research, teaching, and private study purposes. Any
substantial or systematic reproduction, redistribution, reselling, loan, sub-licensing,
systematic supply, or distribution in any form to anyone is expressly forbidden. Terms &

http://www.tandfonline.com/loi/gcoo20
http://www.tandfonline.com/action/showCitFormats?doi=10.1080/00958972.2012.688961
http://dx.doi.org/10.1080/00958972.2012.688961


Conditions of access and use can be found at http://www.tandfonline.com/page/terms-
and-conditions

D
ow

nl
oa

de
d 

by
 [

R
en

m
in

 U
ni

ve
rs

ity
 o

f 
C

hi
na

] 
at

 1
0:

35
 1

3 
O

ct
ob

er
 2

01
3 

http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions


Journal of Coordination Chemistry
Vol. 65, No. 12, 20 June 2012, 2211–2220

Intermolecular interaction and magnetic coupling mechanism on

a mononuclear CoII complex

SHI-GUO ZHANGy, HONG LIy, LONG-MIAO XIEz, HU CHENz, LI YUz
and JING-MIN SHI*z

yDepartment of Chemistry and Chemical Engineering, Binzhou Key Laboratory of Material
Chemistry, Binzhou University, Binzhou 256603, P.R. China

zDepartment of Chemistry, Shandong Normal University, Jinan 250014, P.R. China

(Received 8 November 2011; in final form 14 March 2012)

Anti-ferromagnetic interaction was observed in a new crystal that consists of mononuclear CoII

complexes, namely [Co(PMP)(N3)] (PMP¼ 2,9-bis(pyridin-2-methoxyl)-1,10-phenanthroline);
in the mononuclear complex CoII has a distorted trigonal-bipyramidal geometry. Analysis for
the crystal structure indicates six magnetic coupling pathways among adjacent complexes, in
which three involve �–� stacking and the other three deal with intermolecular interactions. The
fitting for the variable-temperature magnetic susceptibilities with the Curie–Weiss formula
shows an anti-ferromagnetic interaction between adjacent CoII ions with �¼�5.49
K¼�3.82 cm�1. Theoretical calculations on the spin section reveal that the three �–� stacking
systems result in magnetic coupling constants 2J¼�0.10 cm�1, �0.10 cm�1, and 1.24 cm�1,
respectively, and the three intermolecular interactions lead to weak anti-ferromagnetic
interactions with 2J¼�0.36 cm�1, �0.26 cm�1, and �0.32 cm�1, respectively. The theoretical
calculations and the experimental magnetic data imply that the anti-ferromagnetic interaction
involves the orbital contribution of the relevant CoII ions.

Keywords: Crystal structure; Magnetic coupling; �–� Stacking; Cobalt(II) complex;
Theoretical calculation; Broken-symmetry theory

1. Introduction

Molecular magnetism has attracted considerable attention with major advances in both
their description and their application as new molecular-based materials [1–3]. In
magneto-structure correlations it is very important to obtain basic information about
magnetic coupling signs, magnitudes, and mechanism. In order to obtain this
information many fitting models or fitting formulae have been developed.
Theoretical calculations have also been successfully developed for binuclear and
trinuclear models to reveal the factors that may dominate the magnetic coupling
properties. Mostly, fittings and calculations deal with systems where the coupling spin-
carriers (radical or paramagnetic metallic ions) are connected by bridging ligands [4–8]
with magnetic interactions through bond exchange. Intermolecular interaction may also
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play an important role in magnetic coupling. For example, some authors attributed
strong ferromagnetic order to �–� stacking interaction [9], and other authors found that
the �–� stacking interaction led to a strong anti-ferromagnetic interaction between spin
carriers [10–12]. Bertrand et al. [13] reported strong anti-ferromagnetic interaction
between CuII ions through O–H� � �O hydrogen-bonding. Thus, intermolecular interac-
tions should be key factors for magnetic coupling properties. However, there is not as
much work published on �–� stacking and hydrogen-bond systems as on bond
exchange systems, and mostly, they deal with radicals or complexes with radicals as
ligands [14–16]. On magnetic coupling signs from �–� stacking, although McConnell I
spin-polarization mechanism and McConnell II charge transfer mechanism have been
used [17, 18] for some compounds, there are still a few points to be resolved. Factors
that dominate the magnetic coupling properties have not been mentioned. Therefore, it
is important to design and synthesize complexes with intermolecular interactions and to
study the factors that dominate magnetic coupling, an area to which our attention has
been given [19–24].

