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Interaction of HgI2 with a new long rigid nitronyl nitroxide radical ligand, 2-[4-(2-pyridin-4-yl-
vinyl)phenyl]-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (L), leads to the formation of the
mercury-radical complex [Hg2I4L2]n (1). The single crystal structure analysis reveals that 1

exhibits a one-dimensional (1D) ladder structure. Magnetic susceptibility data of 1 were
simulated by a uniform chain model composed of the NIT–NIT dimers, indicating that there
exist an antiferromagnetic exchange between the nitroxides within the dimer (J1¼�8.41 cm�1)
and a very weak interdimer antiferromagnetic interaction (Jc¼�0.39 cm�1).

Keywords: Nitronyl nitroxide complex; Mercury complex; Ladder structure; Magnetic
properties

1. Introduction

Nitronyl nitroxide radical has played an important role in the design and
construction of molecular-based magnetic materials [1] because it possesses the
following virtues: (1) it is a stable spin carrier; (2) it has delocalized unpaired spin
distribution, which leads to various magnetic exchange interactions between the spin
carriers. A series of metal-nitroxide complexes with 0-dimensional (0D), 1-dimensional
(1D), 2-dimensional (2D) or 3-dimensional (3D) structures have been explored [2].
In order to coordinate metal ions, pyridyl-substituted nitronyl nitroxide radicals
containing additional coordination sites have been utilized to construct various
magnetic materials [3]. However, compared with extensive paramagnetic metal-radical
complexes [4], only a few diamagnetic metal-radical complexes have been reported,
including 0D, 1D and 2D structures [5]. Antiferro- and ferro-magnetic interactions can
be mediated by diamagnetic metal centers such as Cu(I) [6], Ag(I) [7], Pb(II) [8], Zn(II)
[9] and Cd(II) ions [10]. To the best of our knowledge, no 1D ladder radical complex has
been reported though 1D ladder coordination polymers are not rare [11]. Herein, we
report the synthesis, crystal structure and magnetic properties of the first 1D ladder
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radical complex, [Hg2I4L2]n (1) {L¼ 2-[4-(2-pyridin-4-yl-vinyl)phenyl]-4,4,5,5-tetra-
methylimidazoline-1-oxyl-3-oxide}, which was prepared by reaction of a new long
nitronyl nitroxide ligand L with HgI2.

2. Experimental

2.1. Materials and methods

All commercial chemicals were used as received without further purification.
4-(2-Pyridin-4-yl-vinyl)benzaldehyde was synthesized using the reported method [12].
The solvents were purified by standard methods. IR spectra were recorded using a
Perkin-Elmer 2000 spectrophotometer with KBr pellets in the range 4000�400 cm�1.
Elemental analyses were carried out on a Carlo-Erba-1106 elemental analyzer. Mass
spectra were recorded using an HP-5989A spectrometer. Melting point was measured
using an XT4-100x apparatus and uncorrected. The magnetic susceptibility measure-
ment was carried out on a polycrystalline sample (23.2mg) using a Quantum Design
MPMS-XL5 SQUID magnetometer in the temperature range 2�300K and at applied
field of 0.1T. Diamagnetic correction was estimated from Pascal’s constants for all
constituent atoms. Absorption spectra were measured with a Hitachi (model U-3010)
UV-Vis spectrophotometer.

2.2. Synthesis of L

2,3-bis(Hydroxylamina)-2,3-dimethylbutane (148mg, 1mmol) and 4-(2-pyridin-4-yl-
vinyl)benzaldehyde (183mg, 1mmol) were dissolved in the minimum amount of
methanol. The solution was stirred overnight at ambient temperature to give white
precipitate. The solvent was removed under reduced pressure. The residue was
suspended in 40ml CH2Cl2 and cooled to 0 �C before adding an aqueous solution of
NaIO4 (2mmol). The resulting mixture was stirred vigorously for 10min and filtered.
The dark green organic layer was collected, washed with water and dried over Na2SO4.
The green product was purified by chromatography on silica gel with ethyl acetate-
petroleum ether (v/v: 2/1) as eluent. Yield: 68%. Anal. Calcd for C20H22N3O2 (%):
C, 71.43; N, 12.50; H, 5.95. Found: C, 71.24; N, 12.27; H, 6.10. IR (cm�1): 2983(w),
1596(s), 1390(m), 1363(s), 1132(w), 829(w). M/z: 336(Mþ). UV-Vis {CH3OH,
�max [" (M�1 cm�1)]}: 331 nm (4.6� 104), 385 nm (6.9� 103).