2,9-Bis(pyridin-2-methoxyl)-1,10-phenanthroline (PMP) is an ideal ligand possessing
both strong chelating group and larger conjugation plane which may be used to form
complexes with strong �–� stacking and relevant magnetic coupling pathway; only one
CuII complex with PMP has been reported [24]. To examine the magnetic coupling
mechanism of intermolecular interaction, we synthesize the CoII complex with PMP
and report its synthesis and the magnetic coupling mechanism from the intermolecular
interaction, which involves both experimental and theoretical calculations.

2. Experimental

2.1. Materials

PMP was synthesized through the reaction of 2,9-dichloro-1,10-phenanthroline and
(pyridine-2-yl)methanol [24]; all other chemicals are of analytical grade and used
without further purification.

2.2. [Co(PMP)(N3)2]

Methanol solution (10mL) of PMP (0.0527 g, 1.34� 10–4mol) was added to 5mL water
solution containing Co(ClO4)2�6H2O (0.0570 g, 1.56� 10–4mol) and 5mL NaN3

(0.0313 g, 4.81� 10–4mol) and stirred for a few minutes. Red single crystals were
obtained after the filtrate was allowed to slowly evaporate at room temperature for
2 weeks. IR (cm–1): 2054(s), 1602(s), 1565(m), 1499(s), 1313(s), 1054(m), 1008(m).
Elemental anal. Calcd for C24H18CoN10O2: (fw 537.41) C, 53.64; H, 3.38; N, 26.07; Co,
10.97. Found (%): C, 53.43; H, 3.67; N, 26.45; Co, 11.45.

2.3. Physical measurements

Infrared spectrum was recorded with a Bruker Tensor 27 infrared spectrometer from
4000 cm–1 to 500 cm–1 using KBr disc. C, H, and N elemental analyses were carried out

2212 S.-G. Zhang et al.
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on a Perkin-Elmer 240 instrument. Variable-temperature magnetic susceptibilities of
microcrystalline powder sample were measured in a magnetic field of 1 kOe from 2.00K
to 300K on a SQUID magnetometer. The data were corrected for magnetization of the
sample holder and for diamagnetic contributions of the complex which were estimated
from Pascal’s constants.

2.4. Computational details

The magnetic interactions between CoII ions were studied by density functional theory
coupling with the broken-symmetry approach [25–27]. Exchange coupling constants J
have been evaluated by calculating the energy difference between the high-spin state
(EHS) and the broken symmetry state (EBS), assuming the spin Hamiltonian is
defined as

Ĥ ¼ �2JŜ1 � Ŝ2 ð1Þ

If the spin projected approach is used, the equation proposed by Noodleman [25–27]
to extract the J-value for a binuclear transition-metal complex is thus:

J ¼
EBS � EHS

4S1S2
ð2Þ

To obtain exchange coupling constants J, Orca 2.8.0 calculations [28] were performed
with the popular spin-unrestricted hybrid functional B3LYP proposed by Becke [29, 30]
and Lee et al. [31], which can provide J-values in agreement with the experimental data
for transition metal complexes [32, 33]. Tri-� with one polarization function def2-TZVP
[34, 35] basis set proposed by Ahlrichs and co-workers for all atoms was used in our
calculations. Strong convergence criteria were used to ensure that the results are well
converged with respect to technical parameters (the system energy was set to be smaller
than 10–7Hartree).

2.5. X-ray crystallographic determination of the complex

A red single crystal of dimensions 0.53� 0.32� 0.13mm3 was selected and subsequently
glued to the tip of a glass fiber. Determination of the crystal structure at 25�C was
carried out on an X-ray diffractometer (Bruker Smart-1000 CCD) using graphite
monochromated Mo-Ka radiation (�¼ 0.71073 Å). Corrections for Lp factors were
applied and all non-hydrogen atoms were refined with anisotropic thermal parameters.
Hydrogen atoms were placed in calculated positions and refined as riding. The
programs for structure solution and refinement were SHELXS-97 and SHELXL-97,
respectively [36–38]. The pertinent crystallographic data and structural refinement
parameters are summarized in table 1.

3. Results and discussion

3.1. Crystal structure of [Co(PMP)(N3)2]

Figure 1 shows the coordination diagram with the atom-numbering scheme and table 2
gives the coordination bond lengths and associated angles. The coordination bond

Magnetic coupling mechanism on a mononuclear CoII complex 2213
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lengths range from 1.980(3) Å to 2.177(3) Å and the associated angles change from

77.10(9)� to 168.31(9)�. Co1 assumes a distorted trigonal-bipyramidal geometry due to

its Addison constant [39] �¼ (�� �)/60¼ 0.69. The non-hydrogen atoms of 1,10-

phenanthroline define an approximate plane within 0.0202 Å with a maximum

Figure 1. Coordination diagram of the title complex with atom-numbering scheme.

Table 1. Crystal data and structure refinement for the complex.

Formula C24H18CoN10O2

Formula weight 537.41
Temperature (K) 298
Crystal system Triclinic
Space group P�1

Unit cell dimensions (Å, �)
a 8.8405(15)
b 10.5857(18)
c 13.725(2)
� 73.129(2)
� 81.284(2)
	 68.196(2)
Volume (Å3), Z 1139.8(3), 2
Calculated density (g cm�1) 1.566
Absorption coefficient (mm�1) 0.800
Reflections collected 6229
Independent reflection 4375
Goodness-of-fit on F2 1.055
R1 [I4 2
(I)] 0.0444
wR2 (all data) 0.1210
Largest difference peak and hole (e Å�3) 0.414 and �0.253

2214 S.-G. Zhang et al.
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deviation of –0.0496(24) for C18. In the crystal there are three � –� stacking interactions

[40] among adjacent complexes as shown in figure 2 with the name PS-1, figure 3 with

the name PS-2, and figure 4 with the name PS-3, respectively. Both PS-1 and PS-2

involve symmetry-related 1,10-phenanthroline rings slipped � –� stacking, whereas PS-3

deals with symmetry-related pyridine rings slipped � –� stacking. The relevant slipped

� –� stacking interplanar distances of PS-1, PS-2, and PS-3 are 3.373 Å, 3.440 Å, and

3.138 Å (3.45 Å as accepted maximum distance for a � –� stacking), respectively.

Relevant non-bonded atoms’ separation distances of the three � –� stacking systems are

C10 � � �C16A (or C16 � � �C10A), 3.374(4) Å; C13 � � �C15A (or C15 � � �C13A) 3.395(4) Å;

Co1 � � �Co1A, 8.2402(11) Å (symmetry code: 1 – x, 1 – y, –z) for PS-1; C7 � � �C10A (or

C10 � � �C7A), 3.494(4) Å; C9 � � �C12A (or C12 � � �C9A), 3.493(4) Å; Co1 � � �Co1A,

8.6994(13) Å (symmetry code: –x, 1 – y, –z) for PS-2 and C23 � � �C24A (or

C24 � � �C23A), 3.458(5) Å; Co1 � � �Co1A, 7.7764(11) Å (symmetry code: 1 – x, –y, 1 –

z) for PS-3. In the crystal, there are three other pairs of adjacent complexes with

Co � � �Co distances of 8.8405(15) Å with the name IM-1, 8.9755(12) Å with the name

IM-2, and 8.8405(15) Å with the name IM-3, respectively. These separation distances

are very close to those of the � –� systems mentioned above. Therefore, magnetic

couplings may exist in each pair of complexes.