2.3. Synthesis of (1)

To a 10ml methanol solution of HgI2 (46mg, 0.1mmol), L (35mg, 0.1mmol) dissolved
in 4ml methanol was added. The mixture was stirred for 2 h. After filtration, the filtrate
was evaporated at room temperature for 6 days and X-ray-quality dark-blue crystals of
1 were obtained. Yield: 61%. Mp: 241–242�C. Anal. Calcd for C20H22HgI2N3O2 (%):
C, 30.34; N, 5.31; H, 2.78. Found: C, 30.12; N, 5.44; H, 2.61. IR (cm�1): 2986(w),
1603(s), 1386(m), 1358(s), 1132(w), 829(w). UV-Vis {CH3OH, �max [" (M�1 cm�1)]}:
325 nm (1.4� 104), 388 nm (2.3� 103), 599 nm (2.3� 102).
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2.4. Crystal structure determination

The diffraction data were collected at 293K with Mo-K� radiation (�¼ 0.071073 nm)
using a Bruker SMART APEX-CCD diffractometer. The structure was solved by direct
methods and refined by full-matrix least-squares on F2

obs by using SHELXL 97 [13].
Empirical absorption corrections from � scan were applied. All non-hydrogen atoms
were refined anisotropically, and all hydrogen atoms were allowed for as riding atoms.
Crystal data, data collections and refinement parameters for 1 are given in table 1,
selected bond lengths and angles for 1 are listed in table 2.

3. Results and discussion

3.1. Crystal structure

As shown in figures 1 and 2, 1 exhibits a 1D ladder structure constructed from the
rectangle-like centrosymmetric dimer [Hg2I4L2]. Two L ligands link to two Hg(II) ions
in an anti-parallel mode, generating the rectangle-like dimer [Hg2I4L2]. The dimers then
connect with each other through the bridging role of the extra oxygen atom of the
nitroxide unit to complete the ladder structure. The rigid nitronyl nitroxide radical acts
as a ‘T’-shape tridentate bridging ligand with a perpendicular coordination site from the
nitrogen atom of the pyridine group and two coordination sites from the two oxygen
atoms of the nitroxide unit. Each Hg(II) ion links to three L ligands and shows a
distorted trigonal bipyramidal geometry, with a nitrogen atom from the pyridine group

Table 1. Crystal data and structural refinement parameters of 1.

Complex 1

Formula C20H22HgI2N3O2

Fw 790.80
Crystal system Triclinic
Space group P�1
a (Å) 8.128(2)
b (Å) 9.862(2)
c (Å) 15.788(3)
� (�) 85.73(3)
� (�) 85.77(3)
� (�) 67.31(3)
V (Å3) 1163.0(4)
Z 2
T (K) 293(2)
�(Mo-K�) (Å) 0.71073
�Calcd (Mgm�3) 2.258
�(Mo-K�) (mm�1) 9.291
Total data collected 6120
Unique data 3989
R(int) 0.0438
Ra

1 [I42�(I)] 0.0582
wRb

2 [I42�(I)] 0.1491
Goodness-of-fit 1.042

aR1¼kFoj � jFck/jFoj.
bwR2¼ {[w(F2

o � F2
c )

2]/[wF2
o]
2}1/2.
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Figure 2. The ladder structure of 1.

Figure 1. ORTEP diagram of one dimer unit of 1 with 50% probability displacement ellipsoids.
All hydrogen atoms are omitted and some atoms are not labeled for ease of view.

Table 2. Selected bond lengths (Å) and angles (�) of 1.

Hg(1)–N(3) 2.451(8) Hg(1)–I(2) 2.6312(12)
Hg(1)–I(1) 2.6374(13) Hg–O(2)#1 2.690(7)
Hg–O(1)#2 2.980(7) O(2)–Hg(1)#1 2.690(7)
O(1)–Hg(1)#2 2.980(7)

N(3)–Hg(1)–I(2) 99.36(19) I(2)–Hg(1)–I(1) 159.34(3)
N(3)–Hg(1)–I(1) 101.22(19) O(2)#1–Hg(1)–O(1)#2 134.2(2)
I(2)–Hg(1)–O(2)#1 96.98(13) I(1)–Hg(1)–O(2)#1 82.24(13)
N(3)–Hg(1)–O(2)#1 97.0(3) N(3)–Hg(1)–O(1)#2 128.7(3)
I(2)–Hg(1)–O(1)#2 79.57(12) I(1)–Hg(1)–O(1)#2 86.21(12)
N(1)–O(1)–Hg(1)#2 117.6(5) N(2)–O(2)–Hg(1)#1 116.2(5)

Equivalent atoms at: #1 �x� 1, �yþ 1, �z; #2 �x� 2, �yþ 1, �z.
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of one L ligand and two oxygen atoms of the other two L ligands in the plane, while two
iodine atoms occupy axial positions. The pyridin-4-yl-vinylphenyl group of L is almost
coplanar with the dihedral angle between the phenyl plane and the pyridine ring only
4.6�. The phenyl plane and the pyridine ring from two neighboring L ligands within the
dimer are parallel to each other with the shortest interplane distances of about 3.681
and 3.736 Å, respectively, suggesting the existence of � –� stacking interactions. The
planes of ONCNO in the nitroxide units from every other L ligand are parallel to each
other too, but deviate from the phenyl planes with a dihedral angle of 33.6�. The
intradimer Hg–O(NIT) bond length [2.690(7) Å] is much smaller than the interdimer
Hg–O(NIT) bond distance [2.980(7) Å], but both are obviously larger than that
observed in [HgBr2(2NITPy)] [2.521(9) Å] [14]. The bond length of Hg–N [2.451(8) Å] is
smaller than that of [HgBr2(2NITPy)] [2.666(11) Å] [14], but larger than that of
[HgBr2(4NITPy)] [2.292(8) Å] [14]. The I–Hg–I angle [159.34(3)�] is smaller than the
Br–Hg–Br angle of [HgBr2(2NITPy)] [162.05(7)�] [14], suggesting that the coordination
environment of 1 deviates from the ideal trigonal bipyramid toward square pyramidal
with the nitrogen atom in the axial position.

The intradimer and interdimer Hg–Hg distances separated by L are 12.471 and
13.871 Å, respectively, while the Hg–Hg distance linked by two oxygen atoms of the
nitroxide unit is 8.128 Å. The [Hg2I4L2]n ladders are arranged along the a-axis (figure 2).
To the best of our knowledge, 1 is the first 1D ladder complex of nitronyl nitroxide.
Because there is no close inter-ladder contact between the sites of significant spin
density in 1, the magnetic effects discussed in the following section are mainly attributed
to intra-ladder exchanges.

3.2. Magnetic properties

Based on the above structural analysis, 1 is not a uniform 1D ladder complex, because
the interdimer Hg–O(NIT) bond length is much larger than the intradimer Hg–O(NIT)
bond distance. There are two main types of magnetic couplings between nitroxides in 1:
the intradimer one (J1) and the interdimer one (J2), as illustrated in scheme 1.
Therefore, the magnetic susceptibility of 1 can be analyzed using an approximate model
method [15], and 1 is treated as a uniform chain with the NIT-NIT dimer as a subunit.