Figure 2. The �–� stacking between adjacent complexes with PS-1 and Model 1 (symmetry code: 1� x,
1� y, �z).

Table 2. Selected bond lengths (Å) and angles (�).

Co1–N8 1.978(2) Co1–N5 1.994(3) Co1–N1 2.156(2)
Co1–N4 2.173(2) Co1–N2 2.175(2)
N8–Co1–N5 117.65(11) N8–Co1–N1 126.71(9) N5–Co1–N1 115.47(10)
N8–Co1–N4 87.78(9) N5–Co1–N4 91.62(10) N1–Co1–N4
N8–Co1–N2 90.11(8) N5–Co1–N2 99.58(9) N1–Co1–N2 94.86(8)
N4–Co1–N2 168.25(8) 77.18(8)

Magnetic coupling mechanism on a mononuclear CoII complex 2215
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Figure 3. The �–� stacking between adjacent complexes with PS-2 and Model 2 (symmetry code:
�x, 1� y, �z).

Figure 4. The �–� stacking between adjacent complexes with PS-3 and Model 3 (symmetry code:
1� x, �y, 1� z).

2216 S.-G. Zhang et al.
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3.2. Magnetic studies

3.2.1. Experimental data fitting results. The variable-temperature (2.00–300K) mag-
netic susceptibilities are shown in figure 5, where �M is the molar magnetic susceptibility

per CoII and �eff is the magnetic moment per CoII. Figure 5 shows that the �M value

increases with decreasing temperature, reaching a maximum at 2.00K. The �eff at 300K

is 4.61 B.M., larger than the value expected for an isolated spin-only (3.87 B.M.,

gav¼ 2) at room temperature, indicating an important orbital contribution is involved

[41]. The �eff value decreases very slowly with temperature drop until about 80.0K, and

then �eff decreases sharply with temperature drop and reaches 3.58 B.M. at 2.00K,

which suggests that there is an anti-ferromagnetic interaction between adjacent CoII

ions. The ��1 versus T plot follows the Curie–Weiss law with C¼ 2.67 cm3mol�1K and

�¼�5.49K¼�3.82 cm�1 as shown in figure 6, which further indicates that there is a

weak anti-ferromagnetic interaction between adjacent CoII complexes. To understand

the magnetic coupling mechanism from the spin theoretical calculations were

performed.

3.2.2. Theoretical study on magnetic interaction. Density function calculations were
based on Models 1–6, as shown in figure 2, figure 3, figure 4, SI-figure 1, SI-figure 2,

and SI-figure 3, respectively, in which the former three models stand for PS-1, PS-2, and

PS-3 � –� stacking, respectively, and the latter three models for IM-1, IM-2, and IM-3

intermolecular interaction, respectively. The calculations were constrained by the data

of bond lengths, associated angles, and relevant locations of adjacent complexes from

the X-ray structure. According to equation (2), the calculations gave 2J-values of

�0.10 cm�1, �0.10 cm�1, 1.24 cm�1, �0.36 cm�1, �0.26 cm�1, and �0.32 cm�1 for

Models 1–6, respectively. PS-3 � –� stacking magnetic coupling pathway functions as a

ferromagnetic interaction, whereas the other five magnetic coupling pathways are anti-

ferromagnetic interactions, and the anti-ferromagnetic interactions and ferromagnetic

interaction should offset each other. The calculated magnetic coupling constants also

Figure 5. Plots of �M (the open triangle for the experimental data) and �eff (the open circle for the
experimental data) vs. T for the complex.