Figure 3 shows the plots of 	MT and 	M versus T for 1. The 	MT at 300K is
0.73 emuKmol�1, a little smaller than the value expected for two independent spin
S¼ 1/2 (0.75 emuKmol�1), assuming g¼ 2.0. In the temperature range of 70�300K,
the value of 	MT slightly decreases from 0.73 to 0.70 emuKmol�1, then drops rapidly
below 70K. Above 20K, the plot of 1/	M versus T follows the Curie–Weiss law, and
the corresponding Weiss constant is calculated to be �8.93K, indicating the
antiferromagnetic interaction.

Scheme 1. Illustration of the magnetic exchange interactions in the ladder chain, J1 and Jc reflect the
intradimer and interdimer magnetic exchanges, respectively.
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To fit the magnetic susceptibility data, equations (1) [16] and (2) were utilized, which
are derived from the Hamiltonians Ĥ¼�2J1ŜNIT1ŜNIT2 {for the dimer} and
Ĥ¼�2Jc

P
ŜT,iŜT,iþ 1 {ŜT for dimer as a classical system}, respectively, assuming

gCu¼ gNIT¼ g. The parameters J1 and Jc reflect the intradimer and the interdimer
magnetic exchanges, respectively. The other constants, N, k and �, have their usual
meanings.

	d ¼
2N

kT

g2�2

½3þ expð�2J1=kTÞ�
ð1Þ

	T ¼
N

3kT
g2�2STðST þ 1Þ ð2Þ

	Chain ¼
N

3kT

g2�2STðST þ 1Þð1þ uÞ

ð1� uÞ
ð3Þ

Here u ¼ coth ðJc ST ðST þ 1Þ=kTÞ � kT=JcST ðST þ 1Þ

The best fit to the magnetic data of 1 gives g¼ 2.0, J1¼�8.41 cm�1 and
Jc¼�0.39 cm�1 with R¼ 7� 10�5 (R¼

P
[(	M)obs� (	M)Calcd]

2/
P

[(	M)obs]
2). The

result indicates that both types of magnetic exchanges are antiferromagnetic. In the
absence of effective charge transfer through the Hg(II) ion as indicated by UV-vis
spectra of 1, McConnell’s I mechanism is a useful tool to explain the exchange of
organic radicals [17]. It is well known that the unpaired spin distribution is delocalized
on the NO groups with the same spin densities on each atom. Because the pyridin-4-yl-
vinylphenyl group of L ligand is almost coplanar in 1, there are alternating negative and
positive spin densities on the carbon backbone of the phenyl and pyridine rings due to
the spin polarization. The adjacent atoms of the neighboring nitroxides carry equal spin
densities, so the interactions between the para-stacking nitroxides are antiferromagnetic
[14, 18]. In addition, the main spin density of the pyridine-substituted nitronyl nitroxide
remains in the five-member ring of the nitroxide unit. As a result, the antiferromagnetic
interactions are weak. Furthermore, the intradimer magnetic exchange is relatively
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Figure 3. Plots of 	MT and 	M vs. T of 1. The solid lines represent the best theoretical fitting.
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stronger than the interdimer one. This can be explained by the structural factor: as
mentioned above, the �–� stacking interaction makes the distance between two L
ligands within the dimer to be shorter than the interdimer L–L distance, inducing the
intradimer magnetic interaction between nitroxides easier with respect to the interdimer
magnetic interaction.

In summary, the first 1D ladder radical complex [Hg2I4L2]n (1) constructed from a
new long rigid radical ligand 2-[4-(2-pyridin-4-yl-vinyl)phenyl]-4,4,5,5-tetramethyl-
imidazoline-1-oxyl-3-oxide and HgI2 was synthesized and characterized. It exhibits
two types of intrachain antiferromagnetic interactions.

Supplementary material

Crystallographic data have been deposited with the Cambridge Crystallographic Data
Center with the CCDC reference number 636042. Copies of this information may be
obtained free of charge from: The Director, CCDC, 12 Union Road, Cambridge, CB2
1EZ, UK (Fax: þ44 1223 336033; Email: deposit@ccdc.cam.ac.uk).
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