Magnetic coupling mechanism on a mononuclear CoII complex 2217
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indicate that these magnetic interactions are not from dipole–dipole interactions of

CoII ions.
On magnetic coupling, the sign of � –� stacking McConnell I spin-polarization

mechanism [17] has been used to explain the ferromagnetic interaction of

[Mn(Cp*)2]
þ[Ni(dmit)2]

� complex [42], and McConnell I spin-polarization mechanism

considers that a global ferromagnetic interaction arises from interaction between spin

densities of opposite sign being predominant, whereas an anti-ferromagnetic interaction

results from dominant interaction between spin densities of the same sign. SI-table 1

and SI-figure 4 display the spin density population of the ground state of Model 1.

From SI-table 1, the absolute value of the spin density population of each CoII is

smaller than 3 and the coordinated nitrogen atoms, except N8 and N8A, exhibit the

same sign as the CoII ions, suggesting spin delocalization from the two CoII 3d orbitals

to these coordinated nitrogen atoms. Opposite spin densities not only appear on N8 and

N8A, but also on a few N and C, which means that there also exists spin polarization

phenomenon in this system. Both spin delocalization and spin polarization may benefit

the magnetic interaction through the �–� stacking pathway. In Model 1, each pair of

atoms exhibits different spin density interaction, and obviously, McConnell I spin

polarization mechanism is unable to explain the anti-ferromagnetic interaction

mechanism; a similar example has also been reported on a CuII complex [23].
SI-table 2 and SI-figure 5 reveal the spin density population of the ground state of

Model 2, and just as for Model 1 spin delocalization also occurs in Model 2 from the

CoII to the associated atoms and at the same time there also exists spin polarization in

Model 2. In the �–� stacking system, the pair number of the atoms with the same spin

density interaction (C7 � � �C10A and C10 � � �C7A) equals the pair number of atoms

with different spin density interaction (C9 � � �C12A and C12 � � �C9A), and the distances

between the pairs with the same spin density interaction are not smaller than that of the

different spin density interaction, and still, the spin densities on atoms with the same

spin density interaction are clearly smaller than that of the different spin density

interaction. Therefore, the anti-ferromagnetic interaction is hard to explain in terms of

McConnell I spin-polarization mechanism in the present situation.

Figure 6. Thermal variation of the reciprocal susceptibility (open square for experimental data).

2218 S.-G. Zhang et al.
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SI-table 3 and SI-figure 6 show the spin density population of the ground state of
Model 3, and just as Models 1 and 2 there also exist both spin delocalization and spin
polarization in Model 3. In the �–� stacking system two pairs of atoms display the same
spin density interaction, indicating that the present ferromagnetic interaction is also
hard to explain in terms of McConnell I spin-polarization mechanism. Obviously it is a
challenge to explain the present magnetic coupling phenomena.

SI-table 4, SI-table 5, and SI-table 6 display the spin density population of the ground
state of Model 4, Model 5, and Model 6, respectively, and from these data it is known
that both spin delocalization and spin polarization also occur in the three systems. But
the correlation between the spin density and the magnetic coupling strengths or
magnetic coupling sign is hard to obtain at present.

The theoretical calculations further confirm that the experimental anti-ferromagnetic
interaction involves the orbital contribution of the relevant CoII ions.

4. Conclusion

A new mononuclear CoII complex with PMP as ligand has been synthesized and its
crystal structure has been determined, displaying that there are six magnetic coupling
pathways. The experimental fitting for variable-temperature magnetic susceptibility
data with the Curie–Weiss formula reveals that there is a weak anti-ferromagnetic
interaction between adjacent CoII ions. The theoretical calculations on the spin reveal
that one of the magnetic coupling pathways resulted in a weak ferromagnetic
interaction and other five magnetic coupling pathways led to weak anti-ferromagnetic
interactions. The weak anti-ferromagnetic interaction from the experimental fitting
should be attributed to both the spin magnetic interaction and the orbital magnetic
interaction.

Supplementary material

CCDC 810674 contains detailed information of the Crystallographic data for this
article, and these data can be obtained free of charge from the Cambridge
Crystallographic Data Centre via http://www.ccdc.cam.ac.uk/data_request/cif. SI-
figures 1–6 and SI-tables 1–6 can be obtained free of charge from the corresponding
author of this journal.
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